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WO 98/02964 PCT/US97/12348

OBIJECT POSITION DETECTOR
WITH NOISE SUPPRESSION FEATURE

BACKGROUND OF THE INVENTION
1. Field Of The Invention

The present invention relates to cursor control devices. More particularly, the present
invention relates to a capacitive touch sensor system with a noise suppression feature and to
methods of noise suppression for capacitive touch sensor systems.
2.The Prior Art

The capacitive sensor on currently-available capacitive touchpads works by forcing a
current through or voltage on to a capacitive sensor, and measuring the resulting voltage. A
finger on or near this sensor adds capacitance and changes the voltage measured. Since the
finger is in no other way electrically connected to the touchpad, the finger and the touchpad share
no common voltage reference and the finger’s voltage relative to the touchpad is free to vary.
This distorts the voltage measured by the touchpad sensor system.

Previous touchpad technology has accepted this problem and solved it for some voltage
noise sources. The most common noise source in the United States is that the human finger
voltage couples to electrical wiring and varies at 60Hz while the ground of the touchpad sensor
system remains constant. One method of avoiding 60 Hz and related noise is to sample many
results at high sampling frequencies. Use of high sampling frequencies averages out the result
of any finger noise at frequencies less than one half the sampling frequency. Another method
for noise cancellation, disclosed in United States patent No. 5,374,787 cancels out low
frequency noise by sampling when currents drive the voltage low, sampling when currents drive
the voltage high and then combining these results to cancel out a noise offset.

Both these technologies are inadequate for noise reduction of specific high-frequency
noise. At noise frequencies near the sampling frequency, the noise will couple with the
sampling frequency and distort results.

In the extreme case, electrical noise unacceptably distorts sampling results even in the
system described in United States patent No. 5,374,787. Assume that the initial sample period
gets driven low by the noise and that the second sample period gets driven high by the noise.
The combination of the two results adds the two noise components instead of canceling them
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out. If the noise is periodic and very close to the sampling frequency, a low-frequency aliasing
or beat pattern will arise in the measured data which can masquerade as finger motion.

The most common approach to noise reduction is filtering (insulating the circuit or
mechanism from the noise source). However, in the case of the capacitive touchpad system, it is
impossible to shield the touchpad from all environmental dangers or to ground the user to the
pad, thus rendering this option impractical.

There thus exists a need for a system and method for minimizing the effects of noise on
capacitive touchpad sensors.

It is therefore an object of the present invention to provide a capacitive touchpad sensor
with improved noise immunity over prior art capacitive touchpad sensors.

BRIEF DESCRIPTION OF THE INVENTION

According to a first aspect of the present invention, a method for suppressing noise in a
touchpad cursor control device which operates by scanning at one of a plurality of scanning
frequencies a number of inputs associated with a touchpad, comprising the steps of: measuring
the noise level at each one of the plurality of scanning frequencies; and setting the scanning
frequency of the touchpad cursor control device to the one of the plurality of scanning
frequencies having the lowest noise level. In a further refinement of the present invention, the
further steps of determining when a finger or other conductive object is in contact with the
touchpad; and inhibiting changing the scanning frequency when the finger or other conductive
object is in contact with the touchpad are performed. The inhibiting of changing the scanning
frequency may be performed for a period of time after the finger or other conductive object has
broken contact with the touchpad, the period of time being sufficient to allow completion of any
one of a set of gestures.

According to a second aspect of the present invention apparatus for suppressing noise in
a touchpad cursor control device which operates by scanning at one of a plurality of scanning
frequencies a number of inputs associated with a touchpad, comprises circuitry for measuring
the noise level at each one of the plurality of scanning frequencies and circuitry for setting the
scanning frequency of the touchpad cursor control device to the one of the plurality of scanning
frequencies having the lowest noise level. Circuitry for determining when a finger or other
conductive object is in contact with the touchpad and for inhibiting changing the scanning
frequency when the finger or other conductive object is in contact with the touchpad may be
included. The inhibiting of changing the scanning frequency may be performed for a period of
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time atter the finger or other conductive object has broken contact with the touchpad, the period
of time being sutficient to allow completion of any one of a set of gestures.

BRIEF DESCRIPTION OF THE DRAWINGS
FIG. I 1s an overall block diagram of an illustrative capacitive touchpad position sensing
system with which the noise suppression feature of the present invention may be employed.

FIG. 2a is a top view of a capacitive object position sensor transducer according to a
presenty preterred embodiment of the invention showing the object position sensor surface layer

including a top conductive trace layer and conductive pads connected to a bottom trace layer.

FIG. 2b is a bottom view of the object position sensor transducer of FIG. 2a showing
the bottom conductive trace layer.

FIG. 2c is a composite view of the object position sensor transducer of FIGS. 2a and 2b
showing both the top and bottom conductive trace layers.

FIG. 2d is a cross-sectional view of the object position sensor transducer of FIGS. 2a-
2c.

FIG. 3 is a block diagram of sensor decoding electronics which may be used with the
sensor transducer in accordance with a preferred embodiment of the present invention.

FIG. 4a is a simplified schematic diagram of a charge integrator circuit which may be
used 1n the present invention.

FIG. 4b is an illustrative schematic diagram of the charge integrator circuit of FIG. 4a.

FIG. 5 is a timing diagram of the operation of charge integrator circuit of FIGS. 4a and
4b.

FIG. 6 is a schematic diagram of an illustrative filter and sample/hold circuit for use in
the present invention.

FIG. 7 is a more detailed block diagram of a presently preferred arrangement of A/D
converters for use in the present invention.
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FIG. 8 is a block diagram of an illustrative arithmetic unit which may be used in the
present invention.

FIG. 9 is a block diagram of a calibration unit which may be used with the arithmetic unit
of FIG. 8.

FIG. 10 is a schematic diagram of a bias voltage generating circuit useful in the present
invention.

FIG. 11ais a diagram showing a touchpad like that of FIG. 1 with a proximately-located
finger.

FIG. 11b is a diagram showing the electrical equivalent circuit of FIG. 11a, assuming a
finger near the touchpad with the finger and the touchpad sharing a common ground.

Fig. 12 is a diagram showing the electrical equivalent circuit when the finger voltage
varies relative 1o touchpad ground to illustrate the problem solved by the present invention.

FIG. 13 is a set of waveforms which show another aspect of the susceptibility of
capacitor touchpad systems to finger noise.

FIG. 14 is a flow diagram illustrating the frequency selection process according to the
present invention.

FIG. 15 is a schematic diagram illustrating the use of a capacitor to shift the scanning
frequency of a capacitive touchpad sensor system according to the present invention.

FIG. 16 is a schematic diagram of a circuit for implementing the present invention.

DETAILED DESCRIPTION OF A PREFERRED EMBODIMENT

This application is a continuation-in-part of co-pending application serial No.
08/300,387, filed September 2, 1994, which is a continuation-in-part of co-pending application
serial No. 08/115,743, filed August 31, 1993, now United States Patent No. 5,374,787, which
is a continuation-in-part of co-pending application serial No. 07/895,934, filed June 8, 1992.
The present invention continues the approach disclosed in the parent applications and provides
more unique features not previously available. These improvements provide a more easily
integrated solution, increased sensitivity, and greater noise rejection, increased data acquisition
rate and decreased power consumption. The present invention allows for continuous self
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calibration to subtract out the effects of environmental changes and allows for enhanced cursor
control from edge motion on a sensing plane.

Those of ordinary skill in the art will realize that the following description of the present
invention is illustrative only and not in any way limiting. Other embodiments of the invention
will readily suggest themselves to such skilled persons.

The present invention brings together in combination a number of unique features which
allow for new applications not before possible. Because the object position sensor of the
present invention has very low power requirements, it is beneficial for use in battery operated or
low power applications such as lap top or portable computers . It is also a very low cost
solution, has no moving parts (and is therefore virtually maintenance free), and uses the existing
printed circuit board traces for sensors. The sensing technology of the present invention can be
integrated into a computer motherboard to even further lower its cost in computer applications.
Similarly, in other applications the sensor can be part of an already existent circuit board.

Because of its small size and low profile, the sensor technology of the present invention
is useful in lap top or portable applications where volume is an important consideration. The
sensor technology of the present invention requires circuit board space for only a single sensor
interface chip that can interface directly to a microprocessor, plus the area needed on the printed
circuit board for sensing.

Referring first to FIG. 1, a simplified block diagram of the capacitive position sensing
system 6 of the present invention is presented. Capacitive position sensing system 6 can
accurately determine the position of a finger 8 or other conductive object proximate to or
touching a sensing plane 10. The capacitance of a plurality of conductive lines running in a first
direction (e.g., “X") is sensed by X input processing circuitry 12 and the capacitance of a
plurality of conductive lines running in a second direction (e.g., “Y”) is sensed by Y input
processing circuitry 14. The sensed capacitance values are digitized in both X input processing
circuitry 12 and Y input processing circuitry 14. The outputs of X input processing circuitry 12
and Y input processing circuitry 14 are presented to arithmetic unit 16, which uses the digital
information to derive digital information representing the position and pressure of the finger 8 or
other conductive object relative to the sensing plane 10.

The X, Y, and Z outputs of arithmetic unit 16 are directed to motion unit 18 which
provides the cursor motion direction signals to the host computer. Those of ordinary skill in the
art will recognize, that as used herein, “host” may mean a stand-alone computer such as an IBM
or compatible PC or computer made by Apple Computers, hand-held control units, personal
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digital assistants, remote communication devices, or the like, or to any other devices or systems
which can take as input the output of a touch tablet.

The X, Y, and Z outputs of arithmetic unit 16 are also directed to gesture unit 20, which
is used to recognize certain finger gestures performed by a user on sensing plane 10. In
addition, gesture unit 20 may produce a signal to motion unit 18 to enable the edge moton
feature of the present invention based on the state of gesture processing.

The sensor material can be anything that allows creation of a conductive X/Y marrix of
pads. This includes not only standard PC boards, but also includes but is not limited to flexible
PC boards, conductive elastomer materials, silk-screened conductive lines, and piezo-electric
Kynar plastic materials. This renders it useful as well in any portable equipment application or
in human interface where the sensor needs to be molded to fit within the hand.

