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MULTIFUNCTIONAL CAPACITANCE SENSING CIRCUIT WITH A
CURRENT CONVEYOR

TECHNICAL FIELD
{0001} The present invention relates generally to touch sensors and, more

particularly, to capacitive touch sensors,

BACKGROUND

{0082] Capacitive touch sensors may be used to replace mechanical buttons, knobs
and other similar mechanical user interface controls. The ose of a capacitive sensor
allows for the elimination of complicated mechanical switches and buitons, providing
reliable operation under harsh conditions. Inaddition, capacitive sensors are widely used
in modern customer applications, providing new user interface options in existing
produets.

[0003] Capacitive touch sensors can be arranged in the form of a sensor array for a
touch-sensing susface. When a conductive object, sach as a finger, comes in contact or
close proximity with the touch-sensing surface, the capacitance of one or more capacitive
touch sensors changes. The capacitance changes of the capacitive touch sensors can be
measured by an electrical cireuit. The electrival cireuit, supporting one operation mode,

converts the measured capacitances of the capacitive touch sensors into digital values,

{0004} There are two main operational modes in the capacitasee sensing circuits:
self-capacitance sensing and mutual capacitance sensing, The self-capacitance sensing

mode is also called single-electrode sensing mode, as each sensor needs only one

connection wire to the sensing civcuit. For the self-capacitance sensing mode, touching
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the sensor increases the sensor capacitance as added by the finger touch capacitance is
acdded to the sensor capacitance.

{6805} The mutual capacitance change is detected in the muotual capacitance
sensing mode. Each sensor nses at Ieast two electrodes: one is a transmitter and the other
is a recefver. When a finger touches a sensor or is in close proximity to the sensor, the
capacitive coupling between the recetver and the transmitier of the sensor is decreased as
the finger shunts part of the electric field o ground.

{0006} The capacitance sensing circuits used for the muteal capacitance sensing
may have curtent or voltage inpuats. The current input capa(;it.ance sensing circuits have
low input impedance and provide best external noise suppression abilities. The voltage
wpu capacitance sensing circuits have high input hmpedance and operate on the
capacitive divider operation principle. The voltage input capacitance sensing circuits are
suitable for sensing capacitance via high-resistance materials. However, the drawback is
poor nolse immunity, as potential input circuits may be too sensitive to environmential

neise,
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BRIEF DESCRIPTION OF THE DRAWINGS

{0607} The present discloswre is illustrated by way of example, and not by way of
Limitation, in the figures of the accompanying drawings.

{0008} Figure 1A illustrates o capacitance sensing clrouit for sensing capacitance
of Cy in a self-capacitance sensing mode using the charge accumulation operation Sensing
technigue,

[0009] Figure 1B Blustrates a capacitance-sensing circuit for sensing capacitance
of Cy in a self-capacitance sensing mode using a sigma-delta modulator sensing
techrnique,

[0010] Pigure £ illustrates a capacitance-sensing circuit for sensing mutual
capacitance i a mutval capacitance sensing mode.

(6011} Figure 3A illastrates a block diagram of one embodiment of an electrical
cigeuil baving g capacitance measurenent circuit for sensing capacitances on a touch-
sensing surface using multiple seasor elements of # sensor array in a self-capacitance
sensing mode,

{2} Figore 3B illustrates a block diagram of another smbodiment of an
electrical circuit having a mutual capacitance measurement cireuit for sensing capacitance
on a touch-sensing surface using multiple sensor elements of a sensor amay in & mutual
capacitance sensing mode,

{06013] Figure 4A illastrates a capacitance sensing circuit for measuring
capacitance of sensor elements in either a self-capacitance sensing mode or a rautual

capacitance sensing mode, according to one embodiment.
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[oa14] Figures 4B-C iltustrate the operation waveforms of the capacitance sensing
circuit of Figure 4A for measwring capacitance of sensor elements in a self-capacitance
sensing mode and a mutual capacitance sensing mode, respectively, according to
embuodiments.

{0015} Figare SA illustrates an equivalent schematic of a second generation current
conveyor {CCI, sceording to one embodiment.

[o016] Figure 5B ilhustrates a CMOS implementation of a second generation
current conveyor, according to one embodiment.

{6017} Figure 6 illustrates the functional elements of capacitance sensing circuit of
Figure 4A for measering capacitance of sensor elements in the mutual capacitance
sensing mode, according to one embodiment.

{0018] = Figwe 7 illustrates the functional elements of capacitance sensing circuit of
Figure 4A for measuring capacitance of sensor elements in a single-eaded, self-
capacitance sensing minde, according to one embodiment.

{0019} Figure 8A iltustrates a capacitance sensing circuit configurable for sensing
either self-capacitance or nusteal capacitance of sensor elements in dual-channel or sin gle
differential channel sensing modes, according 1o one embodiment.

{H024] Figures 88 illustrates a circuit configuration when the capacitance sensing
circult shown in Figure §A operates in a dual channel voltage-based mutual capacitance
sensing mode.

[0021] Figure BC ilustrates a cireuit configuration when the capacitance sensing
circuit shown in Figure 8A operates in a differential voltage-based mutual capacitance

sensing mode.
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{0022} Figure 8D illustrates a cirowit configuration when the capacitance sensing
circuit shown in Figure 84 operates in a dual-channel current-based mutual capacitance
sensing mode,

[0023] Figure Bk illustrates a circuit configuration when the capacitance sensing
circust shown in Figure §A operates in a differential channel single-ended self-

capacitance sensing mode.
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DETAILED DESCRIPTION

{0024 The following description sets forth numerons specific details such as
exarnples of specific systems, components, methods, and so forth, in order to provide a
good understanding of several embodiments of the present lnvention. I will be apparent
to one skilled in the ant, however, that at least some entbodiments of the present invention
may be practiced without these specific details. In other instances, well-known
components or methods are not described in detall or are presented in a simple block
diagram foumat in order to avoid unnecessarily obscuring the prosent invention, Thus, the
specific details set forth are merely exemplary, Particular implerentations may vary
from these exemplary details and still be conternplated to be within the spirit and scope of
the present invention,

{00251 References in the deseripion o “one embodiment™ or “an embodiment”
means that a particular featore, struchure, or characteristic described in connection with
the embodiment is included in at keast one embodiment of the invention, The
appearances of the phrase “in one embodiment” in various places in the specification do
not necessarily all refer to the same embodiment,

