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SLEW RATE AND BANDWIDTH ENHANCEMENT IN RESET

TECHNICAL FIELD

[0001] The present disclosure relates generally to circuits and methods for sensing
capacitance, and more particularly to sensing and measuring circuits and methods for use with

capacitive touchscreens.

BACKGROUND

[0002] Touchscreens are widely used in devices, such as personal computers, tablet
computers, entertainment systems, game consoles, and cellular telephones for data input and/or
controlling cursor movement. One common type of touchscreen uses a capacitive sensing system,
to sense and measure proximity, position, displacement or acceleration of an object, such as a
finger or stylus. The capacitive sensing system generally may include a matrix or array formed by
etching parallel layers of conductive material separated by a layer of insulating material to form
lines of receive and transmit electrodes with a sensing capacitor at each intersection of the receive
and transmit electrodes. A voltage pulse (Tx) is applied to a transmit electrodes and the
accumulated charge on each receive electrode or channel sensed and measured to detect a change
in capacitance due to proximity of a conductor, such as a finger, to the touchscreen.

[0003] One way to sense a capacitance is to convert it to charge and measure the charge
quantity. Charge and capacitance are related by Q=CV where Q=charge, C=capacitance and
V=voltage. These capacitance sense solutions convert the capacitance into charge by modulating
the voltage across it and integrating the resulting current. One conventional capacitance sensing
system uses two parallel integration capacitors in feedback with a switched capacitor (SC)
integrator. One capacitor is always integrating while the second can be reset in parallel. Thus, each
receive (RX) channel may include two relatively large capacitors. This results in increased circuit

complexity, cost and, more important, increased circuit size.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0004] The present invention will be understood more fully from the detailed description

that follows and from the accompanying drawings and the appended claims provided below,

where:
[0005] FIG. 1 is a schematic block diagram of a touchscreen;
[0006] FIG. 2 is a schematic block diagram illustrating an integrating amplifier for

converting a sensed capacitance to charge and measuring the charge quantity in a single receive

channel;
[0007] FIG. 3 is a schematic diagram of an embodiment of the integrating amplifier;
[0008] FIG. 4 is a schematic diagram of an embodiment of diode connected device MN9 of

the integrating amplifier in FIG. 3;

[0009] FIG. 5 is a schematic diagram of an embodiment of a compensating capacitor of the
integrating amplifier in FIG. 3;

[0010] FIG. 6 is a time-line of a conversion illustrating modes of operation of the
integrating amplifier illustrated in FIGs. 2 and 3;

[0011] FIG. 7A is a simplified schematic block diagram illustrating an embodiment of
operation of the integrating amplifier in Integration mode;

[0012] FIG. 7B is a simplified schematic block diagram illustrating an embodiment of

operation of the integrating amplifier in RESET mode;

[0013] FIG. § are plots of some waveforms of the operation of the circuit in FIGs. 7A and
7B; and
[0014] FIG. 9 is a flow chart of an embodiment of a method for operating a capacitance

sensing system including an integrating amplifier to provide a higher slew rate and bandwidth.
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DETAILED DESCRIPTION

[0015] FIG. 1 shows a touchscreen for which a capacitance sensing system including an
integrating amplifier with a high slew rate and bandwidth in RESET mode is particularly useful.
Referring to FIG. 1, in one embodiment, the touchscreen 100 may include a matrix or capacitive
sensor array 102 of capacitive sensor elements or sense capacitors 104, each formed from an
intersection of one of a plurality of receive electrodes 106 and transmit electrodes 108. The sensor
array 102 is coupled to a controller 110, typically embodied in a separate, distinct integrated circuit
(IC). The controller 110 may include a capacitive drive circuit or system 112 electrically coupled
to each of the transmit electrodes 108, and a capacitance sensing system 114 electrically coupled to
each of the receive electrodes 106. The capacitance sensing system 114 may include a plurality of
substantially identical receive (Rx) channels 116, each coupled to one of the plurality of receive
electrodes 106. Among embodiments, the controller 110 further may include one or more counters
or timers to measure a length of time over which capacitance is integrated, and processing logic
implemented in software or hardware to convert sensed capacitance values into data representing a
position, displacement or acceleration of a conductive object, such as a finger or stylus, in
proximity to the touchscreen 100.