The sensor can be conformed to any three dimensional surface. Copper can be plated in
two layers on most any surface contour producing the sensor. This will allow the sensor to be
adapted to the best ergonomic form needed for any particular application. This coupled with the
"light-touch” feature will make it effortless to use in many applications. The sensor can also be
used in an indirect manner, i.¢ it can have an insulating foam material covered by a conductive

layer over the touch sensing surface and be used to detect any object (not just conductive) that
presses against it's surface.

Small sensor areas are practical, i.e., a presently conceived embodiment takes about
1.5"x 1.5" of area, however those of ordinary skill in the art will recognize that the area is
scaleable for different applications. The matrix area is scaleable by either varying the matrix

trace spacing or by varying the number of traces. Large sensor areas are practical where more
information is needed.

Besides simple X and Y position information, the sensor technology of the present
invention also provides finger pressure information. This additional dimension of information
may be used by programs to control special features such as "brush-width" modes in Paint
programs, special menu accesses, etc., allowing provision of a more natural sensory input to

computers. It has also been found useful for implementing “mouse click and drag” modes and
for simple input gestures.

The user will not even have to touch the surface to generate the minimum reaction. This
feature can greatly minimize user strain and allow for more flexible use.

6
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The sense system of the present invention depends on a transducer device capable of
providing position and pressure information regarding the object contacting the transducer.
Referring now to FIGS. 2a-2d, top, bottom, composite, and cross-sectional views, respectively,
are shown of a presently-preferred sensing plane 10 comprising a touch sensor array 22 for use
in the present invention. Since capacitance is exploited by this embodiment of the present
invention, the surface of touch sensor array 22 is designed to maximize the capacitive coupling
to a finger or other conductive object.

A presently preferred touch sensor array 22 according to the present invention comprises
a substrate 24 including a set of first conductive traces 26 disposed on a top surface 28 thereof
and run in a first direction to comprise row positions of the array. A second set of conductive
traces 30 are disposed on a bottom surface 32 thereof and run in a second direction preferably
orthogonal to the first direction to form the column positions of the array. The top and bottom
conductive traces 26 and 30 are alternately in contact with periodic sense pads 34 comprising
enlarged areas, shown as diamonds in FIGS. 2a-2c. While sense pads 34 are shown as
diamonds in FIGS. 2a-2c, any shape, such as circles, which allows them to be closely packed is
equivalent for purposes of this invention. As an arbitrary convention herein, the first conductive
traces 26 will be referred to as being oriented in the “X” or “row”” direction and may be referred
to herein sometimes as “X lines” and the second conductive traces 30 will be referred to as
being oriented in the “Y” or *‘column” direction and may be referred to herein sometimes as “Y
lines™.

The number and spacing of these sense pads 34 depends upon the resolution desired.
For example, in an actual embodiment constructed according to the principles of the present
invention, a 0.10 inch center-to-center diamond-shaped pattern of conductive pads disposed
along a matrix of 15 rows and 15 columns of conductors is employed. Every other sense pad
34 in each direction in the pad pattern is connected to conductive traces on the top and bottom
surfaces 28 and 32, respectively of substrate 24.

Substrate 24 may be a printed circuit board, a flexible circuit board or any of a number of
available circuit interconnect technology structures. Its thickness is unimportant as long as
contact may be made therethrough from the bottom conductive traces 30 to their sense pads 34
on the top surface 28. The printed circuit board comprising substrate 24 can be constructed
using standard industry techniques. Board thickness is not important. Connections from the
conductive pads 34 to the bottom traces 30 may be made employing standard plated-through hole
techniques well known in the printed circuit board art.

7
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In an alternate embodiment of the present invention, the substrate material 24 may have a
thickness on the order of 0.005 to 0.010 inches. Then the diamonds on the upper surface 28
and the plated through holes that connect to the lower surface traces 30, can be omitted, further
reducing the cost of the system.

An insulating layer 36 is disposed over the sense pads 34 on top surface 28 to insulate a
human finger or other object therefrom. Insulating layer 36 is preferably a thin layer (i.e.,
approximately 5 mils) to keep capacitive coupling large and may comprise a material, such as
mylar, chosen for its protective and ergonomic characteristics. The term “significant capacitive

coupling” as used herein shall mean capacitive coupling having a magnitude greater than about
0.5 pF.

There are two different capacitive effects taking place when a finger approaches the touch
sensor array 22. The first capacitive effect is trans-capacitance, or coupling between sense pads
34, and the second capacitive effect is self-capacitance, or coupling to virtual ground. Sensing
circuitry is coupled to the sensor array 22 of the present invention and responds to changes in
either or both of these capacitances. This is important because the relative sizes of the two
capacitances change greatly depending on the user environment. The ability of the present
invention to detect changes in both self capacitance and trans-capacitance results in a very
versatile system having a wide range of applications.

According to the preferred embodiment of the invention, a position sensor system
including touch sensor array 22 and associated position detection circuitry will detect a finger
position on a matrix of printed circuit board traces via the capacitive effect of finger proximity to
the sensor array 22. The position sensor system will report the X, Y position of a finger placed
near the sensor array 22 to much finer resolution than the spacing between the row and column
traces 26 and 30. The position sensor according to this embodiment of the invention will also
report a Z value proportional to the outline of that finger and hence indicative of the pressure
with which the finger contacts the surface of insulating layer 36 over the sensing array 22.

According to the presently preferred embodiment of the invention, a very sensitive,
light-touch detector circuit may be provided using adaptive analog and digital VLSI techniques.
The circuit of the present invention is very robust and calibrates out process and systematic
errors. The detector circuit of the present invention will process the capacitive input information
and provide digital information which may be presented directly to a microprocessor.

According to this embodiment of the invention, sensing circuitry is contained on a single

sensor processor integrated circuit chip. The sensor processor chip can have any number of X

8
SUBSTITUTE SHEET ( rule 26 )



10

15

20

25

30

WO 98/02964 PCT/US97/12348

and Y "matrix" inputs. The number of X and Y inputs does not have to be equal. The
Integrated circuit has a digital bus as output. In the illustrative example disclosed in FIGS. 2a-
2d herein, the sensor array has 15 traces in both the X and Y directions. The sensor processor
chip thus has 15 X inputs and 15 Y inputs. An actual embodiment constructed according to the
principles of the present invention employed 18 traces in the X direction and 24 traces in the Y
direction. Those of ordinary skill in the art will recognize that the size of the sensing matrix
which may be employed in the present invention is arbitrary and will be dictated largely by
design choice.

The X and Y matrix nodes are driven and sensed in parallel, with the capacitive
information from each line indicating how close a finger is to that node. The scanned information
provides a profile of the finger proximity in each dimension. According to this aspect of the
present invention, the profile centroid is derived in both the X and Y directions and is the
position in that dimension. The profile curve of proximity is also integrated to provide the Z

information.

There are two drive and sense methods employed in the touch sensing technology of the
present invention. According to a first and presently preferred embodiment of the invention, the
voltages on all of the X lines of the sensor matrix are simultaneously moved, while the voltages
of the Y lines are held at a constant voltage. Next, the voltages on all of the Y lines of the sensor
matrix are simultaneously moved, while the voltages of the X lines are held at a constant voltage.
This scanning method accentuates the measurement of capacitance to virtual ground provided by
the finger. Those of ordinary skill in the art will recognize that order of these two steps is
somewhat arbitrary and may be reversed.

According to a second drive/sense method, the voltages on all of the X lines of the
sensor matrix are simuitaneously moved in a positive direction, while the voltages of the Y lines
are moved in a negative direction. Next, the voltages on all of the X lines of the sensor matrix
are simultaneously moved in a negative direction, while the voltages of the Y lines are moved in
a positive direction. This second drive/sense method accentuates transcapacitance and de-
emphasizes virtual ground capacitance. As with the first drive/sense method, those of ordinary
skill in the art will recognize that order of these two steps is somewhat arbitrary and may be
reversed.

Referring now to FIG. 3, a block diagram of the presently preferred sensing circuitry 40
for use according to the present invention is presented. This block diagram, and the
accompanying disclosure, relates to the sensing circuitry in one dimension (X) only, and
includes the X input processing circuitry 12 of FIG. 1. Those of ordinary skill in the art will

9
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appreciate that an identical circuit would be used for sensing the opposite (Y) dimension and
would include the Y input processing circuitry 14 of FIG. 1. Such skilled persons will further
note that the two dimensions do not need to be orthogonal to one another. For example, they
can be radial or of any other nature to match the contour of the touch sensor array and other
needs of the system. Those of ordinary skill in the art will recognize that the technology
disclosed herein could be applied as well to a one-dimensional case where only one set of
conductive traces is used.

The capacitance at each sensor matrix node is represented by equivalent capacitors 42-1
through 42-n. The capacitance of capacitors 42-1 through 42-n comprises the capacitance of the
matrix conductors and has a characteristic background value when no object (e.g., a finger) is
proximate to the sensing plane of the sensor matrix. As an object approaches the sensing plane

the capacitance of capacitors 42-1 through 42-n increases in proportion to the size and proximity
of the object.

According to the present invention, the capacitance at each sensor matrix node is
measured simultaneously using charge integrator circuits 44-1 through 44-n. Charge-integrator
circuits 44-1 through 44-n serve to inject charge into the capacitances 42-1 through 42-n,
respectively, and to develop an output voltage proportional to the capacitance sensed on the
corresponding X matrix line. Thus charge-integrator circuits 44-1 through 44-n are shown as
bidirectional amplifier symbols. Each charge-integrator circuit 44-1 through 44-n is supplied
with an operating bias voltage by bias-voltage generating circuit 46.

As used herein, the phrase “proportional to the capacitance” means that the voltage signal
generated is a monotonic function of the sensed capacitance. In the embodiment described
herein, the voltage is directly and linearly proportional to the capacitance sensed. Those of
ordinary skill in the art will recognize that other monotonic functions, including but not limited to
inverse proportionality, and non-linear proportionality such as logarithmic or exponential
functions, could be employed in the present invention without departing from the principles
disclosed herein. In addition current-sensing as well as voltage-sensing techniques could be
employed.