{00261} Described herein are apparatuses and methods for sensing capacitance of
one OF More sensor elements in multiple capacitance sensing modes. In one embodiment,
the multiple capacitance sensing modes include a self-capacitance sensing mode, and a
matual capacitance sensing mode. In one embodiment, the self-capacitance sensing mode
is a single-clectrode, single-ended sensing mode, and the mutual capaciiance sensing
mode is a dual-electrode, sensing mode. In another embodiment, the self-capacitance

sensing mode is a dual-channel or a differential channel single-ended sensing mode, and
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the mutual capacitance sensing mode is a dual-channel or a differential channel sensing
mode. In one embodiment, a capacitance sensing circuit can sense capacitance in the
multiple modes using a single current *;:oilifeyc_n', for example, in the self-capacitance and
muteal capacitance single-ended sensing modes. In another embodiment, the capacitance
sensing circuit may include two current conveyors for sensing capacitance in either a
dual-channel or a differential single-ended self-capacitance sensing mode, or in either a
dual-channel or a differential channel muteal capacitance sensing mode, In vet another
embodiment, the capacitance sensing circuit, when operating in either a dual-channel or a
differential channel nwtual capacitance sensing mode, supports voltage or current inputs.
(00271 There are varfous circult implementations that may be used for sensing
capacitance on sensor elements. Figure LA illustraies a capacitance sensing circuit 100A
for sensing capacitance of Cg 110 in a self-capacitance sensing mode. The capacitance
sensing circuit 1004 uses a charge accumulation or charge transfer sensing scheme to
measure the self-capacitance of the capacitor Cg 110. The charge accumulation sensing
scheme operates as follows: after resetting (1.2., discharging) the integration capacitor
Cavr120, the switches SW1 and SW2 operate in two non-overlapping phases PHI and
PH2, which are repeated in cycles, During phase PHI, Le., when the clock signal to the
capacitance sensing circuit 100A is high, the switch SW1 is on and the switch SW2 is off.
During phase PH2, i.e., when the clock signal to the capacitance sensing circuit 1004 is
fow, the switch SW2 is on and the switch SW1 is off. The switches SW1 aud SW2 are
not on at the same time. Thus, the sensing capacitor Cg 110 is charged to the supply
voltage Vpp during phase PH1 and is discharged to the integration capacitor Cygy 120

during phase PH2. The self-capacitance sensed on Cy 11 may be determined by the
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number of switching cycles used to get the integration capacitor Cper 120 to a vertain
threshold value or by measuring the voltage on the integration capacitor Cavr 120 after
executing predefived number of eyeles,

[0028] With such a charge accumulation technique, the voltage on the integration
capacitor Cpyy 120 rises exponentially with respect to time (which can be measured by the
eycle count). The selationship between the voltage on the integration cn§a<:itox‘ Caer 120
and the cycle count can be linearized for measurement methods where capacitance is
calenlated as a function of the voltage present on the integration capacitor after &
predefined number of cycles,

00291 The charge accunulation technigue either converts the sensed capacitance
to the time interval or voltage. Another self-capacitance sensing civeuit, shown in
Figure 1B, uses the sigma-delta modulator to convent the sensed capacitance to the bit
stream density,

[0036] There are several possible implementations of how the sigma-delta
maodulation technique may be used for the capacitance sensing, a couple of possible
examples are deseribed in U.S. Patent Publication No. 2008/01 11714, filed Nov. 14,
2006, and commonly assigned to the avsignes of the present application.

[0631] Figure 1B illustrates a capacitance-sensing circuit 100B for sensing the
capactiance of U 111 in a self-capacitance sensing mode using the sigma-delta modulator
sensing technique, in Figure 1B, the switches SW1 and SW2 operate in two non-
overlapping phases, PH1 and PH2, via the switches sowrce 170, At phase PHI (when
clock signal is high), SW1 is on, At phase PH2 (when clock signal is low), SW2 is on.

SW1and SW2 are not on at the same time. The sensing capacitor Cs 111 is charged to

-
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the supply voltage Viyp during phase PHI and is discharged to the modulator capacitor
Chaon 183 during phase PH2.

{0032] The sigma-delta modulator 180 inclades a comparator 181, a latch 182, a
modalation capacitor Cyop 183, and a discharge vesistor Ry 184, When the modulation
capacitor voltage Vowon reaches the comparator reference vol tage Vegp, the comparator
181 toggles and, following a delay period provided by laich 182, enables the capacitor
discharge resistor Ry when W3 is on. As a result of the charge removed from Cyop 183
through Ry 184, the voltage of the modulation capacitor Cyon 183 starts dropping. When
the voitage of the modulation capacitor Cuon 183 falls below the reference voltage Vegp.
the comparator 181 toggles and, following & delay period provided by latch 182, SW3is
off preventing the discharge of Cyap 183 through resistor Ry 184, Thus, the modulation
capacitar Cyop 183 starts rising again, repeating the modulation capacitor Cayep 183
charge/discharge cycles. The latch 182 makes comparator operation synchronous to the
clock 190 and fimits minimum discharge switch SW3 on/off time. The sigma-delta
modulator 180 keeps the average modulation capacitor voltage Viowop close to the
reference voltage Ve by alternatively tuming onfoff the discharge switch SW3,

{0033] Figure 2 illustrates a capacitance sensing circuit 200 for sensing mutuat
capacitance of the capacitor Cyy 210 in a mutead capacitance {transmitter-receiver or TX-
RX} sensing mode. The capacitor Cpy 230 and Cyy 220 represent the parasitic
capacitances of two sensor elements, The capacitance sensing circuit 200 may operate
using two non-overlapping phases: PHI and PH2, which cycle repeatedly. During PHI,
the switches SWT and SW3 are turned on, while during PH2, the switches W2 and SW4

are turned on, The switches SW1 and SW?2 function as a transraifter detver that charges
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the capacitor Cyy 210 during PHI when SW1 and SW3 are tumed on and discharges the
capacitor Cy 210 during PH2 when SW2 and SW4 are turned on.

[0034) The switches SW3 and SW4 function as current demodulation receiver
switches, The analog buffer 201 keeps the receiver electrode potential approximately the
sarne during both PHI and PH2 operation phases, shielding the circuit 200 from the Cpy
parasitic capacitanve change. It should be noted that the integration capacitor Cyey 206 is
consdered part of the capacitance sensing circuit 200 and is shown here for ease of
explanation. Duriag PHI, fe. the charge cycle, the voltage potential for the capacitor
Cm 21048 Vo = Vpp — Voper, the voltage potential for the parasitic capacitors Cpy 236
and Cpy 220 ave Vepy = Vopen, Vers = Vpp. During PH2, e, the discharge cyele, the
voltage potential for the capacitor Cy 210 is Ve = Vaarr = Verer = Vep.

