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Reduction of Common Mode Noise and Global
Multi-valued Offset in Touch Screen Systems by
Correlated Double Sampling

Shuo Gao, Student Member, IEEE, Jackson Lai, Charles Micou and Arokia Nathan, Fellow, IEEE

Abstract—Touch based interactivity has become an
important function in displays. This paper reports on the
signal processing of touch signals in which touch
interactivity is processed as an image and correlated double
sampling (CDS) algorithm is applied for both
common-mode noise reduction and global multi-valued
offset cancellation. Based on experimental results, we
achieved a boost in SNR of 7.6dB. The processed signal
reduces detection errors and power consumption of the
system.

Index Terms—image signal processing, correlated double
sampling, capacitance touchscreen, global multi-valued
offset, common-mode noise.

|. INTRODUCTION

HE different types of touchscreen panels (TSPs) available
Tin the market are resistive, capacitance, optical, acoustic

and in-cell architectures [1], [2]. The two most widely used
are the resistive and capacitive architectures. The former
constitutes the first generation touchscreen [3], and is still being
utilized in displays [4]. The latter is capacitance based and has
the advantages of fast response, good visibility and multi-touch
detection ability [2], [5]-[8].

Highly undesired in TSPs are detection errors and high power
consumption, which lead to touch mis-registrations (in terms of
presence and/or position) and short battery life. Two of the main
factors related to these are the noise and the global multi-valued
offsets.

As shown in Fig. 1, the noise ina TSP is generated from many
sources. For example the charger induces common-mode noise
including power supply spikes. Under these conditions, the
signal-to-noise ratio (SNR) is compromised, causing the touch
detection to fail and/or lead to “fake touch”. In order to achieve
a high SNR level, the normal way is to boost the excitation
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Fig. 1. Noise sources of touchscreen systems and concept of CDS algorithm.
*Noise (or unwated signal) comprises of stochastic (thermal or 1/f) and
determinstic (clock signal, power supply spike) components.
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Fig. 2. The detection threshold (V) is set by the highest offset value to avoid
detection errors, resulting in increased power consumption.

power of the touch panel. However, this increases power
consumption. Thus, reducing the noise in a TSP is critical for
reduction of errors and the power consumption. In particular, in
analog applications, such as force touch, in which the degree of
force provides additional interactive functions, the noise
alternately limits the resolution of force-touch.

The offset on a single electrode can be canceled by deducting
a fixed value. However, the non-uniformity of the offsets over
the whole panel makes it difficult, giving rise to a high threshold
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Fig. 3. Images of (a) single touch, (b) multi-touch, and (c) noise pattern. Red
indicates high value region.

to avoid detection errors. As illustrated in Fig. 2, the detection
threshold has to be set according to the highest offset voltage,
thus requiring a high excitation power.

In this paper, a technique to reduce common-mode noise and
global multi-valued offset is proposed and implemented. In the
proposed technique, the data associated with the whole frame
after each scanning action is treated as an image [9]-[11]. Each
electrode intersection constitutes a pixel and provides a voltage
value. In this way, image processing methods can be combined
seamlessly with touch signal detection to remove any correlated
noise and offset.

The touchscreen related images right after the single and
multiple touch events are shown in Fig. 3. In an ideal case, only
the pixels at the touch location have signal values larger than 0.
However, as shown in Fig. 3, almost all the pixels have positive
values (i.e. non-blue), which indicate that the touch signal needs
to be strong enough to overcome the noise. Here is where
correlated double sampling (CDS) [12]-[33] can be used to

Fig. 4. Mutual-capacitance electrodes with diamond structure. Yellow
region indicates the location of touch event.
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Fig. 5. Working principle and cross-section of mutual-capacitance
touchscreen.
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cancel the global multi-valued offset and common-mode noise
(or fixed pattern noise as referred to in imaging terminology).

This paper is structured as follows. In Section I, a review of
capacitance based touchscreens is given. In Section Ill, the
relationship between CDS and SNR is theoretically analyzed. In
Section 1V, the parameters of the test bed are provided and the
CDS based algorithm is presented. Discussion of experimental
and simulation results is given in Section V.