According to a presently preferred drive/sense method used in the present invention, the
capacitance measurements are performed simultaneously across all inputs in one dimension to
overcome a problem which is inherent in all prior art approaches that scan individual inputs. The
problem with the prior-art approach is that it is sensitive to high frequency and large amplitude
noise (large dv/dt noise) that is coupled to the circuit via the touching object. Such noise may
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distort the finger profile because of noise appearing in a later scan cycle but not an earlier one,
due to a change in the noise level.

The present invention overcomes this problem by “taking a snapshot” of all inputs
simultaneously in X and then Y directions (or visa versa). Because the injected noise is
proportonal to the finger signal strength across all inputs, it is therefore symmetric around the
finger centroid. Because it is symmetric around the finger centroid it does not affect the finger
position. Additionally, the charge amplifier performs a differential measuring function to further
reject common-mode noise.

Because of the nature of the charge integrator circuits 44-1 through 44-n, their outputs
will be changing over time and will have the desired voltage output for only a short ime. As
presently preferred, filter circuits 48-1 through 48-n are implemented as sample and hold
switched capacitor filters.

The desired voltage is captured by the filter circuits 48-1 through 48-n. As controlled by
control circuitry, 56, the filter circuits 48-1 through 48-n will filter out any high frequency noise
from the sensed signal. This is accomplished by choosing the capacitor for the filter to be much
larger than the output capacitance of charge integrator circuits 44-1 through 44-n. In addition,
those of ordinary skill in the art will recognize that the switched capacitor filter circuits 48-1
through 48-n will capture the desired voltages and store them.

According to the present invention, the capacitance information obtained in voltage form
from the capacitance measurements is digitized and processed in digital format. Accordingly, the
voltages stored by filter circuits 48-1 through 48-n are stored in sample/hold circuits 50-1
through 50-n so that the remainder of the circuitry processes input data taken at the same time.
Sample/hold circuits 50-1 through 50-n may be configured as conventional sample/hold circuits
as is well known in the art.

The sampled analog voltages at the outputs of sample/hold circuits 50-1 through 50-n are
digitized by analog-to-digital (A/D) converters 52. As presently preferred, A/D converters 52
resolve the input voltage to a 10-bit wide digital signal (a resolution of one part in 1,024),
although those of ordinary skill in the art will realize that other resolutions may be employed.
A/D converters 52 may be conventional successive approximation type converters as is known in
the art.

Given the charge integrator circuitry employed in the present invention, the background
level (no object present) of the charge integrator outputs will be about 1 volt. The AV resulting
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from the presence of a finger or other object will typically be about 0.4 volt. The voltage range
of the A/D converters 52 should therefore be in the range of between about 1-2 volts.

An important consideration is the minimum and maximum voltage reference points for
the A/D converters (V;, and V,..). It has been found that noise will cause position jitter if

these reference voltages are fixed points. A solution to this problem which is employed in the
present invention is to dynamically generate the V. and V. reference voltages from reference
capacitances 42-Vmin and 42-Vmax, sensed by charge integrator circuits 44-Vmin and 44-Vmax
and processed by filter circuits 48-Vmin and 48-Vmax and stored in sample/hold circuits 50-

Vmin and 50-Vmax . In this manner, any common mode noise present when the signals are
sampled from the sensor array will also be present in the V;; and V,,, reference voltage values

and will tend to cancel. Those of ordinary skill in the art will realize that reference capacitances
44-Vmin and 44-Vmax may either be discrete capacitors or extra traces in the sensor array.

According to the present invention, the V;, reference voltage is generated from a

capacitor having a value equal to the lowest capacitance expected to be encountered in the sensor
array with no object present (about 12pF assuming a 2 inch square sensor array). The V..

reference voltage is generated from a capacitor having a value equal 1o the largest capacitance

expected to be encountered in the sensor array with an object present (about 16pF assuming a 2
inch square sensor array).

The outputs of A/D converters 52 provide inputs to arithmetic unit 16. As will be more
fully disclosed with reference to FIG. 8, the function of arithmetic unit 16 is to compute the
weighted average of the signals on the individual sense lines in both the X and Y directions in
the touch sensor array 22. Thus, arithmetic unit 16 is shared by the X input processing circuitry
12 and the Y input processing circuitry 14 as shown in FIG. 1.

Control circuitry 56 of FIG. 3 orchestrates the operation of the remainder of the circuitry.
Because the system is discretely sampled and pipelined in its operation, control circuitry 56 is
present to manage the signal flow. The functions performed by control circuitry 56 may be

conventionally developed via what is commonly known in the art as a state machine or
microcontroller.

The structure and operation of the individual blocks of FIG. 3 will now be disclosed.
Referring now to FIGS. 4a, 4b, and 5, a typical charge integrator circuit will be described.
Charge integrator circuit 44 is shown as a simplified schematic diagram in FIG. 4a and as an
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illustrative schematic diagram in FIG. 4b. The timing of the operation of charge integrator
circuit 44 is shown in FIG. 5. These timing signals are provided by the controller block 56.

Charge integrator circuit 44 is based on the fundamental physical phenomena of using a
current to charge a capacitor. If the capacitor is charged for a constant time by a constant
current, then a voltage will be produced on the capacitor which is inversely proportional to the
capacitance. The capacitance to be charged is the sensor matrix line capacitance 42 in parallel
with an internal capacitor. This internal capacitor will contain the voltage of interest.

Referring now to FIG. 4a, a simplified schematic diagram of an illustrative charge
integrator circuit 44 is shown. A charge integrator circuit input node 60 is connected to one of
the X (or Y) lines of the sensor matrix. A first shorting switch 62 is connected between the
charge integrator circuit input node 60 and Vpp, the positive supply rail. A second shorting

switch 64 is connected between the charge integrator circuit input node 60 and ground, the
negative supply rail. A positive constant current source 66 is connected to Vpp, the positive

supply rail and to the charge integrator circuit input node 60 and through a first current source
switch 68. A negative constant current source 70 is connected to ground and to the charge
integrator circuit input node 60 and through a second current source switch 72. It is obvious that
other high and low voltage rails could be used in place of Vpp and ground.

A first internal capacitor 74 is connected between Vpp and output node 76 of charge

integrator circuit 44. A positive voltage storage switch 78 is connected between output node 76
and input node 60. A second internal capacitor 80 has one of its plates connected to ground
through a switch 82 and to output node 76 of charge integrator circuit 44 through a switch 84,
and the other one of its plates connected to input node 60 through a negative voltage storage
switch 86 and to Vpp, through a switch 88. The capacitance of first and second internal

capacitances 74 and 80 should be a small fraction (i.e., about 10%) of the capacitance of the
individual sensor matrix lines. In a typical embodiment, the sensor matrix line capacitance will
be about 10pF and the capacitance of capacitors 74 and 80 should be about 1pF.

According to the presently preferred embodiment of the invention, the approach used is a
differential measurement for added noise immunity, the benefit of which is that any low
frequency common mode noise gets subtracted out. For the following discussion, it is to be
assumed that all switches are open unless they are noted as closed. First, the sensor matrix line
is momentarily shorted to Vpp through switch 62, switch 78 is closed connecting capacitor 74 in

paralle]l with the capacitance of the sensor line. Then the parallel capacitor combination is
discharged with a constant current from current source 70 through switch 72 for a fixed time
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period. Atthe end of the fixed time period, switch 78 is opened, thus storing the voltage on the
sensor matrix line on capacitor 74.

The sensor line is then momentarily shorted to ground through switch 64, and switches
82 and 86 are closed to place capacitor 80 in parallel with the capacitance of the sensor line.
Switch 68 is closed and the parallel capacitor combination is charged with a constant current
from current source 66 for a fixed time period equal to the fixed time period of the first cycle.

At the end of the fixed time period, switch 86 is opened, thus storing the voltage on the sensor
matrix line on capacitor 80.

The first and second measured voltages are then averaged. This is accomplished by
opening switch 82 and closing switches 88 and 84, which places capacitor 80 in parailel with
capacitor 74. Because capacitors 74 and 80 have the same capacitance, the resulting voltage
across them is equal to the average of the voltages across each individually. This final result is
the value that is then passed on to the appropriate one of filter circuits 48-1 through 48-n.

The low frequency noise, notably 50/60 Hz and their harmonics, behaves as a DC
current component that adds in one measurement and subtracts in the other. When the two
results are added together that noise component averages to zero. The amount of noise rejection
1s a function of how quickly in succession the two opposing charge-up and charge-down cycles
are performed as will be disclosed herein. One of the reasons for the choice of this charge
integrator circuit is that it allows measurements to be taken quickly.

Referring now to FIG. 4b, a more complete schematic diagram of an illustrative
embodiment of charge integrator circuit 44 of the simplified diagram of FIG. 4a is shown.
Input node 60 is shown connected to Vpy and ground through pass gates 90 and 92, which

replace switches 62 and 64 of FIG. 4a. Pass gate 90 is controlled by a signal ResetUp
presented to its control input and pass gate 92 is controlled by a signal ResetDn presented to its
control input. Those of ordinary skill in the art will recognize that pass gates 90 and 92, as well
as all of the other pass gates which are represented by the same symbol in FIG. 4b may be
conventional CMOS pass gates as are known in the art. The convention used herein is that the
pass gate will be off when its control input is held low and will be on and present a low
impedance connection when its control input is held high.

P-Channel MOS transistors 94 and 96 are configured as a current mirror. P-Channel
MOS transistor 94 serves as the current source 66 and pass gate 98 serves as switch 68 of FIG.
da. The control input of pass gate 98 is controlled by a signal StepUp.
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N-Channel MOS transistors 100 and 102 are also configured as a current mirror. N-
Channel MOS transistor 100 serves as the current source 70 and pass gate 104 serves as switch
72 of FIG. 4a. The control input of pass gate 104 is controlled by a signal StepDn. P-Channel
MOS transistor 106 and N-Channel MOS transistor 108 are placed in series with P-Channel
MOS current mirror transistor 96 and N-Channel MOS current mirror transistor 102. The
control gate of P-Channel MOS transistor 106 is driven by an enable signal EN, which turns on
P-Channel MOS transistor 106 to energize the current mirrors. This device is used as a power
conservation device so that the charge integrator circuit 44 may be turned off to conserve power
when it is not in use.