{0635] As discussed abave, the capacitance sensing eircuits 100A and 100B can
only operate in a self-capacitance sensing mode and the capacitance sensing circuit 200
can only operate in a mutual capacitance sensing mode. The capacitance sensing cirouits
HH0A, 1008, and 200 have variable input impedance at different operation phases, which
causes possible parasitic external noise signal demodulation. For sxample, when none of
the switches in a capacitance sensing cireuit, such as the capacitance aen sing cirewit
HH0A, 1008, or 200, is tumed on, the capacitance sensing cironit Bas high-impedance. It
is supposed in the dead time no one switeh is turned on, During this time the circuit is
high-impedance circuit. If the very high-frequency RF noise (e.g. 1GHz signal, with
periods comparable with dead time) with sufficient arplitude is applied during dead

tige, the body diode could turn on and analog multiplexer starts conduct, causing the

-1
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false capacitance sense system operation. If input circait is low impedance input circait
all time, there s much less chances that RF noise could affect system operation.

[60361 Furthermore, the capaciance sensing circuits 1004, 1008, and 200
typically only provide half-wave rectification and demodulation of the sensing carrent,
resulting in the low-frequency noise immunity degradation, especially noise from AC
power, such as the high-araplitede noise at 110-230 V at 30/60 Hz, The term half-wave
rectification and demodulation means that the circuit nultiplies the noise signal, applied
to Cg by factor T when Uy is connected with Cyiop and by factor 0 when Cy is connected
to power supply. So, the noise signal comes to the following modulatorfintegration
circuits without proper mixing up and suppressing by the integration ciscuit low-pass
filter nature. The full-wave circuit multiples noise signal by factor =1, mixing up it and
suppressing the imﬂgmtmn:circuit filter. Noise may also be coupled from AC-DC power
supplies, such as from AC-DC switching power converters having noise between 40
kHz3MHz, depending on the switching power supply regalator. The main benefit of
using full-wave demodulation is in the much better suppression of the AC noise and
better suppression of the noise from switching regulators,

{6637 Furthermore, the above-mentioned cireuits may be configured to sense the
capacitance only in one self-capacitance {single-electrode) sensing mode or mutual
capacitance {dual-electrode) sensing mode. Having & circuit with the ahility to sense
capacitance in both modes may provide some benefits, such as by improving the water
rejection possibilities and touch coordinate resolution.

{0038} Pigure 3A illustrates a block diagram of one embodiment of an electrical

circuit 300A having a capacitance measurement circnit for sensing capacitances on a

t
[y
1
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touch-sensing surface using multiple sensor elements of a sensor array in a self-
capacitance sensing mode. The electrical cireuit 3004 includes a capacitance
measurement circuit 360 and a touch-sensing swrface 350 {e.g., array of buttons, sliders, a
touch sereen, a touch pad).

{00391 The capacitance measurement cireult 360 inclades a selection circuit 340, a
capacitance sensing cireuit 310, and a capacilance conversion circuit 320, The touch-
sensing surface 330 may be coupled to the capacitance measurement circoit 360 via the
selection circuit 340 (e g., multiplexer). The selection circuit 340 allows the capacitance
sensing circuit 310 to sense the capacitance on multiple sensor elements 321(1)-321{N).
1t is understond that the touch-sensing surface 350 may be coupled to one or more
ca?acitan»:e measerement clreuits 360 via other means, e.g., one or more muftiplexers, or
without any multiplexers, as winid be appreciated by one of ordinary skill in the art
having the benefit of this disclosure. The capacitance sensing circuit 310 senses the self-
capacitance of one or more sensor elements of the touch-sensing surface 330 in a single-
ended, self-capacitance sensing mode by converting the sensed capacitance {0 carvent
pulses. The capacitance conversion cirenit 320, coupled to the capacitance sensing circuit
310, receives the current pulses input from the capacitance sensing circuit 310 and
converts the carent pulses into readable digital data.

{00401 In Figure 34, the touch-sensing surface 350 is a two-dimensional user
interface that uses a sensor arvay 321 to detect capacitance on the touch-sensing swiface
330 in a self-capacitance seusing mode. In one embodiment, the sensor array 321
includes sensor elements 3211 3-321(N) {where N is a positive integer} that sve disposed

as a two-dimensional matrix (also referred 1o as an XY matix), ¥t should be noted that
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the sensor array 321 depicts four sensor elements; however, in other embodiments, the
sensor amray 321 may include any number of sensor elements. The sensor elements
321{1-321N) are conductors that are coupled to the capacitance sensing cirenit 310 of
the capacitance measurement circuit 360 via the selection cireuit 340, The conductors
may be metal, or alternatively, the condactors may be conductive ink (c.g., carbon ink),
conductive cermmic {2.8., transparent conductors of indium tin oxide {TON, cénductive
polymers, ar the ke, In Figure 3A, each sensor element 321(1)-321(N) is represented as
a capacitor. The capacitance sensing circuit 310 includes at least one current conveyor
338, In one embodiment, the carrent conveyor 33¢ is a second generation current
conveyor (CCH) implemented by CMOS technology, such as illustrated in Fioure 38.
(0041} Although Figure 3A describes the electrical circuit 300A having the
capacitamce measarement cireait 360 and the touch-sensing surface 350, in other
embodiments, the capacitance measurement circuit may be implernented in other non-
contact capacitance sensing devices that use proximity detection, which may not have a
touch-sensing swiface, as would be appreciated by one of ordinary skill in the art having
the benefit of this disclosure.

(60421 Figure 3B illustrates a block disgram of one emabodiment of an electrical
cireuit 300B baving a mutual capacitance meavurement circuit for sensing capacitances
on a touch-sensing surface using mudtiple sensor elements of a sensor array in a mutual
capacitance sensing mode. The electrical cireuit 3008 includes a capacitance
measwrement circait 361 and a touch-sensing surface 331 {e.g., of a touch screen, a touch

pad).
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{0843] The capacitance measurement eirewit 361 includes a multiplexer 370 and 8
demudtiplexer 380, a capacitance sensing civeoit 311, and a capacitance conversion circait
321 The touch-sensing surface 351 is coupled to the capacitance measurement circuit
361 via the maltiplexer 370 and the demudtiplexer 380, Although Figwe 3B shows the
row sensor elements of the sensor array 322 are connected to the nuultiplexer 370 and the
column sensor elements of the sensor array 322 are connected to the demultiplexer 380,
alternatively, the row sensor elements of the sensor array 322 may be connected to the
demultipiexer 380 and the column sensor elements of the sensor array 322 may be
connected to the multiplexer 370, as would be appreciated by one of ardinary kil in the
art having the benefit of this disclosare. It is also anderstood that the touch-sensing
surface 3531 could be coupled to the one or more capacitance measurement circuits 361
vig other means, e.g., one mul tiplexer or more than two muliiplexers, or without any
multiplexers, as would be appreciated by one of ordinary skill in the art having the benefit
of this disclosure, For example, one muitiplexer may be used for the TX lines and the
RX fines are connected to the receiver channels directly without a multiplexer or
demultiplexer. The capacitance sensing cirenit 311 senses the mutual capacitance formed
between two sensor elements, which are located in an intersecting row and columa of the
touch-sensing swface 331, in a mutual capaciance sensing mode by converting the
sensed mutual capacitance to current pulses. The capacitance conversion circudit 321,
coupled to the capacitance sensing clreait 311, receives the current pulses input from the
capacitance sensing circuit 311 and converts the current pulses into readable digital data.
[6044} In the embodiment shown in Figure 3B, the touch-sensing surface 331 isa

two-dimensional user interface that uses the capacitance measurement circuit 361 to