[0016] To sense and measure capacitance or a change in capacitance of the sense
capacitors 104, in one embodiment a voltage pulse (Tx) is applied sequentially to each of the
transmit electrodes 108 resulting in an accumulation of charge on the receive electrodes 106,
which is sensed and measured by the Rx channels 116, each coupled to one of the plurality of
receive electrodes 106. By comparing any changes in sensed capacitance on several of the Rx
channels 116, the controller 110 is able to generate data representing a position, displacement or
acceleration of a finger relative to the touchscreen 100.

[0017] A schematic block diagram of a single Rx channel 200 is illustrated in FIG. 2.

Referring to FIG. 2, in one embodiment the Rx channel 200 may include an integrating amplifier



WO 2014/031131 PCT/US2012/052715

202, such as an integrator operational transconductance amplifier (OTA), having an inverting input
coupled to a receive electrode of a capacitor for which capacitance is to be sensed, a non-inverting
input coupled to a reference voltage (Vgrer), and an output (Vzour). The Rx channel 200 further
may include a feedback or integration capacitor (Cvr) 204 coupled between the inverting input of
the integrating amplifier 202 and the output to accumulate charge from the sense capacitor. In
integration mode, according to one embodiment, as the Cyy 204 charges Vyour increases until the
integrating amplifier 202 is driven into saturation or is reset. A switch 206 coupled in parallel with
the integration capacitor 204 may be configured to be open when the integrating amplifier 202 is
operated in integration mode and closed when the integrating amplifier is operated in RESET
mode to reset the capacitor.

[0018] A schematic block diagram of the integrating amplifier is illustrated in FIG. 3.
Referring to FIG. 3, in one embodiment the integrating amplifier may include a cascode input
stage 302 including an inverting input (Vin~) 304 coupled to an electrode of a sense capacitor to
sense a capacitance thereof and a non-inverting input (Vnp) 306 coupled to a reference potential, a
folded mesh feed back stage 308, and an output stage 310 including one or more Miller or
compensating capacitors (CM1 and CM2) 312 coupled to an output (Vzout).

[0019] In one embodiment the slew rate of the integrating amplifier is determined by the
drain current (ID) of MN3 divided by the compensating capacitance (CM1+CM2); while the
bandwidth of the integrating amplifier is proportional to the transconductance of the first, input
stage (GM1) divided by the compensating capacitance (CM1+CM2). Hence decreasing the
compensating capacitor in reset mode gives an increase in both slew rate and gain bandwidth
product (GBW).

[0020] However, decreasing the compensating capacitor can also lower the phase margin
and cause instability in the integrating amplifier in RESET mode as the unity-gain-bandwidth

(UGB) is pushed closer to the second pole which is given by GMN10+GMPOY/CL. Increasing the
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output stage current will increase the GMN10+GMP9 and hence push the second pole still farther
from the UGB and increasing stability. Generally, the output stage current is increased from about
150uA to about 300uA, or from 1.5 to 2 times.

[0021] In one embodiment, this is achieved by optioning in one more parallel diode
connected devices with diode connected device (MN9) in an output stage current path, effectively
increasing the width (channel width) of MNO. Generally, the width of MNO is increased by at least
about 100%, or from about 1000 nm to about 2000 nm. A detailed schematic diagram of one
version of this embodiment is illustrated in FIG. 4. Referring to FIG. 4, MN9 may include two
diode connected devices, MN9A and MNOB, connected in parallel between MP8 and MNS§ and the
negative supply voltage to the integrating amplifier (Vssa o), and a switching element 402. The
switching element 402 is configured to open when the integrating amplifier is operated in an
integration mode, decoupling one of the diode connected devices, MNOB, and to close in reset
mode to increase the output stage current when the integrating amplifier is operated in RESET
mode to provide greater stability.