N-Channel MOS transistor 108 has its gate driven by a reference voltage Vbias, which
sets the current through current mirror transistors 96 and 108. The voltage Vbias is setby a
servo feedback circuit as will be disclosed in more detail with reference to FIG. 10. Those of
ordinary skill in the art will appreciate that this embodiment allows calibration to occur in real
time (via long time constant feedback) thereby zeroing out any long term effects due to sensor
environmental changes. In a current embodiment of the invention, Vbias is common for all
charge integrator circuits 44-1 through 44-n and 44-Vmax and 44-Vmin.

Note that proper sizing of MOS transistors 102 and 108 may provide temperature
compensation. This is accomplished by taking advantage of the fact that the threshold of N-
Channel MOS transistor 108 reduces with temperature while the mobility of both N-Channel
MOS transistors 102 and 108 reduce with temperature. The threshold reduction has the effect of
increasing the current while the mobility reduction has the effect of decreasing the current. By
proper device sizing these effects can cancel each other out over a significant part of the
operating range.

Capacitor 74 has one plate connected to Vpp and the other plate connected to the output

node 76 and to the input node 60 through pass gate 110, shown as switch 78 in FIG. 4a. The
control input of pass gate 110 is driven by the control signal SUp. One plate of capacitor 80 is
connected to input node 60 through pass gate 112 (switch 86 in FIG. 4a) and to VDD through
pass gate 114 (switch 82 in FIG. 4a). The control input of pass gate 112 is driven by the
control signal SDn and the control input of pass gate 114 is driven by the control signal ChUp.
The other plate of capacitor 80 is connected to ground through N-Channel MOS transistor 116
(switch 82 in FIG. 4a) and to output node 76 through pass gate 118 (switch 84 in FIG. 4a).
The control input of pass gate 118 is driven by control signal Share.

Referring now to FIGS. 4a, 4b and the timing diagram of FIG. 5, the operation of
charge integrator circuit 44 during one scan cycle may be observed. First the EN (enable)
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control signal goes active by going to Ov. This turns on the current mirrors and energizes the
charge and discharge current sources, MOS transistors 94 and 100. The ResetUp control
signal is active high at this time, which shorts the input node 60 (and the sensor line to which it
is connected) to Vpp. The SUp control signal is also active high at this ime which connects

capacitor 74 and the output node 76 to input node 60. This arrangement guarantees that the
following discharge portion of the operating cycle always starts from a known equilibrium state.

The discharge process starts after the ResetUp control signal goes inactive. The
StepDn control signal goes active, connecting MOS transistor 100, the discharge current
source, to the input node 60 and its associated sensor line. StepDn is active for a set amount of
time, and the negative constant current source discharges the combined capacitance of the sensor
line and capacitor 74 thus lowering its voltage during that time. StepDn is then turned off. A

short time later the SUp control signal goes inactive, storing the measured voltage on capacitor
74. That ends the discharge cycle.

Next, the ResetDn control signal becomes active and shorts the sensor line to ground.
Simultaneously the SDn and ChDn control signals become active and connect capacitor 80
between ground and the sensor line. Capacitor 80 is discharged to ground, guaranteeing that the
following charge up cycle always starts from a known state.

The charge up cycle starts after ResetDn control signal becomes inactive and the
StepUp control signal becomes active. At this point the current charging source, MOS
transistor 94, is connected to the sensor line and supplies a constant current to charge the sensor
line by increasing the voltage thereon. The StepUp control signal is active for a set amount of
ume (preterably equal to the time for the previously mentioned cycle) allowing the capacitance to
charge, and then it is tumed off. The SDn control signal then goes inactive, leaving the
measured voltage across capacitor 80.

The averaging cycle now starts. First the voltage on capacitor 80 is level shifted. This is
done by the ChDn control signal going inactive, letting one plate of the capacitor 80 float. Then
the ChUp control signal goes active, connecting the second plate of the capacitor to Vpp. Then
the Share control signal becomes active which connects the first plate of capacitor 80 to output
node 76, thus placing capacitors 74 and 80 in parallel. This has the effect of averaging the
voltages across the two capacitors, thus subtracting out common-mode noise as previously
described. This average voltage is also then available on output node 76.

Those of ordinary skill in the art will recognize that the environmental alternating current
and other low frequency noise-canceling feature inherent in the averaging of the voltages
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obtained in the discharge and charge cycles is most effective when the two cycles are performed
very close together in time. According to the present invention, the ChDn and ChUp signals
should be asserted with respect to each other within a time period much less than a quarter of the
period of the noise to be canceled in order to take advantage of this feature of the present

invention.

According to the present invention, two different drive/sense methods have been
disclosed. Those of ordinary skill in the art will readily observe that the charge integrator circuit
44 disclosed with reference to FIGS. 4a, 4b, and 5 is adaptable to operate according to either
scanning method disclosed herein.

As is clear from an understanding of the operation of charge integrator circuit 44, its
output voltage is only available for a short period of time and is subject to environmental noise.
In order to minimize the effects of noise, a switched capacitor filter circuit 48 is used. Referring
now to FIG. 6, a schematic diagram of an illustrative switched capacitor filter circuit 48 which
may be used in the present invention is shown. Those of ordinary skill in the art will recognize
this switched capacitor filter circuit, which comprises an input node 120, a pass gate 122 having
a control input driven by a Sample control signal, a capacitor 124 connected between the output
of the pass gate 126 and a fixed voltage such as ground, and an output node comprising the
common connection between the capacitor 124 and the output of the pass gate 126. In a typical
embodiment, capacitor 116 will have a capacitance of about 10 pF.

As will be appreciated by persons of ordinary skill in the art, the switched capacitor filter
48 is in part a sample/hold circuit and has a filter time constant which is K times the period of
sample, where K is the ratio of capacitor 124 to the sum of capacitors 74 and 80 of the charge
integrator circuit 44 of FIGS. 4a and 4b to which it is connected. The switched capacitor filter
circuit 48 further reduces noise injection in the system. In the preferred embodiment, K = 10/2
= 5. Those of ordinary skill in the art will recognize that other types of filter circuits, such as
RC filters, may be employed in the present invention.

Referring now to FIG. 7, a more detailed block diagram of a presently preferred
arrangement of A/D converters 52 of FIG. 3 is presented. There are fewer A/D converters than
there are lines in the touch sensor array, and the inputs to the A/D converters are muitiplexed to
share each of the individual A/D converters among several lines in the touch sensor array. The
arrangement in FIG. 7 is more efficient in the use of integrated circuit layout area than providing
individual A/D converters for each input line.
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In the embodiment illustrated in FIG. 7, twenty-four conductive line traces are assumed
for the sensor array 10 of FIGS. 2a-2d. As shown in FIG. 7, the outputs of sample/hold
circuits 50-1 through 50-24 are fed to the analog data inputs of analog multiplexer 130. Analog
multiplexer 130 has six outputs, each of which drives the input of an individual A/D converter
52-1 through 52-6. The internal arrangement of analog multiplexer 130 is such that four
different ones of the inputs are multiplexed to each of the outputs. Analog multiplexer 130 has
been conceptually drawn as six internal multiplexer blocks 132-1 through 132-6.

In the example shown in FIG. 7, inputs taken from sample/hold circuits 50-1 through
50-4 are multiplexed to the output of internal multiplexer block 132-1 which drives A/D
converter 52-1. Similarly, inputs taken from sample/hold circuits 50-5 through 50-8 are
multiplexed to the output of internal multiplexer block 132-2 which drives A/D converter 52-2;
inputs taken from sample/hold circuits 50-9 through 50-12 are multiplexed to the output of
internal muitiplexer block 132-3 which drives A/D converter 52-3; inputs taken from
sample/hold circuits 50-13 through 50-16 are muitiplexed to the output of internal multiplexer
block 132-4 which drives A/D converter 52-4; inputs taken from sample/hold circuits 50-17
through 50-20 are multiplexed to the output of internal multiplexer block 132-5 which drives
A/D converter 52-5; and inputs taken from sample/hold circuits 50-21 through 50-24 are
multiplexed to the output of internal multiplexer block 132-6 which drives A/D converter 52-6.

Analog multiplexer 130 has a set of control inputs schematically represented by bus 134.
In the illustrative embodiment shown in FIG. 7, each of internal multiplexers 132-1 through
132-6 are four-input multiplexers and thus control bus 134 may comprise a two-bit bus for a
one-of-four selection. Those of ordinary skill in the art will recognize that the arrangement of
FIG. 7 is merely one of a number of specific solutions to the task of A/D conversion from
twenty-four channels, and that other satisfactory equivalent arrangements are possible.

In a straightforward decoding scheme, multiplexers 132-1 through 132-6 will pass, in
sequence, the analog voltages present on their first through fourth inputs on to the inputs of A/D
converters 52-1 through 52-6 respectively. After the analog values have settled in the inputs of
A/D converters 52-1 through 52-6, a CONVERT command is asserted on common A/D control
line 136 to begin the A/D conversion process.

When the A/D conversion process is complete, the digital value representing the input
voltage is stored in registers 138-1 through 138-6. As presently preferred, registers 138-1
through 138-6 may each comprise a two-word register, so that one word may be read out of the
registers to arithmetic unit 54 while a second word is being written into the registers in order to
maximize the speed of the system. The design of such registers is conventional in the art.
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Referring now to FIG. &, a more detailed block diagram of the arithmetic unit 16 is
presented. Those of ordinary skill in the art will appreciate that arithmetic unit 16 processes
information from both the X and Y dimensions, i.e., from X input processing circuit 12 and Y
input processing circuit 14 of FIG. 1.

Before disclosing the structural configuration of arithmetic unit 16, it is helpful to
understand the preferred method by which the centroid position of an object proximate to the
sensor array 22 is determined according to the present invention.