~14.
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detect mutual capacitance on the touch-sensing surface 351. The sensor array 322
includes sensor elements 322(1)-322(N) (where N is a positive integer) that are disposed
in rows and columns. Tn one embodiment, the touch-sensing surface 351 uses ITO to
form the electrically conductive sensor elements. Alternatively, other touch-sensing
surfaces having other electrically conductive sensor elements may be used as would be
appreciated by one of ordinary skill in the art having the benefit of this disclosure. It
should be nuted that the sensor array 322 depicts sensor elements 322(1)-322(N) disposed
in4 vows and 3 colmmns in Figure 3B; however, in other embodiments, the sensor array
321 may include any number of sensor elements that are disposed in any nunther of rows
and columns. Although Figure 3B describes the electrical circuit 3008 having the
capacitance measurement circuit 361 and the touch-sensing surface 351, in other

contact eapacitance sensing devices that use proximity detection, which may not have a
divect touch-sensing surface, as would be appreciated by one of ordinary skill in the art
having the benefit of this disclosure.

[0045} The sensor elements 322(1)-322(N} are conductors that are coupled to the
capacitance sensing cirenit 311 of the capacitance measurement circuit 361 via the
multiplexer 370 and the demultiplexer 380, The conductors may be metal, or
alternatively, the conductors may be conductive ink (e, ., carbon ink}, conductive ceramic
{e.g., transparent conductors of ITOY, conductive polymers, or the lke.

{0ide] In Figure 38, the mutaal capacitance Cy is formed by electric field
between tow conductive objects, L.e., two sensor elements, one acting as a signal receiver

and the other acting as a ransmitter, in which some portion of the current passing through
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one passes into the other. As shown, the mutual capacitance Cy occurs between two
sensor elements that are located at the intersection of each row and column of the touch
sensing surface 351, As a conductive object, such as a finger, presses down on & touch-
sensing surface, the mutual capacitance formed between a receiver sensor element and a
transmitter sensor element is decreased because the conductive object shuunts part of the
electric field to the ground. Although the parasitic capacitances of the receiver sensor
element and the transmitter sensor element are increased at the same time the mutual
capacilance decreases, the change of the parasitic capacitaices should not affect the
mutual capacitance sensing when the potential of the recetver sensor element is kept
constant, which could be achieved when the capacitance sensing circuit receives carrent
inpus.

(8047 The aforementioned ciﬁr\;iis from Figure 1A, Figure 1B, and Figure 2 use
the switching capacitor sensing principle. There is possible to build the capacitance
sensing circuits, using the current conveyer as primary building block. There are several
generation of the current conveyor cireuits, this invention uses second generation of the
corrent conveyer in one embodiment. In other embodiments, other generations of current
conveyor circuits may be used.

{0048} Figure SA Hlustrates a simplified schematic of a second generation current
conveyor (CCI) 500A, according to one embodiment. The CCH 300A is a four-terminal
device derived by interconnecting the voltage and the current followers, As shown in
Figure 34, the four terminals of the CCH S00A include: the voltage input terminal Yy,
the current input terminal Xy, the current cutput terminal Iz.. and the current output

terminal I, The voliage input terminal Y iy a high-impedance terminal while the
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carrent input terminal Xy is o low-impedance terminal. An input voltage (V) applied to
the voltage input terminal Yy may be conveyed to the voltage Vi on the current input
terminal Xy, Le., Vx = Vy. In addition, no current flows into the input terminal Yeas Y
is high impedance input,

{00491 An input current Iy applied to the input terminal X is conveved to the
ontput curvent Iy, at the cutput terminals Iy, and . The output terninals Iy, and Iz, are
used for balanced current outputs, ie., 2+ = -Ix, I~ = +Ix,

{o050] The implementation of the bipolar current output of the CCH S00A helps
with noise rejection and may be used for quasi-differential channels building. The output
terminals Iy, are high-impedance output terminals suitable for current output. The
direction of the output carvent I is relative to the input crurent at the corrent input
terminal Xy, The input-output relation of the CCH 500A may be deseribed by the

following matrix equation:

{0051 Ve l=lto0 0L
H H o
or } D 2D DAV,
(6052} Using the CCIH SO0A for sensing capacitance in multiple modes of the

capacilance sensing circuit may provide the following benefits. First, the CCY has the
low-impedance carrent input Xy, which may provides good immunity to bigh-impedance
noise signals, such as RE or BSD. Second, the voltage potential of the current input Xy is
controlled by the high-impedance voltage input Yy, alfowing implementing optimal
structures for puubtiple capacitance sensing modes (self capacitance sensing mode and
rutund capaciiance sensing mode). Thivd, the CCH 30DA carrent outputs may be easily

converted to measurable form by using charge Integration/balancing circuits, such as a
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sigma-delta modulator or simple charge integration circuits, Finally, the CCH 500A has
the ability of operating without an external closed foop, providing stability at different
sensor parasitic capacitances. The current conveyors ave widely used inside the analog
and roixed signal ASIC for signal amplification, filtering and rectification analog signals
madtiplication and diviston, building the trans-impedance and trans-conductance
amplifiers, widehand Hne drivers. There are only few discrete implementation of the
CCIL called sometimes as ideal fransistor, e.g., the QPASH/ROT from Texas Instruments,
0053} In one embodiment, the CCH S00A may be an operational amplifier based
architecture that uses a closed loop system. In another embodiment, the CCH 500A may
usg the translinear principle that uses an open Joop architectre, Alternatively, other
implementations of current conveyors may be used for sensing capacitance as would be
approciated by one of the ordinary skill in the ant having the benefit of this disclosure,
{0054] Figure 5B iltustrates a CMOS implementation of a second generation
carrent conveyor (CCID 3008 implemented by transhinesr principle, according to oue
embaodiment. The CCH 3008 includes an input stage (transistors M1 and M12), a current
bias sourcss stage {transistors M2 and M13), a voltage follower stage {transistors MR
throngh M1, multi cutput corrent mirrors M3-M4, M6, M 14, M16, M17. and current
mirrors M3, M7 and M15, MI1R. The voliage follower stage is represented by the
transistors M8 through M11 forming a translinear loop stage. The current mirrors are
used fo convey the current passing through to the inpat terminal X; 10 the output terminals
e und . The CCH SOOB may be implemented in the (.35um CMOS process.