[0022] In another embodiment, the output stage current can be increased by increasing the
width of the output devices MP9 and MN10. In yet another embodiment, the output stage current
can be increased by changing biasing of the integrating amplifier.

[0023] A detailed schematic diagram of a compensating capacitor (CM1/CM2) 500 in the
integrating amplifier of FIG. 3 is illustrated in FIG. 5. Referring to FIG. 5, in one embodiment each
of the compensating capacitors 500 may include two smaller capacitors, CMA and CMB, coupled
in parallel and a switching element 502 configured to open when the integrating amplifier is
operated in a RESET mode, decoupling one of the two smaller capacitors from the output (Vzour)
to decrease capacitance of the compensating capacitor 500. The switching element 502 can be
controlled by the same or a contemporaneous reset signal used to close switch 206 in the Rx

channel 200. In certain embodiments, the capacitances of the two smaller capacitors (CMA and
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CMB) are selected so that the capacitance of the compensating capacitor 500 is decreased by at
least 10% when the integrating amplifier is operated in RESET mode. In one embodiment, the
capacitances of the two smaller capacitors (CMA and CMB) are selected so the capacitance of the
compensating capacitor 500 is decreased by about at least 50% in RESET mode, and in another
embodiment by about 65%.

[0024] Embodiments for the configuration of an Rx channel 700 of the capacitive sensing
system will now be described with reference to FIGs. 6, 7A and 7B. Referring to FIG. 6, INIT 602
represents an initialization phase of an embodiment of an integrating amplifier 702 lasting from
about 2000 nanoseconds (ns) to about 10000 ns, during which an output (Vzour) is allowed to
settle to a voltage of VREF, while having the integrator in reset mode.

[0025] Referring to FIGs. 6 and 7A, TX_RAMP_UP 604, represents a first integration
mode during which a rising edge voltage pulse (Tx) is applied sequentially to each of the transmit
electrodes in the touchscreen 704 resulting in an accumulation of charge on the receive electrodes,
according to one embodiment, which is sensed and measured by the Rx channel 700. The time or
duration for the TX_RAMP_UP 604 is deteremined by parasitics of the touch screen 704, and
generally lasts for about 800 ns. According to one embodiment, during the TX_RAMP_UP 604
switch 706 is opened enabling the integration capacitor 708 to accumulate charge from a sensor
capacitor array (not shown in these figures) in the touchscreen 704 and to allow the current in the
integrator to settle to about 95%.

[0026] The from VX node from touchscreen 704 may then be applied to an inverting input
of the integrating amplifier 702, and compared to reference voltage (VY) applied to a non-
inverting input. An exemplary reference voltage is about 1.3V. As the Cr 708 charges Vyzour
increases until the integrating amplifier 702 is driven into saturation or is reset.

[0027] Next, after a predetermined period of time, generally before the Tx voltage is

removed or reversed, the Rx channel 700 is reset (RESET 606). As shown in the embodiment of
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FIG. 7B, during RESET mode switch 706 is closed resetting the integration capacitor 708 and
placing the integrating amplifier 702 in a unity gain configuration. As noted above, during RESET
capacitance of compensating capacitors (e.g., compensating capacitors (CM1/CM2) 500 of FIG. 5)
in the integrating amplifier 702 is decreased, thereby increasing the slew rate and substantially
reducing the time the Rx channel must remain in RESET mode. The time or duration for RESET
606 is deteremined by a current budget, parasitics of the touch screen 704 and the process
technology used to fabricate the integrating amplifier 702. According to one embodiment, the
RESET 606 lasts for less than or equal to about 200 ns.

[0028] TX_RAMP_DN 608, represents a second integration mode during which, according
to one embodiment, a falling edge voltage pulse (Tx) is applied sequentially to each of the transmit
electrodes in the touchscreen 704 resulting in an accumulation of charge on the receive electrodes,
which is sensed and measured by the Rx channel 700. As with TX_RAMP_UP 704, the time or
duration for TX_RAMP_DN 608 is deteremined by parasitics of the touch screen 704. According
to one embodiment, TX_RAMP_DN 608 may last about 800 ns, during which switch 706 is
opened enabling the integration capacitor 708 to accumulate charge from the sensor capacitor array
in the touchscreen 704.