According to a presently preferred embodiment of the invention, the object position in
either dircction may be determined by evaluating the weighted average of the capacitances
measured on the individual sense line of the sensor array 10. In the following discussion, the X
direction is used, but those of ordinary skill in the art will recognize that the discussion applies to
the determination of the weighted average in the Y direction as well. As is well known, the
weighted average may be determined as follows:

Y ix ACi
i=0

X position = —/— {Eq. 1]
T ACi

i=0

where AC; = C; - C0O;. C; is the capacitance presently being measured on the ith trace and CO; is

the value measured on that same trace at some past time when no object was present. In terms of
these past and present capacitance measurements, the position can be expressed as:

2 ix(Ci - CO;)
i=0

- [Eq. 2]
> (Ci - CO))

i=0

Xposition =

Using the distributive property of multiplication over addition, this expression is seen to
be equivalent to:
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-2 (xCo) + ¥ (ixCi)
iaQ i=0

=Y (Co) + ¥ (C)

i=0

Xposition = [Eq. 3]

where the negative terms in both the numerator and denominator are offsets and represent the
background value of the capacitances with no object present. If the term Oy is used to represent

the numerator offset and the term Op, is used to represent the denominator offset, Eq. 3 may be

re-written as:

-ON+ Y xC)

i=0

Xposition = [Eq. 4]

-Op+ ¥ (C)

i=0

Referring now to FIG. 8, it may be seen that arithmetic unit 16 includes X numerator and
denominator accumulators 150 and 152 and Y numerator and denominator accumulators 154 and
156. The source of operand data for X numerator and denominator accumulators 150 and 152
and Y numerator and denominator accumulators 154 and 156 are the registers 138-1 through
138-6 in each (X and Y) direction of the sensor array 22 of FIG. 1. The X and Y denominator
accumulators 152 and 156 sum up the digital resuits from the A/D conversions. The X and Y
numerator accumulators 150 and 154 compute the weighted sum of the input data rather than the
straight sum. Accumulators 150, 152, 154, and 156 may be configured as hardware elements or

as software running on a microprocessor as will be readily understood by those of ordinary skill
in the art.

As may be seen from an examination of FIG. 8, numerator accumulators 150 and 154
compute the expression of Eq. 4:

Y ixCj [Eq. 5]

i=0
and denominator accumulators 152 and 156 compute the expression of Eq. 4:

e [Eq. 6]

i=0
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The contents of X and Y numerator and denominator offset registers 158, 160, 162, and
164 are subtracted from the results stored in the accumulators 150, 152, 154, and 156 in adders
166, 168, 170, and 172. Adder 166 subtracts the offset Oyy stored in X numerator offset

register 158. Adder 168 subtracts the offset Opy stored in X denominator offset register 160.
Adder 170 subtracts the offset Oyy stored in Y numerator offset register 162. Adder 172
subtracts the offset Opy stored in Y denominator offset register 164. The numerator

denominator pairs are divided by division blocks 174 and 176 to produce the X and Y position
data, and the X and Y denominator pair is used by block 178 to produce Z axis (pressure) data.
The funcuon performed by block 178 will be disclosed later herein. The offsets Opy, Onys

Opy» and Oyy are sampled from the accumulator contents when directed by calibration unit 180.

Persons of ordinary skill in the art will readily appreciate that the architecture of the
system of the present invention may be distributed in a number of ways, several of which
involve the availability of a microprocessor, whether it be in a host computer to which the
system of the present invention is connected or somewhere between the integrated circuit
described herein and a host computer. Embodiments of the present invention are contemplated
wherein the accumulated numerator and denominator values representing the summation terms
are delivered to such a microprocessor along with the Oy and Op, offset values for processing, or

where all processing is accomplished by a programmed microprocessor as is known in the art.

Initally, the numerator and denominator accumulators 150, 152, 154, and 156 are set to
zero during system startup. If the multiplexed A/D converters as shown in FIG. 7 are
employed, the digitized voltage data in the first word of register 138-1 (representing the voltage
at the output of sample/hold circuit 50-1) is added to the sum in the accumulator and the result
stored in the accumulator. In succession, the digitized voltage values stored in the first word of
registers 138-2 through 138-6 (representing the voltage at the outputs of sample/hold circuits 50-
5. 50-9, 50-13, 50-17, and 50-21, respectively) are added to the sums in the accumulators and
the results stored in the accumulators. As previously mentioned, A/D converters 52-1 through
52-6 may at this ime be converting the voltages present at the outputs of sample/hold circuits 50-
2, 50-6, 50-10, 50-14, 50-18, and 50-22 and storing the digitized values in the second words of
registers 138-1 through 138-6 respectively.

Next, in succession, the digitized voltage values stored in the second words of registers
138-1 through 138-6 (representing the voltage at the outputs of-sample/hold circuits 50-2, 50-6,
50-10, 50-14, 50-18, and 50-22, respectively) are added to the sum in the accumulator and the
result stored in the accumulator.
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Next, in succession, the digitized voltage values stored in the first words of registers
138-1 through 138-6 (representing the voltage at the outputs of sample/hold circuits 50-3, 50-7,
50-11, 50-15, 50-19, and 50-23, respectively) are added to the sum in the accumulator and the
result stored in the accumulator, followed by digitized voltage values stored in the second words
of registers 138-1 through 138-6 (representing the voltage at the outputs of sample/hold circuits
50-4, 50-8, 50-12, 50-16, 50-20, and 50-24, respectively).

At this point in time, the accumulators hold the sums of all of the individual digitized
voltage values. The digital values stored in the Oy and Op, offset registers 158, 160, 162, and

164 are now respectively subtracted from the values stored in the numerator and denominator
accumulators. The division operation in dividers 174 and 176 then completes the weighted
average computation.

The division operation may also be performed by an external microprocessor which can
fetch the values stored in the accumulators or perform the accumulations itself. As the Oy and

Op offset values are presently derived by an external microprocessor, the additional processing

overhead presented to such external microprocessor by this division operation is minimal.
Alternately, a dedicated microprocessor may be included on chip to handle these processing
tasks without departing from the invention disclosed herein.

The above disclosed processing takes place within about 1 millisecond and may be
repeatedly performed. Current mouse standards update position information 40 times per

second, and thus the apparatus of the present invention may easily be operated at this repetition
rate.

Because of the nature of the method employed in the present invention, an opportunity
exists to provide additional noise immunity without requiring additional hardware in the system
of the present invention. While it is apparent that after the above-disclosed sequence has been
performed, the accumulators may be cleared and the process repeated, the values may also be
allowed to remain in the accumulators. If this is done, an averaging function may be
implemented to further filter out noise. According to this aspect of the invention, a number of
samples are taken and run through the accumulators without clearing them at the end of the
processing sequence. As presently preferred, twenty-five samples are processed before a single
division result is taken for use by the system, thus greatly reducing the effects of transient
system noise spikes. Those of ordinary skill in the art will recognize that the number of samples
taken prior to clearing the accumulators is a matter of design choice dictated by factors such as
data acquisition rates, data processing rates etc.
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It is preferable to provide additional filtering of the X and Y position data produced by
division blocks 174 and 176 of the arithmetic unit 16 of FIG. 8. The filtering preferably occurs
in between arithmetic unit 16 and motion and gesture units 18 and 20 of FIG. 1. The X and Y
coordinates are separately filtered as independent numbers. Each filter is an averaging register
computing a “running average” as is well-known in the art. When the finger’s presence is first
detected, the filter register is initialized with the current quotient. In subsequent samples, the
new quotient is averaged with the filter register value to produce a new filter register value. In
the presently preferred embodiment, the values are equally weighted in the average, though
different weightings can be used to provide stronger or weaker filtering. The sequence of values
in the filter register serve as the X and Y coordinates used by the motion and gesture units 18
and 20 of FIG. 1.

The system of the present invention is adaptable to changing conditions, such as
component aging, changing capacitance due to humidity, and contamination of the touch surface,
etc. In addition, the present invention effectively minimizes ambient noise. According to the
present invention, these effects are taken into consideration in three ways. First, the offset
values Oy and Op, are dynamically updated to accommodate changing conditions. Second, a

servo-feedback circuit is provided to determine the bias voltage used to set the bias of the charge-
integrator circuits 44-1 through 44-n. Third, as previously disclosed herein, the reference
voltage points for V,,, and V;, of the A/D converters are also dynamically altered to increase

the signal to noise margin.

Referring now to FIG. 9, a block diagram of a calibration unit 150 which may be used
with the arithmetic unit of FIG. & is presented. The calibration unit 150 executes an algorithm to
establish the numerator and denominator offset values by attempting to determine when no finger
or other conductive object is proximate to the touch sensor array 22.

As previously disclosed, the Oy and Op, offset values represent the baseline values of the

array capacitances with no object present. These values are also updated according to the present
invention since baseline levels which are too low or too high have the effect of shifting the
apparent position of the object depending on the sign of the error. These values are established
by selecton of the values read when no object is present at the sensor array 22. Since there is no
external way to “know”” when no object is present at sensor array 22, an algorithm according to
another aspect of the present invention is used to establish and dynamically update these offset
values. When the calibration unit sees a Z value which appears typical of the Z values when no
finger is present, it instructs the offset registers (158, 160, 162, and 164 of FIG. 8) to reload
from the current values of the accumulators. According to a presently preferred embodiment of
the invention, the decision to update the offset values is based on the behavior of the sensor
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array 22 in only one of the X or Y directions, but when the decision is made all four offsets
(Onx> Opx: Ony» and Opy) are updated. In other embodiments of the invention, the decision to

update may be individually made for each direction according to the criteria set forth herein.

The calibration algorithm works by monitoring changes in a selected one of the
denominator accumulator values. According to the present invention, it has been observed that
the sensitivity to changes in capacitance of one of the sets of conductive lines in the touch sensor
array 22 is greater than the sensitivity to changes in capacitance of the other one of the sets of
conductive lines in the touch sensor array 22. Experience suggests that the set of conductive
lines having the greater sensitivity to capacitance changes is the one which is physically located
above the conductive lines in the other direction and therefore closest to the touch surface of the
sensor array 22. The upper set of conductive lines tends to partially shield the lower set of
conductive lines from capacitive changes occurring above the surface of the sensor array 22.

The finger pressure is obtained by summing the capacitances measured on the sense
lines. This value is already present in the denominator accumulator after subtracting the offset
Op. A finger is present if the pressure exceeds a suitable threshold value. This threshold may

be chosen experimentally and is a function of surface material and circuit timing. The threshold
may be adjusted to suit the tastes of the individual user.