11.CAPACITIVE TOUCHSCREENS

The working principle of capacitance touchscreens is based
on projected capacitance or surface capacitance. The latter is
not widely used since it offers limited resolution and suffers
from high noise due to parasitic capacitive coupling [4].
Projected capacitance measures the change of capacitance at
electrodes to detect the touch event. When a conducting object
(human finger or stylus) touches the screen, the electric field
lines will be perturbed thus modulating the charge distribution
and hence the capacitance. This is then sensed by electrodes and
sent to the processor to determine the touch location. In
projected capacitance, two options are provided here:
self-capacitance and mutual capacitance. Since mutual
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Ref. # [6] [7] [35]

[36] [37] [38] [39] [40]

55(finger) /
35(metal pillar)

41(finger) /

SNR (dB) 32(metal pillar)

30 (finger)

53 (finger)

24 70(finger) /
{undescribed) 48(metal pillar)

40 to 67 35
(metal pillar) {metal pillar)

Scan Rate 240 Hz 322 Hz 120 Hz

160 Hz

65 Hz 400 Hz 50 to 6400 Hz 120 Hz

Multi-touch? Yes Yes Yes

Yes Yes Yes Yes Yes

Capacitance Type Mutual Self/Mutual Mutual

Mutual

Mutual Mutual Mutual Mutual

Power

. 33 mw
Consumption m

21.8 mW 18.7 mwW

26 mw

TH: 6 mA

18 mw RX: & mA

6.26 mW 10.6 mW

Chip Area 14.9 mm? 13.7 mm? 10.4 mm?

0.46 mm?

TX: 1.6 mm?*

RX: 3.24 mm? 6.9 mm

4 mm? 2.2 mm?

Channels 30x24 80=80 27x43

24x16

20=16 32=20 12=8 30x=24

TSP Size L 45" 101"

48" 7

10.17 43" 32"

018 um
CMOS

0.35 um
CMOS

0.35 um

Touch Controller cMOs

0.18 pm
CMOS

S0 nm
triple well LDI

0.18 um
CMOS

018 um
CMOS

0.18 um
CMOS

Table I. Current state-of-the-art of capacitive TSPs.

capacitance supports multi-touch and is less sensitive to
electromagnetic interference (EMI) [34], it is investigated here,
based on which experimental results are presented.
In mutual capacitance, the electrodes are normally placed as
rows and columns. Electrodes in rows work as driving lines and
those in columns act as sensing lines, or vice versa. Each
intersection of rows and columns indicates a unique location,
and each intersection can be measured individually, thus
multi-touch is supported. As shown in Fig. 4 (front view) and
Fig. 5 (cross-section view), electrodes in rows are arranged as
D, to Dy, after each of them is powered separately, the
intersections with the sensing lines from S, to Sy, are measured
in sequence to realize multi-touch detection. As depicted in Fig.
5, before the finger touch, the mutual capacitance is Cy. During
the touch, the capacitance Cr is created between the electrode
and human finger. One drawback of this sensing method is that
more time is needed for a full screen measurement as compared
with that of self-capacitance. Current touchscreens have a
sensing frame rate from 20 Hz to 200 Hz [4].

Many noise reduction and sensing schemes have been
proposed and implemented. A summary of the state-or-the-art in
capacitance TSPs is shown in Table I.

I1l. THEORETICAL ANALYSIS

Signal-to-noise ratio is widely used to represent a system’s
detection accuracy and resolution. The SNR is defined as the
ratio of the signal power (Ps) to the noise power (Py):

P
SNR=—=: 1
P 1)

n

whereby SNR>1 implies that the touch signal surpasses the
noise. The offset is not dealt as a noise component, as it can be
removed by deducting a fixed value. As depicted in Fig. 6(a),
the output from an electrode of a capacitance based TSP
consists of the touch signal, the offset, and noise or unwanted
signal. The offset together with common-mode noise can be
canceled by CDS as shown in Fig. 6(b), leaving signal and high
frequency noise. After CDS, the SNR is expressed as:

Voot Vs

offset

Vottser [

0 t

Vghmmmmmmmmmmmemaneeas A

o
=
=

AR
(b)

Fig. 6. Conceptual outputs from an electrode of mutual capacitance TSP
without and with touch. (a) Original output comprising offset and
common-mode noise, and (b) the output after CDS. Vs is the signal voltage and
Voiset IS the offset voltage.

P P
SNR_pe = — = —>—; @)
CDS Pnn Pn /a

where SNRcps represents the SNR after CDS, P,’ the noise
power after CDS, and « the ratio of P, to P,,". The range of a
values and corresponding implications are given in Table II. In
the ideal case, if two samples are obtained at the same time, the
common-mode noise can be canceled completely. Thus it seems
that faster sampling can provide higher SNR. However, this is
not always true in practice. For example, if a single frequency
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P

0 1/f,

Fig. 7. Conceptual relationship between characterization factor o and
sampling interval.