Alternatively, the CCH may be implemented using other CMOS or hipolar processes, as
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well as using other configurations for the CCH as would be appreciated by ove of
ordinary skill in the art having the benefit of this disclosure.

{O0S5S] Figure 44 illustrates a capacilance sensing cireuit 400 for sensing
capacitance of one or more sensor elements in elther a self-capacitance {single-electrode)
sensing mode or a mutual capacitance sensing mode, according o one embodiment. The
capacitance sensing circuit 400 inchudes a driver cireuit 419 for sensing mutaal
capacitance, a sensor element cirewit 420, 8 CCH 430, a synchronous demodulation circuit
440, a clock source 4530, a delay element 460, and a signal selection circuit 470, The
CCT 430 generates halanced current owtputs (Te+, Tz-), which are used as inpats for the
demodulation cireuit 440, In one embodiment, the synchronous dernodulation cireuit 440
is a full-wave synchronous demodulation circuit. Alternatively, other synchironous
demodulation cireuits could be used for the capacitance sensing cireuit 400, as would be
appreciated by one of ordinary skill in the art having the benefit of this disclosure.
{0056} In one embodiment, the multiple capacitance sensing modes include & self-
capacitance (single-electrode, single-ended) sensing mode and a mutaal capacitance
sensing mode, In one embodiment, the capacitance seasing circuit 400 may be switched
between a self-capaciiance sensing mode and a mutual capacitance sensing mode using
the mode selection signal 480

{0057} The clock source 430 generates a clock signal for the synchronous
demodulaton circuit 448, the mode selection cireuit 470, and the driver circnit 410, In
one embodiment, the clock source 430 1s a spread spectrum clock source, The delay
element 460 s used to delay the clock signal generated by the clock source 450 to make

sure that the delayed clock signal 490 is applied 1o the signal selection circuit 470 and the

19-
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driver circuit 410, after the synchronous demodulation cirenit 440 is switched to acoept
proper input current polarity, The capacitance sensing circuit 400 acts as differentiator
network, forming the largest peak current values immedistely after rising and falling edge
of the TX signal, taking into account finite onfoif switching time the synchronous
demochdation eivenit 440 is needed prior to the edge of the TX signal. Alternatively, the
capacitance sensing eircuit 400 does not include the delay element 460,

[0058] In Figore 4A, the mode selection oireait 470 is a multiplexer 471 having
two inputs: the delayed clock 490 and a reference voltage Vage 473, The mode selection
signal 480 functions as a selection lse for the multiplexer 471, The output of the
multiplexer 471 is coupled to the input terminal Yy, Le.. the voltage input of the CCH
430, The input terminal X, Le., the carrent input, of the CCI 430 is coupled to a
termingd of the sensor clement eiveuit 420, e.g., one t&rmi.nai_. of the capacitor (Chy) to be
measured. The balanced outputs (Iz+, Te-} of the CC 430 are coupled 1o the
synchronouws demodulation circuit 440, which in tum generates a current output Inny. In
another embodiment, other selection circaits may be used to switch between the sensing
modes, for example, 4 logic state machine, Various technigues for the synchronous
detector outpat current measurenent could be used, e.g., the technigues of converting
carrent in the voltage using the resistive cirenits with following Bltering, integrating
current and charge time measurement, and supplying current to the sigma-delta modaiator
circuits and convert it to the bit-steam density.

{0059} The driver cireuit 410 includes an AND gate 411, a NAND gate 412,
switches SW1 and SW2, and a voltage source Vipp, The driver circuit 410 may be used to

charge and discharge the capacitors in the sensor elernent eireuit 420, The charge and
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discharge are repeated in cycles. During the chargs cycle, the switch SW1 of the driver
circuit 41{ is turned on and the switch SW2 of the driver circuit 414 is turned off, The
switch SW1 is controlled by the output of the NAND gate 412 and the switch SW2 is
controlled by the output of the AND gate 411, The timing of the switching of SW1 and
SW2 are controtled so as to prevent any interval where both SW1 and W2 are closed at
the same time, One input of cach of the AND gate 411 and the NAND gate 412 s
coupled 0 the mode selection signal 480 and another input of cach of the AND gate 411
and the NAND gate 412 is coupled to the delayed clock 490, Alternatively, the driver
cireait 410 may include other cireait components than those Hustrated in Figure 4A, as
would be appreciated by one of ordinary skill v the art baving the benefit of this
disclosure,

{0060} The sensor element circuit 420 may include one or more sensor elements.,
In ore cmbodiment, when the cireait 400 operates in & self-capacitance sensing mode, the
sensor element circuit 420 may include one sensor element with a sensing capacitor Cs
(as shown in Figure 7). In another emabodiment, when the circuit 400 operates in a
mutual capacitapee sensing mode, the sensor eleament cirenit 420 may include two sensor
elements 4s a mutual capacitor Cy along with two parasitic capacitors Cpy and Cr (as
shown in Figure 6) are formad between those two sensor elements that ave Jocated in an
adjacent intersection of a row and a column of a sensor array. Alternatively, the sensor
elements cireuits 420 may inchade more thaﬁ two sensor elements, as would be
appreciated by one of ordinary skill in the art having the henefit of this disclosure.

{0061} Figures 4B-(! {flustrate the operation waveforms of the capacitance sensing

circuit of Figure 4A for measuring capacitance of sensor elements in a self-capaciiance
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sensing mode and a mutaal capacitance sensing mode respectively, according to
embodiments. As shown in Figure 4B, in the self-capaciiance sensing mode, the OO 430
voltage input reference Yy is not kept constant, which is hecause the driver cirouit 410 is
disabled in the self capacitance sensing mode; therefore, the semsor element circuit 420 is
driven and sensed through the Xy current pin of the OO 430, As shown in Figure 40, in
the mutaal capacitance sensing mode, the COI 430 voltage input reference Yy is kept
constant af Vgepe, which is hecause the driver circuit 410 i enablad to drive the sensor
element circoit 420 in the mutual capacitance sensing mode,

[0062] Figure 6 illustrates the capacitance sensing circuit 400 of Figure 44 when
contigured (o operate in a mutual capacitance seasing mode, according o one
embodiment. As discussed above, the capacitance sensing cireuit 400 shown in Figure
4A may sense capacitance for one or more sensor elements in maltiple sensing modes,
one of which is a muotual capacitance sensing mode. R should be noted that scanning
raultiple sensor elements could be done using multiple parallel channels or scanning
sensor elements in series using analog switches. Figure 6 shows a simplified form of the
capacitance sensing cirenit 400 of Figure 4A when the mutual capacitance sensing mode
is selected via the signal selection circuit 470, e.g.. via the mode selection signal 480, in
Pigwre 44, As shown in Figure 4A, when the mode selection signal 480 indicates to the
signal selection cireuit 470 0 operate in a mutual capacitance sensing mode, the
multiplexer 471 of the signal selection ciroult 470 will select the constant reference
voltage Vg as its output. As a resalt, as shown in Figure 6, the Vigpls coupled to the
voltage input terminal Yy of the CCH 430, and the delayed clock 490, generated from the

v

clock source 450 via the delay clement 460, is coupled to the driver eircuit 4107, The

b
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driver cireuit 4107 is equivalent to the driver cireuit 410 in Figure 4A when the mutual
capacilance sensing mode s selected, e.g.. the mode selection signal is set to Togic high.
Because the voltage input terminal Yy of the CCH 430 is held at a constant potential Vg
the COI 430, acting ax a carrent amplifier, receives a current input from the sensor
element circuit 420 and generates a current output for the synchronous demodulation
cirenit 440,