The pressure reported by the device is a simple function f(Xp, Yp) of the denominators
for the X and Y directions as implemented in block 178 of FIG. 8. Possible functions include
choosing one preferred denominator value, or summing the denominators. In a presently
preferred embodiment, the smaller of the two denominators is chosen. This choice has the
desirable effect of causing the pressure to go below the threshold if the finger moves slightly off
the edge of the pad, where the X sensors are producing valid data, but the Y sensors are not, or

vise versa. This acts as an electronic bezel which can take the place of a mechanical bezel at the
periphery of the sensor area.

In the example of FIG. 8, the Y denominator is chosen for monitoring because it is the
most sensitive. The chosen denominator is referred to as Z for the purposes of the calibration
algorithm. The current saved offset value for this denominator is referred to as O;.

The goal of the calibration algorithm is to track gradual variations in the resting Z level
while making sure not to calibrate to the finger, nor to calibrate to instantaneous spikes arising
from noise. As will be apparent to those of ordinary skill in the art from the following
disclosure, the calibration algorithm could be implemented in digital or analog hardware, or in
software. Ina current embodiment actually tested by the inventors, it is implemented in
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software.

As Z values arrive in the calibration unit, they are passed through filter 182. History
buffer 184, which operates in conjunction with filter 182, keeps a "running average" of recent Z
values. When a new Z value arrives, the current running average F7 is updated according to the

formula:
new Fz = a(old F) + (1- a)Z [Eq. 7]

where a is a constant factor between 0 and 1 and typically close to 1 and Z is the current Z value.
In the preferred embodiment, alpha is approximately 0.95. The intention is for F; to change

slowly enough to follow gradual variations, without being greatly affected by short perturbations
inZ.

The filter 182 receives a signal ENABLE from control unit 186. The running average
F; is updated based on new Z values only when ENABLE is asserted. If ENABLE is

deasserted, F; remains constant and is unaffected by current Z.

The history buffer 184 records the several most recent values of F;. In the present
embodiment, the history buffer records the two previous F; values. The history buffer might be

implemented as a shift register, circular queue, or analog delay line. When the history buffer
receives a REWIND signal from control unit 186, it restores the current running average Fz to

the oldest saved value. Itis as if the filter 182 were "retroactively” disabled for an amount of
time corresponding to the depth of the history buffer. The purpose of the history buffer is to
permit such retroactive disabling.

The current running average F; is compared against the current Z value and the current
offset Oz by absolute difference units 188 and 190, and comparator 192. Absolute difference
unit 188 subtracts the values Z and F7 and outputs the absolute value of their difference.
Absolute difference unit 190 subtracts the values Oz and F7 and outputs the absolute value of

their difference. Comparator 192 asserts the UPDATE signal if the output of absolute difference
unit 188 is less than the output of absolute difference unit 190, i.e., if F; is closer to Z than it is

to O;. The UPDATE signal will tend to be asserted when the mean value of Z shifts to a new

resting level. It will tend not to be asserted when Z makes a brief excursion away from its
normal resting level. The filter constant a determines the length of an excursion which will be
considered "brief" for this purpose.
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Subtractor unit 194 is a simple subtractor that computes the signed difference between Z
and O. This subtractor is actually redundant with subtractor 172 in figure 8, and so may be

merged with it in the actual implementation. The output C; of this subtractor is the calibrated Z

value, an estimate of the finger pressure. This pressure value is compared against a positive and
negative Z threshold by comparators 196 and 198. These thresholds are shown as Zyyy and -Zpy,

although they are not actually required to be equal in magnitude.

If pressure signal Cy is greater than Zy, the signal FINGER is asserted indicating the
possible presence of a finger. The Zpy, threshold used by the calibration unit is similar to that

used by the rest of the system to detect the presence of the finger, or it may have a different
value. In the present embodiment, the calibration Zy is set somewhat lower than the main Zy

to ensure that the calibration unit makes a conservative choice about the presence of a finger.

If pressure signal Cy is less than - Zpy, the signal FORCE is asserted. Since Oy is

meant to be equal to the resting value of Z with no finger present, and a finger can only increase
the sensor capacitance and thus the value of Z, a largely negative C; implies that the device must

have incorrectly calibrated itself to a finger, which has just been removed. Calibration logic 200
uses this fact to force a recalibration now that the finger is no longer present.

Control logic 186 is responsible for preventing running average F; from being

influenced by Z values that occur when a finger is present. Output ENABLE is generally off
when the FINGER signal is true, and on when the FINGER signal is false. However, when
FINGER transitions from false to true, the control logic also pulses the REWIND signal.
When FINGER transitions from true to false, the control logic waits a short amount of time
(comparable to the depth of the history buffer) before asserting ENABLE. Thus, the running
average is prevented from following Z whenever a finger is present, as well as for a short time
before and after the finger is present.

Calibration logic 200 produces signal RECAL from the outputs of the three comparators
192, 196, and 198. When RECAL is asserted, the offset registers Oy and Op, will be reloaded

from the current accumulator values. RECAL is produced from the following logic equation:

RECAL = FORCE or (UPDATE and not FINGER). [Eq. 8]
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In addition, calibration logic 200 arranges to assert RECAL once when the system is
first initalized, possibly after a brief period to wait for the charge integrators and other circuits to
stabilize.

From the descriptions of control logic 186 and calibration logic 200, it will be apparent to
those of ordinary skill in the art that these blocks can be readily configured using conventional
logic as a matter of simple and routine logic design.

It should be obvious to any person of ordinary skill in the art that the calibration
algorithm described is not specific to the particular system of charge integrators and
accumulators of the current invention. Rather, it could be employed in any touch sensor which
produces proximity or pressure data in which it is desired to maintain a calibration point
reflecting the state of the sensor when no finger or spurious noise is present.

Referring now to FIG. 10, a bias voltage generating circuit 46 useful in the present
invention is shown in schematic diagram form. According to a presently preferred embodiment
of the invention, all of the bias transistors 108 (FIG. 4b) of charge integrator circuits 44-1
through 44-n have their gates connected to a single source of bias voltage, although persons of
ordinary skill in the art recognize that other arrangements are possible. There are a number of
ways in which to generate the bias voltage required by charge integrator circuits 44-1 through 4-
n.

As may be seen from an examination of FIG. 10, the bias voltage generating circuit 46 is
an overdamped servo system. A reference source which approximates the current source
function of a typical one of the charge integrator circuits 44-1 through 44-n includes a capacitor
202 having one of its plates grounded. The other one of its plates is connected to the Vp, power

supply through a first pass gate 204 and to a current source transistor 206 through a second
passgate 208. A filter circuit 210, identical to the filter circuits 48-1 through 48-n and controlled
by the same signal as filter circuits 48-1 through 48-n is connected to sample the voltage on
capacitor 202 in the same manner that the filter-and-sample/hold circuits 48-1 through 48-n
sample the voltages on the sensor conductor capacitances in the sensor array 22.

The output of filter circuit 210 is fed to the non-inverting input of a weak
transconductance amplifier 212, having a bias current in the range of from about 0.1-0.2pA.
The inverting input of the transconductance amplifier 212 is connected to a fixed voltage of about
1 volt generated, for example, by diode 214 and resistor 216. The output of transconductance
amplifier 212 is shunted by capacitor 218 and also by capacitor 220 through passgate 222.
Capacitor 220 is chosen to be much larger than capacitor 218. In a typical embodiment of the

27
SUBSTITUTE SHEET ( rule 26 )



10

15

20

25

30

WO 98/02964 PCT/US97/12348

present invention, capacitor 218 may be about 0.2pF and capacitor 220 may be about 10pF.

Capacitor 220 is connected to the gate of N-Channel MOS transistor 224, which has its
drain connected to the drain and gate of P-Channel MOS transistor 226 and its source connected
to the drain and gate of N-Channel MOS transistor 228. The source of P-Channel MOS
transistor 226 is connected to Vpp and the source of N-Channel MOS transistor 228 is connected

to ground. The common drain connection of transistors 224 and 228 is the bias voltage output
node.

An optional passgate 230 may be connected between a fixed voltage source (e.g., about
2 volts) and capacitor 220. Passgate 230 may be used to initialize the bias generating circuit 46
on startup by charging capacitor 220 to the fixed voltage.

During each sample period, the filter circuit 210 takes a new sample. If the new sample
differs from the previous sample, the output voltage of transconductance amplifier 212 will
change and start to charge or discharge capacitor 218 to a new voltage. Passgate 222 is switched
on for a short ime (i.e., about 1psec) and the voltages on capacitors 218 and 220 try to average
themselves. Due to the large size difference between capacitors 218 and 220, capacitor 218
cannot supply enough charge to equalize the voltage during the period when passgate 222 is
open. This arrangement prevents large changes in bias voltage from cycle to cycle.

Capacitor 202 should look as much as possible like one of the sensor array channels and
has a value equal to the background capacitance of a typical sensor line, (i.e., with no object
proximate or present capacitance component). Capacitor 202 may be formed in several ways.
Capacitor 202 may comprise an extra sensor line in a part of the sensor array, configured to
approximate one of the active sensor lines but shielded from finger capacitance by a ground
plane, etc. Alternately, capacitor 202 may be a capacitor formed in the integrated circuit or
connected thereto and having a value selected to match that of a typical sensor line. In this
respect, the signal source comprising capacitor 202 and filter circuit 210 is somewhat like the
circuitry for generating the V., and V ;. reference voliages, in that it mimics a typical sensor

line.

As another alternative, one of the actual sensor lines may be employed to set the bias
voltage. The measured voltage on the two end-point sensor lines may be compared and the one
having the lowest value may be selected on the theory that, if a finger or other object is

proximate to the sensor array, it will not be present at sensor lines located at the opposite edges
of the array.

The capacitive sensor on currently-available capacitive touchpads, such as the one
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disclosed herein operates by forcing a current through or voltage on to a capacitive sensor, and
measuring the resulting voltage. A finger or other object placed on or near the capacitive
touchpad sensor adds capacitance and changes the measured voltage. Since the finger or other
object is in no other way electrically connected to the touchpad, the finger and the touchpad share
no common voltage reference and the voitage of the finger relative to the touchpad is free to

vary. This distorts the measured voltage.