[0029] Finally, after another predetermined period of time, which in one embodiment, may
be the same as for TX_RAMP_UP 604, the Rx channel 700 is reset (RESET 610). As shown in
FIG. 7B and described above, during RESET 610 switch 706 is closed resetting the integration
capacitor 608 and placing the integrating amplifier 702 in a unity gain configuration, and the
capacitance of compensating capacitors in the integrating amplifier 702 is decreased. As with
RESET 606, the time or duration for RESET 610 is deteremined by current budget, parasitics of
the touch screen 704 and the process technology used to fabricate the integrating amplifier 702,

and according to one embodiment may last for less than or equal to about 200 ns.
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[0030] FIG. 8 shows plots of some waveforms of the operation of an embodiment of the
circuit in FIGs. 6, 7A and 7B. The graph or line labeled 802 represents the voltage pulse (Tx)
applied to the transmit electrodes. Line 804 represents a reset signal (Vc_rst) applied to the switch
706 to close the switch during RESET mode and to the integrating amplifier 702 to decrease
capacitance of compensating capacitors. Line 806 represents Vzour during both RESET mode and
integration mode. Referring to FIG. 8§, it is noted that during a first time, identified on the
horizontal axis as TX RAMP UP, the integrating amplifier 702 is in integration mode with a rising
edge voltage pulse (Tx) applied to the transmit electrodes of the touch screen 704, while the reset
signal (Vc_rst) is de-asserted or not applied to switch 706. As the Cr 708 charges Vzour
decreases until the integrating amplifier 702 is driven into saturation. During a second time,
identified on the horizontal axis as RESET 1, the reset signal (Vc_rst 804) is asserted closing
switch 706, resetting Cyr 708 and decreasing the capacitance of compensating capacitors in the
integrating amplifier 702. It is noted the high slew rate of the integrating amplifier 702 enables an
extremely fast reset during which Vzour 806 returns rapidly to an initial value. Finally, after the
first reset (RESET 1), TX RAMP DN, the reset signal (Vc_rst) is de-asserted, the integrating
amplifier 702 is again operated in integration mode and a falling edge voltage pulse (Tx) is applied
to the transmit electrodes of the touch screen 704. As the Cyy 708 charges Vzour increases until
the integrating amplifier 702 is driven into saturation.

[0031] An embodiment of a method for operating a capacitance sensing system including
an integrating amplifier to provide a higher slew rate and bandwidth will now be described with
reference to the flow chart of FIG. 9. Referring to FIG. 9, the method begins with initializing the
capacitance sensing system (902) during which an output (Vyour) of the integrating amplifier is
allowed to settled to a voltage of VREF by programming the integrating amplifier in reset mode.
After initialization, a voltage pulse (Tx) may then be applied to the transmit electrodes of the touch

screen (904). Next, a charge received on a receive electrode of the touch screen is accumulated on
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the integration capacitor (906). The capacitance sensing system is reset after a period of time,
wherein resetting the capacitance sensing system comprises closing the switch to reset the
integrator capacitor and increasing the slew rate and gain-bandwidth (GBW) of the integrating
amplifier (908). In some embodiments, such as those described above, increasing the slew rate and
gain-bandwidth (GBW) of the integrating amplifier is accomplished by decreasing capacitance of
the compensating capacitor while the integrating amplifier is operated in a RESET mode. Resetting
the capacitance sensing system may further include increasing an output stage current of the
integrating amplifier to further increase stability of the integrating amplifier in RESET mode (910).
[0032] Thus, embodiments of an integrating amplifier and methods for operating the same
to sense capacitance in a touchscreen while providing enhanced slew rate and bandwidth in
RESET mode have been described. Although the present disclosure has been described with
reference to specific exemplary embodiments, it will be evident that various modifications and
changes may be made to these embodiments without departing from the broader spirit and scope of
the disclosure. Accordingly, the specification and drawings are to be regarded in an illustrative
rather than a restrictive sense.