{0063} As shown in Flgure 6, the sensor element cirouit 420 includes the mutoal
capacitor Cy and two parasitic capacitors Cpy and Cre. As desortbed above, a mutual
capacitor is formed between two sensor elements that are located at the intersection of
cach row and eolumn of a touch~sensing surface. One terminal of the capacitor Cy in the
sensor element circudt 420 is coupled {0 the current input terminsad X, L.e.., the low
popedance current input of the CCH 430, while the other terminal of the capag:i tor Oy in
the sensor glement circuit 420 is coupled to the driver circuit 4107,

(0664 The driver circuit 4107 charges and discharges the capacitor Oy of the
sensor clement cirenit 420, and the charge and discharge are repeated in oyeles. During
the charge cycle, the switch SW1 of the driver eircuit 4107 is closed and the switch SW?2
of the driver circuit 41" is open. Because the terminal of the capacitor (., which is
connected (o the current nput X of the CCH 434, is fixed al the potential Vg, due o the
faet that Vgp 18 connected to the voliage input Yy of the CCH 430, the capacitor Cy in
the sensor element cireuit 420 is charged to bave a voltage potential of the voltage
difference between Vip and Vige, During the discharge oyels, the switch SW2 of the
driver chrenit 4107 is closed and switch SW1 of the driver clreait 410" is open,

Accordingly, the capacitor (y is discharged to have a voltage potential of -V becanse
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the terminal of the capacitor Ca, which is connected to the current input X of the CCH
430, 1s fixed at the potential Vgep. In one embodiment, as Tustrated in Flgure 3B, a
multiplexer 370 may be used to fnput signals from the sensor element civenit 420 0 the
CCH 430 and a deroultiplexer 380 may be wsed 1o outpat signals from the driver cheuit
4187 1o the sensor element circuit 420 when the circunit 400 operates in a mutaal
capacitance sensing mode.

{00651 Figure 7 tllustrates the capacitance sensing circuit 400 of Figure 4A for
sensing self capacitance of one or more sensor elements in a self-capacitance, single-
ended sensing mode, according to one embodiment. As discussed above, the capacitance
sensing cireutt 400 shown in Figure 44 may sense capacitance for one or more sensor
clements in multiple sensing modes, one of which is & self-capacitance, single-ended
sensing mode. Figure 7 shows a simplified view of the capacitance sensing circuit 400
when the self capacitance, single-ended sensing mode is selected via the signal selection
cirenit 470 shown in Figure 4A. In Figure 4A, when the mode selection signal 480
indicates to the signal selection cireuit 470 to operate in a self-capacitance, single-ended
seasing mode, the nultiplexer 471 of the signal selection circuit 470 will select the
delayed clock 490 as its output, and the driver cireuit 410 is disabled . As a result, as
shown in Figure 7, the delayed clock 490 is coupled (o the voltage input erminal Yy of
the CCH 430, Thus, the CCIL 430, keeping the voltage potential of the low-impedance
current input terminal Xy the same as that of the voltage input terminal Yy, functions as &
driver circuit to the sensor cloment cireuit 420, and converts the charge and discharge
currents of the sensor element eireuit 420 to the balanced outputs Te+ and Iz~ In oue

embodiment, as Mastrated in Figure 3A, a selection circuit 340 may be wsed to input and
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cutpul signals between the sensor efement cireuit 420 and the CCH 430 when the cireuit
400 operates in a self-capacitance sensing mode. |

{0066] The implementation of the CCH 430 of Figure 4A in a capacitance sensing
circuit makes the electrode impedancs of the sensor elament cireuit 420 constantly low
during all operation phases and different sensing modes, and mq{xir&s one charge and one
discharge cycle for each operation peviod, allowing the capacitance sensing vircuit 400 o
operite al twice the frequency than previously known four-phase or multi-phase c:ircui;.s.
The ability to sense both sensor eloment charge and discharge current allows the output
current within a given time window to he doubled, resulting in smaller number of
charge/discharge cveles and improving signal-to-noise ratio.

[0067] The capacilance sensing cireuits 400, 600, and 700 shown in Figures 4A, 6,
and 7 respectively, may be nsed o implement one channel capacitance sensing aperation
in another embodiment, 4 capavitance sensing chreult may operate in a differential sensing
made, forming the cutput signal proportional to the capacitance difference between two
sensor elements. The differential sensing mode is especially useful for the working with
the nofsy signals, wherd aoise is applied to two inpet terminals at same time,

{3068] Figure RA illustrates a capacitance sensing circuit 800 for sensing
capacitance of sensor elements in single-ended and differential {dual-channel) sensing
modes, according to one embodiment. As shown, the capacitance sensing circuil 800
includes the CCI 810, the QO 820, the synchronous dﬁ!ﬂ(}di{ﬂaﬁf}!’l‘ circuit 830, the
synchronous dernodulation eirculs 840, and four mudiplexers M1, M2, M3, and M4, In
one embodiment, each of the synchronous demodulation circuits 830 and 840 1s a full-

wave synchronous demodulation circuit, Alernatively, other synchronous demodulation
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cireuits could be used for the capacitance sensing cireuit 800, as would be appreciated by
one of ordipary skill in the art having the benefit of this disclosare

{0069} The outputs of Miand M2 are coupled to the voltage input terminal Yo and
cugrent input texminal Xy of the COR 810, respectively: the outpots of M3 and M4 are
coupled to the voltage input termingl Y and the current input terminal X of the CCH
20, respectively. Hach of the multiplexers M1, M2, M3, and M4 has four inputs. Bach
of the multiplexers M1 and M3 receives four inputs: one fnput 1IN from the channel A,
one input Ny from the channel B, and one clock input. The fourth input of the
matdtiplexers M1 and M3 wre grounded. Fach of the multiplexers M2 and M4 receives
two inputs: one input IN, from the channel A and one input IN; from the channel B. The
third and the fourth inputs of the multiplexers M2 and M4 are connected via the resistor
Ko o some intermediate voltage potential (2.2, analog ground or reference soures Vipe).
The value of the resistor Re determines the circuit current gain level (transconductance).
The resistors Ry are blas resistors, which determine the QUH Yy input potential in the
muteal capacitance sensing modes. The input pe from channel A accepts either a current
or voltage input from a first set of ane or more sensor eloments, and the inpat Ny from
channel B (CH2} accepts either a current or voltage input from a second set of one or
mote sensor eloments, and passes same to the associated corrent conveyor,