Range SNR Example
v t
O<a<1 SNR Degrades 0 e
fs=2fy
Vi
&
a=1 SNR Maintained | © 0
2f>fs >fu
v f
&
l<a <+ | SNRBoosted 0 t
fs>>fy
Table Il. The ranges of characterization factor a and corresponding

implications. fs and fy are the sampling frequency and waveform frequency,
respectively. In reality, fy is the highest noise frequency within a system’s
noise bandwidth. If the system is a one-pole low-pass filter, fu=(7/2)f34s,
where fagg is system’s -3dB bandwidth.

Parameter Unit Value
Diagonal Inch 10.1
Aspect Ratio None 16/9
Excitation Voltage Volt 10
Display Pixel Size (Micrometer)? 56%56
TX Electrode Size Millimeter 3
RX Electrode Size Micrometer 449
Refreshing rate Hertz 60
Sensing Array Size (Millimeter)? 3x3
Sensing Array Spacing Millimeter 2

Table III. Parameters of the test bed.

waveform is considered, faster sampling doesn’t imply higher
SNR, as shown in the first two examples in Table Il. Thus,
although CDS can cancel offset and reduce low-frequency
common-mode noise, it may result in higher frequency noise.
However this can be filtered by a low pass filter. If we assume
that the sampling frequency (fs) is high enough compared to that
of the noise (ensuring «>1), then the conceptual relationship
between the characterization factor « and the sampling interval
can be as depicted in Fig. 7

IV. EXPERIMENTAL TEST BED AND ALGORITHM DESCRIPTION

The experiments were carried out on an 80x80 touchscreen
panel. Details of the test bed are given in Table Ill. The system
has an operating voltage of 10V and works with a refresh rate at
60Hz.

The common-mode noise and offsets on electrodes don’t
change dramatically between adjacent frames. Thus, by saving
the noise pattern (i.e. treating it as a noise reference frame)

Power On
v
Save the 1% scanned frame after power| Drive and
on as noise reference pattern Scan
f signal+noise
A 4 A 4
Noise .fnoj'se ch
Reference Apolied
Pattern ppiie

Save fignarnoise as the new fignai

noise reference pattern

Touch
Decision

No

DSP or
Hardware
Interfacing

Fig. 8. Flowchart of the CDS based common-mode noise and global
multi-valued offset reduction method.

which is constantly updated as shown in Fig. 8, and deducting it
from the touch signal image, the low frequency and
common-mode noise and offset can be canceled. The
algorithm’s flowchart is shown in Fig. 8. After turning the
device on, the drive lines are powered individually and sense
lines work in sequence to measure the intersections’ voltages.
The first scanned frame is the noise frame (denoted as f.gise),
which has no touch signal but contains information of the noise
and offset voltage value on the electrode. This is saved as a
reference pattern. Then the system scans the panel periodically.
After each scan, the retrieved data (denoted as fsignai+noise) 1S
subject to the CDS algorithm, and a new frame (denoted as
fsignar) 1S generated. This procedure can be expressed as:

fsignal (X’ y) = fsignal+noise (X’ y) - fnoise (X’ y) ; (3)

where (x,y) represents the location of the electrode
intersections. Then the frame fg g IS sent to the decision
function to decide if a touch has happened or not. If the frame
fsignar 1S interpreted as a touch event, the data will be used for
further processing depending on the hardware/software
environment. For example, the touch signal can be used to open
a folder on desktop or close a webpage. If not, the frame
fsignal+noise (Prior to applying the CDS algorithm) will be saved as
the new or replacement noise reference pattern. In this way, the
noise reference pattern can be updated automatically with the
most recent noise information.
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V.RESULTS AND DISCUSSION

As explained above, CDS can efficiently cancel the global
multi-valued offset as well as reduce the low-frequency
common-mode noise. In the experiments, two separate sets of
data from sampling frequencies of 30Hz and 60Hz are used.
Examples of applying CDS to single and multi-touch related
touch images are illustrated in Fig. 9. The normalized output (no
touch event) PSD plots are used to analyze the effect of CDS.
Based on Fig. 10, before CDS a strong DC component is
observed due to the offset. In Fig. 10 (a), we observe that when
below 8Hz, after applying CDS with the 60Hz sampling
frequency, the noise power drops. But between 9Hz to 17Hz,
the noise power is of a similar level as without CDS. Above
18Hz, the noise power increases. When the sampling frequency
is down to 30Hz, only below 3Hz does the noise power drop
after CDS. This is because the correlation of low-frequency
noise between adjacent frames is relatively weak at low
sampling frequencies. This correlation increases at higher
sampling frequencies at the expense of energy consumption.
Since the offsets behave as DC, they can be canceled regardless
of sampling frequency.