Referring now to FIGS. 11 and 12, the problem solved by the present invention is
illustrated. FIG. 11a shows a touchpad 240 with a proximately-located finger 242, and FIG.
11b is a diagram of the electrical equivalent circuit of the arrangement of FIG. 11a, assuming a
finger near the touchpad with the finger and the touchpad sharing a common ground. Capacitor
244 represents the capacitance of the touchpad 240 and capacitor 246 represents the capacitance
of the finger 242. Capacitor 244 and 246 are in parallel and share a common ground connection
shown schematically by the ground symbols at reference numeral 248. This is not the usual
situation, since it is unusual and inconvenient for a user to place himself or herself at system
ground by using a wrist strap or other device.

FIG. 12 is a diagram showing the electrical equivalent circuit of the arrangement of FIG.
11a when the finger is floating with respect to touchpad ground and where thus the finger
voltage varies relative to touchpad ground. Again capacitor 244 represents the capacitance of the
touchpad and capacitor 246 represents the capacitance of the finger. However, as may be seen
from FIG. 12, no common ground exists between capacitor 244 and capacitor 246. This
situation is represented by noise source 250 interposed between the lower plate of capacitor 246
and ground at reference numeral 248. From the disclosure herein, those of ordinary skill in the
art will appreciate that FIG. 12 represents the most usual case in a real capacitive touchpad
operating environment, and illustrates the problem solved by the present invention.

FIG. 13 is a set of waveforms which show another aspect of the susceptibility of
capacitor touchpad systems to finger noise. The first waveform is the actual signal to be
sampled, the second waveform is the noise component, and the third waveform is the resultant
sampled signal plus noise. In FIG. 13, it is assumed that the initial sample period gets driven
low by the noise and that the second sample period gets driven high by the noise. The
combination of the two results adds the two noise components instead of canceling them out. If
the noise is periodic and very close to the sampling frequency, a low-frequency aliasing or beat
pattern will arise in the measured data which can masquerade as finger motion.

According to the present invention, a solution to the problems illustrated in FIGS. 11,
12, and 13 is presented as apparatus and a method for minimizing noise effects in capacitive
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touchpad systems. The solution of the present invention involves two concepts. First, a
determination is made whether an aliasing noise situation exists. If such a hazardous noise

situation exists, the sampling frequency of the touchpad sensor system is changed to a frequency
which is not affected by present noise conditions.

According to a presently preferred embodiment of the invention, the amount of noise
present at two or more possible operating frequencies is monitored. As presently preferred, the
system does this by switching operation from one frequency to the other and estimating how
much noise is present at each frequency. When a finger touches down on the touchpad, the

system uses the frequency with the least noise present and keeps operation at that frequency until
the finger is lifted.

This aspect of the invention is illustrated in the flow diagram of FIG. 14. First at step
260 it is determined if a finger is down. If the finger is down the process cycles back to step
260 until it is determined that no finger (or other object) is present on the touchpad. At steps 262
and 264, the amount of noise at the first and second frequencies is measured. At step 266, it is
determined if the noise is greater at the first frequency or at the second frequency. If the noise is
greater at the first frequency, the system is set to operate at the second frequency at step 268 and

if the noise is greater at the second frequency, the system is set to operate at the first frequency at
step 270.

Generally, according to a preferred embodiment of the present invention, an estimate of
the amount of ambient noise may be made by examining the sequence of measured capacitances
when no finger or other object is present. If the measured capacitances appear to oscillate rather
than holding at a steady quiescent value, noise is present on the current sampling frequency.
The system examines the amount of oscillation on each of two or more sampling frequencies,
and chooses the sampling frequency which produces the least oscillatory noise. In the preferred
embodiment, exactly two sampling frequencies are employed in the interest of simplicity.

According to a presently preferred embodiment of the invention, an estimate of the noise
level at a given operating frequency may be made using the touch sensor system disclosed herein
based on the amount of variation in one of the denominator accumulators X denominator
accumulator 152 and Y denominator accumulator 156 of FIG. 8. The values in these
accumulators are quite stable under normal conditions, when no finger is present on the
touchpad. In the presence of electrical noise these values will oscillate significantly.

These oscillations are in many ways similar to effects the user can produce, somewhat
complicating the noise detection issue. The noise characteristics of the environment of the
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touchpads are constantly changing. This means that a single, static choice of operating
frequency is not acceptable. Active detection of a finger and noise monitoring must therefore
coexist, making it necessary to distinguish between noise and valid data.

According to the present invention, the average value of the relevant denominator
accumulator is tracked while no finger is present. While a finger can cause a noiselike
disturbance, it can only cause an increase above the average value, not a decrease. True
oscillatory noise can be distinguished by the fact that the accumulator will vary both above and
below its resting value. Therefore, the present invention intentionally ignores half of the noise
events (those which are above the average), because this half is too difficult to distinguish from
valid finger data.

A running average of the severity of these noise events over time provides an estimate of
the amount of noise present at a given operating frequency. The filter constant, which
determines the weight of new data relative to the existing average, must be selected to aliow the
average to respond quickly enough to changing conditions without falling subject to the short-
term randomness present in any noise sample.

If the noise averages for both operating frequencies are comparable, both are considered
valid sources of tactile data. If one is worse than the other, no tactile data is derived from the
noisier frequency. If both sampling rates are unsatisfactory, a more drastic change to the
touchpad sampling rate or data filtering algorithms can be made.

It is important that an accurate measure of the current amount of noise at both operating
frequencies be maintained, without degrading performance of the touchpad. Of concem here is
that any information gathered from a noisy operating frequency must be considered unusable for
the purposes of detecting the presence of a finger, and that a loss of more than one sample period
due to this uncertainty causes a perceptible decrease in performance.

Switching frequencies in any predictable fashion leads to the danger of further aliasing at
the switching rate. Suppose the noise measurement algorithm of FIG. 14 operates 40 times per
second. Also suppose that there is a nearly-tuned noise source that causes a beat frequency of
about 40 Hz. Then the 25 KHz noise on the input has turned into 40 Hz oscillatory noise in the
measured capacitance data. Now, this 40 Hz noise can, in turn, beat with the 40 Hz decision-
making rhythm of the noise detector, confusing the noise detector in a roughly analogous way.
We appear to have traded an aliasing problem at one frequency for an aliasing problem at
another frequency.
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Fortunately, small inaccuracies in the decisions made by the noise detector are not
noticeable by the user, so it suffices to randomize the timing of the noise detector to disrupt the
secondary beating effect. Mathematically, randomizing the timing attenuates but does not
eliminate the aliasing effect. In the actual capacitance data, it is important to eliminate the noise
as much as possible. In the noise detection algorithm, merely attenuating the disruption due to
aliasing 1s enough to let the algorithm operate reasonably well.

As a result of these concerns, the switching algorithm uses a random input (one of the
least significant bits of incoming accumulator data is a handy random input) to decide whether to
shift operating frequencies. If the noise levels for the two frequencies are comparable, there is a
50% chance that operation will shift to the other frequency after every sampling period. If one
operating frequency is noisier than the other, this switching system is only used for the less
noisy frequency. Operation on the noisier frequency is guaranteed to shift after only one

sampling period. This permits noise sampling at that frequency, without losing more than one
sampling period worth of tactile data.

There are additional circumstances under which it is not desirable to freely switch
between operating frequencies. While a finger is known to be present on the pad (which will be
detected after a single sampling period of operation on the less noisy frequency, and hence after
at most two sampling periods) it is important to constantly monitor it. During any timing-critical
gesture which permits the finger to be lifted from the pad it is also important not to miss a
sampling period. Frequency shifting is therefore preferably inhibited during these situations.

As discussed below, control of which frequency the system operates at is based on the
output from a data line which has other functions. It is not necessary for the entire sampling
interval 10 be at a single frequency. It is sufficient for the purposes of the algorithm that a
statistically significant amount of time be spent at the desired frequency.

The frequency shifting hardware permits operation at two or more distinct clock rates,
sufficiently similar to one another that the user and host computer can not detect the difference.

There are at least two frequency shifting hardware mechanisms which may be employed
in touchpad systems such as the one disclosed herein. The first is to employ a small capacitor
(e.g., about 50 pF) which will affect the frequency of the master oscillator providing the clock
signal used by the state machine which controls sampling. By connecting one side of this
capacitor to the appropriate circuit node on the oscillator and the other to an output line from a
microprocessor, an open-collector type node, or the like, the effect of the capacitor can be turned
on and off by an appropriate control signal as will be readily appreciated by those of ordinary
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skill in the art. By selecting the capacitor value depending on the oscillator circuit used, this
method can cause a slight shift in operating frequency, slowing it by roughly 0.4%. According
to a presently preferred embodiment of the invention, the ideal frequency shift distance is about
one-half of one percent.

The use of such a capacitor to shift the frequency of an oscillator is shown in an
illustrative circuit depicted in FIG. 15. An inverter 272 and ceramic resonator 274 form a
conventional oscillator as is well known in the art. Ceramic resonators are similar to crystals in
their use, but are only accurate to a fraction of a percent. By loading down the driven side of the
ceramic resonator 274 with capacitor 276 it is possible to alter the oscillation frequency by a
small amount. N-Channel MOS transistor 278 which, for example, may be found in an I/O port
of a microprocessor, selectively connects the other end of capacitor 276 to a voltage reference
such as ground. Control unit 280 determines whether or not to turn on N-Channel MOS
transistor 278. When N-Channel MOS transistor 278 is turned on, capacitor 276 is grounded
and loads down the oscillator, thus shifting its operating frequency. When N-Channel MOS
transistor 278 is turned off, capacitor 276 is effectively removed from the circuit and the
oscillator runs at full speed. It would be obvious to a person of ordinary skill in the art that this
technique applies to any application in which the frequency of an oscillator is to be shifted by a
small amount. This technique would also work with an RC oscillator.

In addition, it is possible to slow the sampling rate in several stages. This causes a more
significant change in operating frequency and requires a more time consuming operation by the
microprocessor. If neither of the pair of frequencies available using the capacitive shift are
satisfactory, the sampling rate can be changed simply by adding “‘wait states” into the digital
sequencer. Implementation of wait states is well known in the art. This effectively causes two
new frequencies to become available to the other shifting method. The bracketed arrows in FIG.
5 show the variable charge up, charge down times produced by adding wait states into the
operation of the digital sequencer.