0070} Lo one embodiment, the inputs to both channels are voltage inputs. In
another embodiment, the inputs 1o hoth channels are carrent inputs. The capacitance
sensing circuit 800 is capable of operating in six different sensing modes, as noted in the
table which is part of Figure 8A: a dual-channel single-ended self-capacitance sensing

maode, a differential channel single-ended self-capacitance sensin ¢ mode, g dual-channel

~2H-
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current-based mutual capacitance sensing mode, a dual-channe! voltage-based mutual
capacitance sensing mode, a differential chamnel earrent-bgsed mutoal capacitance
sensing maode, and a differential channel voltage-based mutual capacitance sensing maode.
It is possible to pair two chammels to get differential sensing modes for each dual channel
sensing mode, resulting 1o having one differential channel.

[0071} ‘The balanced outputs of the CCIH 8§10 and CCH K20 are coupled to the
synchronous demodulation circuits 830 and 840 respectively, The switch SM 870 selects
which pair of current outputs is going to be used for the current outputs of the capacitance
sensing circuit 800,

{0072} The vapacitance sensing cireuit 800 may receive either current inputs o
voltage inputs from the two input channels, Le.. from the IN, input terminal and the INg
input terminal. In one embodiment, the capacitance sensing circuit 800 receives two
current inputs when the capacitance sensing circuit 800 is configured as a low-impedance
receiver. In another embodiment, the capacitance sensing cirenit 800 receives two
voltage inputs when the capacitance sensing cixcuit 800 is configured as a high-
impedance recctver. It shogld be noted t’hgh in the carrent-based sensing mode, the
capacitance sensing circuit input is a low-impedance receiver and the input signal is
carrent, Howing into or out of the receiver. In the voltage-based sensing mode the
capactiance sensing circuit fnput is a high-impedance receiver and the input signal is
voltage, applied 10 the receiver input. It should be noted that various capacitance sensing
cireaits use the current-based sensing mode due better nmunity 0 the noise, but some

capacilance sensing clrvaits use voltage-based sensing mode, especially when operating
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with high resistance materials or when used differentially where conpled common mode
noise may be rejected by the differential receiver,
{0073} The simplified schematics of the capacitance sensing circait 800 in varions
sensing modes are shown in Figure 88 - Figure 8E, Figure §B shows the cireuit
configuration when the capacitance sensing circuit 800 operates in a dual-channel.
voltage-based mutual capacitance sensing mode. As shown in Figure 8B, one terminal of
cach of the mutal capacitors Cya and Cag of the sensor clement circuit 880 is divect] %
connected 1o the high-impedance inpat of the CCH 810 and CUH 820, respectively, The
;\;tsisa:ors Ry set DU component of inputs. The resistors Re determine circuit gain in the
dual-channel voltage-based mutnal capacitance sensing mode, and CCH 810 and CCH

820 act as voltage to current transiators with transconductance;

! 3
EBW4} S =5
R
[0075] Figure BC shows the clreuit configuration when the capacitance sensing

cireuit 800 operstes in a differential voltage-based mutual capacitance sensing mode. As
shown, the differeace between Higure 8B and 8C is that the balasced outputs of the
synchronous demodulation circuits 830 and 840 in Figare 8C are connected in opposite
way, the resulted output current Is difference botween synchronous demodulation clreuits
830 and 840 output currents.

{0076} Figure 81> shows the circuit configuration when the capacitance sensing
cireuit 800 operates in a dual-channel current-based mutual capacitance sensing mode.

As shown in Figure 813, the high-impedance voltage input terminal Yy of each of the
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CCH 810 and CCH 820 is connected to the constant voltage refirence Ve and the
current input terminal Kyof each of the CCH 810 and CCH 820 receives corrent input.
[0077] Figure BE shows the circuit configuration when the capacitance sensing
cireuit 800 operates in a differential chaunel single-ended self-capacitance sensing mode.
As shown, the delayed replica of the clock signal 1s applied to the high-impedance
voltage input termyinal Yy of each of the CCHRIN and COH 820, The CCU 810 and OCH
820 wanslates the voltage receivad from their respective voltage input terminal into the
current input at the current input terminal Xy of cach of the CCH §10 and CCH §20,
causing the sensor element circuit 896 excitation, Then, cach of the CCH §10 and CCH
820 subtracts the signals received from two channels (CH A and CH B,

[0075] The cireuit configuration for the capacitance sensing cireuit 800 operating
i a dual-channel single-ended self-capacitance sensing mode is similar to the one shown
in Figure 8E, and the difference between those two circuit configurations are thut the
outputs of the synchronous demodulation circaits §30 and 840 are not joined together
when the capacitance sensing cireuit 800 operates under the dual-channel single-ended
self-capacitance sensing mode, In one embodiment, the capacitance sensing circuit 00,
when operating in the single electrode sensing mode, may include a level transtator,
which transiates the digital clock levels into the voliage applied to the voltage input of
each of the CCH, e.g. supplying the predefined REF_H level of the vodtage 1o CCH at
High level of the clock signal and applying the predefined REF_LO level at low.

{0079} ‘the other embodiments of the proposed invention are possible, for
example, there 1s possible to exchange the synchronous detector and differential mode

switch,

220



WO 2010/111668 PCT/US2010/028943

{0080} Frabodiments of the present invention, described herein, include varions
operations. These aperations may be performed by hardware components, spftware,
firmware, or a combination thereof. As used herein, the term “coupled 17 may mean
coupled directly or indirectly through one or more intervening components, Any of the
signals provided over various buses deseribed herein may be time multiplexed with other
signals and provided over one or more common buses. Additionally, the interconnection
between circult components or blocks may be shown as buses or as single signal lines,

onal Hnes and sach of the

=

Each of the buses may alternatively be one or more single si
single signal Hnes may alternatively he buses,

{0081} Certain portions of the ensbodiments may be implemented as a computer
program product that may inchade nstructions stored on a computer-readable medium.
These instroctions may be used o program a general-purpose or special-purpose
processor to perform the deseribed operations. A computer-readable medium inchudes
any mechanism for storing or transmitting information in a form (e.g.. software,
processing application) seadable by a machine {e.g., a computer). The computer-readable
storage medium may fnclude, but Is not limited 1o, magnetc storage medinm (2.2, floppy
diskette); optical storage medium (e.g.. CD-ROMY; magneto-optical storage medinm;

read-only memory (ROM); random-access memory (RAM); erasable progranumable
memory {e.g., EPROM and EE

suttable for storing electronic instructions. The computer-readable transmission medium
inclades, but is not limited to, electrical, optical, acoustical, or other form of propagated

signal {e.g., carrier waves, infrared signals, digital signals, or the Hke). or another type of

medinm suitable for transmiiting electronic nstructions.