[0033] The Abstract of the Disclosure is provided to comply with 37 C.F.R. §1.72(b),
requiring an abstract that will allow the reader to quickly ascertain the nature of one or more
embodiments of the technical disclosure. It is submitted with the understanding that it will not be
used to interpret or limit the scope or meaning of the claims. In addition, in the foregoing Detailed
Description, it can be seen that various features are grouped together in a single embodiment for
the purpose of streamlining the disclosure. This method of disclosure is not to be interpreted as
reflecting an intention that the claimed embodiments require more features than are expressly
recited in each claim. Rather, as the following claims reflect, inventive subject matter lies in less
than all features of a single disclosed embodiment. Thus, the following claims are hereby

incorporated into the Detailed Description, with each claim standing on its own as a separate
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embodiment.

[0034] Reference in the description to one embodiment or an embodiment means that a
particular feature, structure, or characteristic described in connection with the embodiment is
included in at least one embodiment of the circuit or method. The appearances of the phrase one
embodiment in various places in the specification do not necessarily all refer to the same
embodiment. The term to couple as used herein may include both to directly electrically connect
two or more components or elements and to indirectly connect through one or more intervening

components.

10
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IN THE CLAIMS

WHAT IS CLAIMED IS:

1. An integrating amplifier comprising:

an input stage including an inverting input coupled to an electrode of a sense capacitor to
sense a capacitance thereof and a non-inverting input coupled to a reference potential; and

an output stage including a compensating capacitor coupled to an output, the compensating
capacitor comprising two smaller capacitors coupled in parallel and a switching element
configured to open when the integrating amplifier is operated in a RESET mode decoupling one of
the two smaller capacitors from the output to decrease capacitance of the compensating capacitor

when the integrating amplifier is operated in RESET mode.

2. The integrating amplifier of claim 1, further comprising a plurality of diode
connected devices coupled in parallel when the integrating amplifier is operated in RESET mode

to provide greater stability.

3. The integrating amplifier of claim 3, wherein the integrating amplifier comprises
parallel diode connected devices, and wherein one of the parallel diode connected devices is
switched into an output stage current path when the integrating amplifier is operated in RESET

mode to provide greater stability.

4. The integrating amplifier of claim 1, further comprising an integration capacitor and
switch coupled in parallel between the inverting input of the integrating amplifier and the output,
wherein the switch is opened when the integrating amplifier is operated in an integration mode to

accumulate charge from the sense capacitor, and closed during RESET mode to reset the

11
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integration capacitor.

5. The integrating amplifier of claim 1, wherein the two smaller capacitors of the
compensating capacitor comprise capacitances selected so that the capacitance of the
compensating capacitor is decreased by at least 10% when the integrating amplifier is operated in

RESET mode.

6. The integrating amplifier of claim 1, wherein the two smaller capacitors of the
compensating capacitor comprise capacitances selected so that the capacitance of the
compensating capacitor is decreased by about 50% when the integrating amplifier is operated in

RESET mode.

7. A capacitance sensing system comprising:

an integrating amplifier including an input stage including an inverting input coupled to an
electrode of a sense capacitor to be sensed and a non-inverting input coupled to a reference
voltage, and an output stage including a compensating capacitor coupled to an output;

an integration capacitor coupled between the inverting input of the integrating amplifier
and the output to accumulate charge from the sense capacitor when the integrating amplifier is
operated in an integration mode; and

a switch coupled in parallel with the integration capacitor between the inverting input of
the integrating amplifier and the output, the switch configured to be open in integration mode and
closed when the integrating amplifier is operated in RESET mode to reset the capacitor,

wherein the integrating amplifier further comprises a device to increase an output stage

current when the integrating amplifier is operated in RESET mode.

12
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8. The capacitance sensing system of claim 7, wherein the device to increase the

output stage current comprises a plurality of diode connected devices coupled in parallel.