While two methods for changing the scanning frequency of a touchpad system such as
the one of FIG. 1 have been presented, those of ordinary skill in the art will recognize that other
methods may also be used to adjust the scanning frequency and such methods are deemed to be
within the scope of the present invention.

The method of the present invention can easily be expanded to an arbitrary number of
operating frequencies. A more sophisticated algorithm according to the present invention can
compensate for all the effects of frequency shifting on operation of the unit, and more advanced
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hardware could permit “previewing” other operating frequencies without actually affecting the
normal touchpad sampling at all.

Referring now to FIG. 16, a schematic diagram of a circuit 280 for implementing the
noise suppression feature of the present invention is presented. The present invention samples
the scanning frequencies in alternation and keeps noise statistics on each scanning frequency. At
any given ime there will be one or more *clean” frequencies, whose noise is no greater than any

other frequency's noise, and zero or more “dirty” frequencies which have noticeably more noise
than the clean frequencies. (This will be defined more precisely below.)

As previously disclosed in the flow diagram of FIG. 14, the basic operation of the noise
suppression feature of the present invention monitors the different frequencies when no finger is
present, then, when a finger is detected, locks onto a clean frequency for the duration of the
finger stroke.

To add immunity to switching-frequency noise, the frequency sequence is randomized.
Such an implementation works as follows. When the system is operating at a dirty frequency at
a present time, always switch to the next frequency next time. But if the system is operating on
a clean frequency this time, only go on to the next frequency with 50% probability.

This randomizing technique also means there is a greater chance that, when the finger

comes down, the system is already operating at a clean frequency and no switching needs to be
performed again before locking.

According to a presently preferred embodiment of the invention, noise is measured as
follows: Given a sequence of “Z” or denominator values Z(t) (these values are stored in the
denominator accumulators 152 and 156 of FIG. 8),

FZ(t) = alpha*Z(t) + (1-alpha)*FZ(t-1) alpha =0.1
computes a time-averaged version of the denominator,
N(t) = FZ(t) - Z(t) if FZ(t) > Z(t)
Nt =0 if FZ(t) < Z(t)
computes a half-wave-rectified noise estimate for any given time sample, and

FN(1) = beta*N(t) + (1-beta)*FN(t-1)  beta=0.1
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computes a time-averaged version of this noise estimate. The FZ(t), N(t), and FN(t)

computations are carried out only when no finger is present

Those of ordinary skill in the art will note that FZ(t) can be the very same time-averaged
denominator value used by the calibration algorithm (“Fz” at the output of filter 182 in FIG. 9).
Recall that the calibration algorithm also wants to update its “Fz” value only when no finger is
present.

The half-wave rectification ensures that only negative excursions of Z(t) below the
average FZ(t) are counted as noise. This prevents slightly positive Z, e.g. due to a finger
coming near the pad, from being misrecorded as noise.

In another variation useful according to the present invention,

N(t) = FZ(t) - Z(v)
FN(t) = beta*N(t) + (1-beta)*FN(t-1) if N(t) >=0

FN(t) = FN(t-1) if N(t) <0

which is much the same as the preceding example, except that FN(t) is not updated at all when
the FZ(t) < Z(t), rather than averaging in a zero as the first definition did.

A separate FN(t) is maintained for each frequency, and at any given time, the above
equations are used to modify the FN(t) of the currently selected frequency. A frequency is
"clean"” if its FN(t) is not significantly greater than any other frequency's FN(t). "Significantly
greater” can be taken to mean more than a certain threshold above another FN(t). So:

MN(t) = minimum FN(t) over all frequencies
clean(t) = FN(t) < MN(t) + threshold for any given frequency

If the currently sampled frequency is “dirty”, it is preferable to prevent FZ(t) from being
updated based on the noisy Z(t), and to prevent the regular calibration, arithmetic, and gesture
units from operating during that sample. (If a finger comes down, the device will lock onto a
clean frequency on the next time step, so only one sample of useful finger data processing can be
missed due to this rule.)
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Because the gesture unit 20 of FIG. 1 is frozen while sampling a dirty frequency, and
because the alternation between frequencies is randomized as described previously, the gesture
unit may not be able to time the operation of gestures if the incoming data stream is used as its
time base. Therefore, it is preferable to continue locking onto a clean frequency as long as any
gesture processing is still in progress, even after the finger has left the pad.

Normally, at least one frequency will be noise-free, i.e., FN(t) < threshold.
Occasionally there will be noise on all available frequencies, which means FN(t) > threshold
even for so-called clean frequencies. When this happens, it has been found useful to employ a
motion filtering algorithm to filter the final computed X,Y values more heavily. Heavy filtering
produces a less responsive touchpad, but a less responsive touchpad is better than a jittery

touchpad if there is no other choice. The “heavier” filtering can be accomplished in a variety of
ways which are well known in the art.

Referring now to FIG. 16, a schematic diagram of a circuit 280 for implementing the
noise suppression feature of the present invention is presented. The Z value is averaged by the
filter 282 to produce FZ. Filter 282 may be the same filter as filter 182 with history buffer 184
of FIG. 9. The subtractor 284 computes FZ - Z to obtain the preliminary noise estimate N.

The preliminary noise estimate N is fed into a block of filters FN 286 , one
filter per frequency. The current frequency being sampled is used to select which of the FN
filters to operate on. The filter only operates if N >= 0, and if the control unit 288 determines
that no finger is present.

The MIN unit 290 computes the minimum of all FN values and adds a certain small
threshold. Persons of ordinary skill in the art will readily be able to configure such a MIN unit
290 and threshold for a given touchpad system design.

The comparators 292, 294, and 296 check, for each FN, whether FN exceeds the
minimum plus the threshold. The output “clean” signal for a frequency is true if that frequency's
FN does not exceed the minimum plus the threshold. Those of ordinary skill in the art will
recognize that, while three filters and comparators are shown, other numbers of filters and
comparators fall within the scope of the present invention.

The frequency selector 298 uses the “clean” values, plus a random bit signal from
random unit 300, to decide which frequency to sample next. The frequency choice is forwarded
to the sensor timing circuit (part of control block 56 of FIG. 3).
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The frequency shifting algorithm and hardware of the present invention are intended to
address the effects of electrical noise on touchpad operation. Before impiementation of the
present invention, if such noise was present at a frequency related to the operating frequencies of
the analog sampling circuits of the touchpad, performance would be significantly affected. By
making it possible to subtly shift the operating frequencies of the touchpad, its performance is
dramatically improved. Whereas previously noise in any of several narrow frequency bands
could make operation difficult or impossible, the touchpad may now function almost perfectly at
all frequencies.

Another innovation of the present approach relates to the effective use of highly limited
resources. According to a presently preferred embodiment of the invention a microprocessor
provides a single output signal which controls which of the pair of possible operating
frequencies is to be used. This information needs to be output continuously, or stored outside
the processor in some fashion. The latter approach would require a hardware modification, and
no unused output lines were available for the former. Instead, it is sufficient to use a data line
whose other functions are not used at all times. That is to say, if a data line only actively
transmits data 5% of the time, it is available the other 95% of the time. In a simple
implementation where this line is the only output influencing the operating frequency, the
original use (data transmission) causes random, rapid switching between the two operating
frequencies 5% of the time, but the effect is small enough to permit both uses for the single data
line to coexist.

While the noise detection and frequency shifting techniques disclosed herein have been
disclosed in the context of a capacitive touchpad sensor system, those of ordinary skill in the art
will readily recognize that these techniques are applicable to any system which periodically
samples a signal in the presence of periodic noise.

While embodiments and applications of this invention have been shown and described, it
would be apparent to those skilled in the art that many more modifications than mentioned above
are possible without departing from the inventive concepts herein. The invention, therefore, is
not to be restricted except in the spirit of the appended claims.
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What is Claimed is:
1. A method for suppressing noise in a capacitive touch sensor which operates by
scanning at one of a plurality of scanning frequencies a number of inputs associated with a
touchpad, comprising the steps of:
measuring the noise level at each one of said plurality of scanning frequencies;

and

setting the scanning frequency of the capacitive touch sensor to the one of said
plurality of scanning frequencies having the lowest noise level.

2. The method of claim 1 wherein said plurality of scanning frequencies comprises
two frequencies which differ from each other in frequency by about 0.5%.

3. The method of claim 1, further including the steps of:
determining when a finger or other object is in contact with said touchpad; and
inhibiting changing said scanning frequency when said finger or other object is in
contact with said touchpad.

4. The method of claim 3, further including the step of inhibiting changing said
scanning frequency for a period of time after said finger or other conductive object has broken

contact with said touchpad, said period of time being sufficient to allow completion of any one
of a set of gestures.

5. Apparatus for suppressing noise in a capacitive touch sensor which operates by
scanning at one of a plurality of scanning frequencies a number of inputs associated with a
touchpad, comprising:

means for measuring the noise level at each one of said plurality of scanning
frequencies; and

means for setting the scanning frequency of the capacitive touch sensor to the one
of said plurality of scanning frequencies having the lowest noise level.

6. The apparatus of claim 5, further including:

means for determining when a finger or other conductive object is in contact with
said touchpad; and

means for inhibiting changing said scanning frequency when said finger or other
conductive object is in contact with said touchpad.
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7. The apparatus of claim 6, further including means for inhibiting changing said
scanning frequency for a period of time after said finger or other conductive object has broken
contact with said touchpad, said period of time being sufficient to allow completion of any one
of a set of gestures.

8. A method for suppressing noise in an electronic system which operates by
periodically scanning one or more inputs at one of a plurality of scanning frequencies,
comprising the steps of:

measuring the noise level at each one of said plurality of scanning frequencies;
and

setting the scanning frequency to the one of said plurality of scanning
frequencies having the lowest noise level.

9. The method of claim 8 wherein said plurality of scanning frequencies comprises
two frequencies which differ from each other in frequency by about 0.5%.

10.  Apparatus for suppressing noise in an electronic system which operates by
scanning at one of a plurality of scanning frequencies a number of inputs, comprising:
means for measuring the noise level at each one of said plurality of scanning
frequencies; and

means for setting the scanning frequency to the one of said plurality of scanning
frequencies having the lowest noise level.
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