=30~
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{82] Additionally, some embodiments may be practiced in distributed
computing envirompents where the computer-regdable medium is stored on andfor
executed by more than one computer system. In addition, the information transferred
between computer systems may either be pulled or pushed across the transmission
medium connecting the computer systems.

[O083] Although the operaticns of the method{s) berein are shown and deseribed in
a particelar order, the order of the operations of each method may be altered so that
certain operations may be performed in an inverse oxder or o that certain operation may
be performed, at least in part, concurrently with other operations. In another
embodiment, mstructions or sub-operations of distinet operations may be in an
ntermittent and/or aliernating manner.

{0084} In the foregoing specification, the invention has been deseribed with
reference to specific exemplary embodirents thereof. Tt will be evident, however, that
vardous modifications and changes may be made thereto without departing from the
broader spirit and scope of the invention as set forth in the appended claims. The
specification and drawings are, accordingly, to be regarded in an Hlustrative seose rather

than @ restrictive sense.
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CLAIMS

What is claim is:

L. An apparatus, comprising

b

L

a capacitance sensing cireait comprising a current conveyor, the
capacitance sensing cireuit configured to sense capacitance of one or more sensor
elements in a plarality of cupacitance sensing modes, wherein a first of the
plurality of capacitance sensing modes is a self-capacitance sensing mode, and a
second of the plurality of capacitance sensing modes is a mutual capacitancs

sensing mode,

The apparatus of claim 1, wherein the capacitance sensing cireuit forther
comprises a signal selection circuit configared w0 select one of the pharality of

capacitance sensing modes.

‘The apparates of claim 1, wherein the capacitence sensing circuit further
comprises a synchronous demodulation circuit coupled 1o a current output of the
current conveyor, and wherein the synchronous demodulation cireuit is configured

W geperate & current outpud,

The apparatus of claim 1, wherein the seif-capacitance sensing mode is a single-
electrode, single-ended sensing mode, and the mewal capacitance sensing mode is

a dual-electrode, single-ended sensing mode.

1
e
s
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L]

6.

~3

The apparatus of claim 4, wherein & voltage Input of the current conveyor is
coupled to a clock signal and & current input of the current conveyor is coupled to,
the ope or more sensor elements when the single-electrode, single-ended sensing

mode is selected.

the apparates of claim 4, wherein a voltage input of the current conveyor is
coupled 10 a constant reference voltage and a current input of the current conveyor
is coupled o a first terminal of the one of more sensor elements when the dual-

electrode, single-ended sensing mode is selected.

The apparates of claim 6, wherein a second terminal of the one or more sensor
elements is conpled to a difver circuit, and wherein the driver circuit receives a
clock signal and uses the clock signal to repratedly charge and discharge the one
or more sensor elements to he sensed when the dual-electrode, single-ended

sensing mode s selected.

The apparatus of claim 1, wherein the current conveyor is g second generation

current conveyor (CCHD,

The apparatus of claim 1, Further comprising a capacitance conversion eircuit
voupled to the capacitance sensing circolt, wherein the capacitance conversion
cirenit converts a current received from the capacitance sensing circuit into digital

data.
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10, An apparatus, comprising:

a Hirst current conveyor coupled to a first set of one or more sensor
elements; and

a second current conveyor coupled to a second set of one or more sensor
elements, whereln the first and the second current convevars are configured to
sense capaciance on the first and the second sets of vue or more sensor clements,
respectively, in a plurality of capacitance sensing modes, and wherein a first of the
plurality of capacitance sensing modes s a self-capacitance sensing mode, and a
second of the plurality of capacitance sensing modes is a mutual capacitance

sensing mode,

11 The spparatus of claim 10, wherein the self-capacitance sensing mode is a dual-
channel or a differential channel single-ended sensing maode and the mutoal

capacitance sensing mode §s a dual-channel or a differential channel sensing

mode,

12, The apparatus of claim 19, fiwther comprising:
a {irst synchroncus demodulation circuit coupled to the first current
conveyor, wherein the first synchronous demodulation circult is configured to

generate a first current outpat; and
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14,

16,

a second synchronous demodaolation cirenit coupled 1o the second corrent
conveyor, wherein the second synchronous demoduiation cireutt is configured to

generate a second current output,

. The apparatus of claim 10, farther comprising a signal selection circuit having a

first, a second, a third, and a fourth multiplexers, wherein the first and the second
mulliplexers are coupled to a voltage input and a corrent input of the first carrent
conveyar respectively, and the third and the fourth multiplexers are coupled to a

vordtage input and a current input of the second current conveyor respectively.

‘The apparatus of claim 10, wherein each of the first and the second current

conveyors 18 a second generation current conveyor (CCID.

. A method of measuring vapacitance, comprising:

selecting one of g plarality of capacitance sensing modes; and

sensing capacitance of one or more sensor elements based on the selected
one of the plurality of capacitance sensing modes, wherein a first of the plurality
of capacitance sensing modes is a self-capacitance sensing mode, and a second of

the plurality of capacitance sensing modes is a8 mutual capacitance sensing mode,

The method of claim 13, wherein the self-capacitance sensing mode is a single-

electrode, single-ended sensing mode and the mutoal capacitance seasing mode is

a dual-electrade, single-ended sensing mode,
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17,

19,

20

The method of claim 16, further comprising:

sensing the capacitance on the one or more sensor elements by using a
cutrent conveyor; and

generating a current output by the current conveyor.

. The method of claim 13, further comprising:

charging the one o more sensor elements by using a driver cireuit when in
the mutual capacitance sensing mode; and
charging the one or more sensor elements by using the current input of the

current conveyor.,

The method of claim 15, wherein the self-capacitance sensing mode is a dual-
channel or a differential channel single-ended sensing mode and the mutual

capacitance sensing mode is a dual-channel or a differential channel sensing

mode,
The method of clabm 19, further comprising:

sensing the capacitance on a first set of the one or more sensor elements hy
using a first cugrent conveyor

sensing the capacitance on a second set of the one or more sensor elements
by using & socond current conveyor;

generating a first carrent output by the first current conveyor; and
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generating a second current output hy the second corrent conveyvor.

21. An apparatus, comprising
a capacitance sensing circudt comprising a current conveyor, the
capacitance sensing cireuit configured to sense capacitance of a sensor element in

a self-capacitance sensing mode,

22, The apparatus of claim 21, wherein the capacitance sensing cirouit is further
configured to sense capacitance of two or more sensor elements in a mutual

capaciiance sensing mode,
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FIG. 4C
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