As mentioned earlier in Section 11l, CDS introduces higher
frequency noise within a certain bandwidth. This is related to
the sampling frequency and explained by the example below.
Consider a noise component with frequency fJ/2, which is
subject to CDS of frequency fs. The distance between the two
adjacent sampling points is w. Thus after CDS, the output y is
expressed as

y= Asin(Zz%t +o+m)— Asin(Zn%t + )
=-2Asin(zft+¢) ; (4)

where A and ¢ are the amplitude and the initial phase of the
waveform, respectively, t is the time to sample the waveform.
This indicates that the absolute output is doubled after CDS.
Similar analysis can be made for other sampling frequencies.
As the touch signal has a low frequency property, the

(©) (d)
Fig. 9. The touch related images before and after CDS. (a) and (c) are raw
images based on one and two touch events. (b) and (d) are the CDS processed
images
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(b)
Fig. 10. Normalized PSD plots of the original output and CDS outputs with
sampling frequency at (a) 60Hz and (b) 30Hz.

increased high frequency noise power can be filtered. Within
10% of f;, SNR is boosted by 5.9dB and 7.6dB when sampling
frequencies are 30Hz and 60Hz, respectively. Beyond this
frequency, the SNR starts degrading. Thus CDS is powerful in
reducing common-mode noise, and is expected to further
enhance the SNR in the TSPs summarized in Table I.

Algorithm Robustness

The assignment of the most recent frame that does not
generate a touch event to be the noise reference pattern might
raise the concern that an unexpected ‘bad frame’ resulting from
a temporary hardware malfunction might result in a
deterioration of SNR in subsequent frames. This can be
addressed by applying exponential smoothing:

fns)?:el) (X’ y) =a fn(onige (X’ y) + (1_ 0!) fsgt;galérnoise (X! y) (5

The weighting factor a can be adjusted to optimize system’s
performance. However, it should be noticed that this will
slightly weaken the correlation between adjacent frames.
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Algorithm Time Budget

Although CDS provides significant reduction of the
common-mode noise and offset, the computational time and
energy consumption of the algorithm are key considerations. As
with many mainstream touchscreen systems [41], the system’s
scan rate is 60Hz, which implies that the computational time
should not be longer than 16.7ms. The computational time
depends on the algorithm’s complexity, which is O(N) in this
work. Here N is the number of pixels to be processed. In the case
considered here, N equals 6400. The processors in many of the
current PDAs have a computational ability in the range of GHz.
For example, a 1 GHz processor would take ~6.4ps for the CDS
algorithm, which is a much smaller time period compared to the
system’s refresh interval.

Algorithm Energy Budget

Current touchscreen controllers scan at 75kHz with a power
consumption of 2.5mW [42]. The energy E for measuring each
electrode intersection is

E=P/f,; (6)

where P and f; denote controller’s power consumption and scan
frequency, respectively. Thus, 1/30 pJ is needed for reading
each electrode intersection. For a sensing matrix with M rows
and N columns, the total power (Py) for scanning the whole
panel can be expressed as

I::{otal = (EMN) fs; (7)

Current commercial TSPs in mobile phones use 9 column
electrodes and 16 row electrodes, which yield 144 electrode
intersections. Thus the power consumption for measuring the
whole panel once is 0.288mW (assuming a scan rate at 60Hz),
and the energy consumption for scanning each frame is 4.8uJ.

Current embedded processors have a power efficiency () of
over 20MIPS/mW [43]. Thus the power consumption Ecps for
the algorithm

Ews =N/7; (8)

is roughly 7.2nW, and the computation time is 0.14ps.
Therefore the energy consumption is around 1fJ, which is much
smaller than that of the touchscreen controller, and can thus be
considered negligible.

VI. CONCLUSION

The noise in touchscreen systems introduces detection errors,
which lead to “fake” touch or mis-registration of touch location.
In addition to that, the noise and global multi-valued offset
result in high power consumption. In this paper, the touch
related frame is treated as an image and the correlated double
sampling algorithm is applied. Experimental results show that a
good SNR enhancement of 7.6dB is achieved, and the
low-frequency common-mode noise and global multivalued
offsets are reduced after CDS. Although CDS introduces noise

within a certain bandwidth depending on the sampling
frequency, it can be filtered so as not to overlap with the touch
signal frequencies.
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