0. The capacitance sensing system of claim 7, wherein the device to increase the
output stage current comprises parallel diode connected devices, and wherein one of the parallel
diode connected devices is switched into an output stage current path when the integrating

amplifier is operated in RESET mode to provide greater stability.

10. The capacitance sensing system of claim 7, wherein the compensating capacitor
comprises two smaller capacitors coupled in parallel and a switching element configured to open
when the integrating amplifier is operated in a RESET mode decoupling one of the two smaller
capacitors from the output to decrease capacitance of the compensating capacitor when the

integrating amplifier is operated in RESET mode.

11. The capacitance sensing system of claim 10, wherein the two smaller capacitors of
the compensating capacitor comprise capacitances selected so that the capacitance of the
compensating capacitor is decreased by at least 10% when the integrating amplifier is operated in

RESET mode.

12. The capacitance sensing system 10, wherein the two smaller capacitors of the
compensating capacitor comprise capacitances selected so that the capacitance of the
compensating capacitor is decreased by about 50% when the integrating amplifier is operated in

RESET mode.

13. A method for sensing capacitance of a capacitor, comprising:

13
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accumulating a charge received on a receive electrode of a sense capacitor using a
capacitance sensing system including an integrating amplifier comprising an input stage including
an inverting input coupled to the receive electrode, and an output stage including a compensating
capacitor coupled to an output; and

resetting the capacitance sensing system after a period of time, wherein resetting the
capacitance sensing system comprises increasing the slew rate and gain-bandwidth (GBW) of the

integrating amplifier.

14. The method of claim 13, wherein increasing the slew rate and GBW of the
integrating amplifier comprises decreasing capacitance of the compensating capacitor while the

integrating amplifier is operated in a RESET mode.

15. The method of claim 14, wherein the compensating capacitor comprises two smaller
capacitors coupled in parallel and a switching element configured to open when the integrating
amplifier is operated in RESET mode, and wherein decreasing capacitance of the compensating
capacitor comprises opening the switching element to decouple one of the two smaller capacitors

from the output to decrease capacitance of the compensating capacitor.

16. The method of claim 14, wherein decreasing capacitance of the compensating
capacitor while the integrating amplifier is operated in a RESET mode comprises decreasing

capacitance of the compensating capacitor by about 50%.

17. The method of claim 13, wherein the capacitance sensing system further comprises
an integration capacitor and switch coupled in parallel between the inverting input of the

integrating amplifier and the output, and wherein resetting the capacitance sensing system further

14
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comprises closing the switch to reset the integration capacitor.

18. The method of claim 13, wherein resetting the capacitance sensing system further
comprises increasing an output stage current of the integrating amplifier to provide greater

stability.

19.  The method of claim 18, wherein the capacitance sensing system further comprises
a first diode connected device, and wherein increasing an output stage current of the integrating
amplifier comprises enabling a second diode connected device in parallel with the first first diode

connected device when the integrating amplifier is operated in RESET mode.

20. The method of claim 13, wherein resetting the capacitance sensing system does not

comprise decoupling the receive electrode from the capacitance sensing system.

15
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902

INITIALIZING THE CAPACITANCE SENSING SYSTEM

904 l
3

APPLYING A VOLTAGE PULSE (TX) TO TRANSMIT ELECTRODES OF A TOUCH
SCREEN

906 &

ACCUMULATING A CHARGE RECEIVED ON A RECEIVE ELECTRODE OF THE
TOUCH SCREEN ON THE INTEGRATION CAPACITOR

908 l
)

RESETTING THE CAPACITANCE SENSING SYSTEM AFTER A PERIOD OF TIME,
WHEREIN RESETTING THE CAPACITANCE SENSING SYSTEM COMPRISES
CLOSING THE SWITCH TO RESET THE INTEGRATOR CAPACITOR AND
INCREASING THE SLEW RATE AND GBW OF THE INTEGRATING AMPLIFIER

910 l
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INCREASING AN OUTPUT STAGE CURRENT OF THE INTEGRATING AMPLIFIER
TO FURTHER INCREASE STABILITY OF THE INTEGRATING AMPLIFIER IN
RESET MODE

FIG. 9
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