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A Readout IC for Capacitive Touch Screen
Panels With 33.9 dB Charge-Overflow
Reduction Using Amplitude-Modulated

Multi-Frequency Excitation
Jae-Sung An , Member, IEEE, Jong-Hyun Ra, Eunchul Kang , Member, IEEE,

Michiel A. P. Pertijs , Senior Member, IEEE, and Sang-Hyun Han

Abstract— This article presents a readout integrated circuit
(ROIC) for capacitive touch-screen panels (TSPs) employing an
amplitude-modulated multiple-frequency excitation (AM-MFE)
technique. To prevent charge overflow, which occurs periodically
at the beat frequency of the excitation frequencies, the ROIC
modulates the amplitude of the excitation voltages at a mix-
ing frequency derived from the excitation frequencies. Thus,
the ROIC can sense the charge signal without charge overflow
and maximize the signal-to-noise ratio (SNR) by increasing the
amplitude of the excitation voltages up to the sensing range of
the readout circuit. The proposed ROIC was fabricated in a
0.13-µm standard CMOS process and was measured with a 32-in
104 × 64 touch-screen panel using 1 and 10 mm metal pillars.
It reduces charge overflow up to 33.9 dB compared to operation
without AM-MFE. In addition, the ROIC achieves a frame rate
of 2.93 kHz, and SNRs of 41.7 and 61.6 dB with 1 and 10 mm
metal pillars, respectively.

Index Terms— Amplitude-modulated multi-frequency excita-
tion (AM-MFE), capacitive touch system (CTS), charge overflow
reduction, frame rate, readout IC (ROIC), signal-to-noise ratio
(SNR), touch screen panel (TSP).

I. INTRODUCTION

AMONG several types of touch systems [1]–[35], capac-
itive touch systems (CTSs) [6]–[35] are widely used in

various applications, such as smart watches, smart phones,
tablet PCs, desktop PCs, and interactive white boards, because
of their capability to support multi-touch expression, their
high sensitivity, their durability, and their optical trans-
parency [5], [6]. To sense the fast movements of a finger

Manuscript received December 12, 2020; revised February 9, 2021,
April 8, 2021, May 31, 2021, and July 18, 2021; accepted July 18, 2021.
This article was approved by Associate Editor Pui-In Mak. (Corresponding
author: Jae-Sung An.)

Jae-Sung An and Michiel A. P. Pertijs are with the Electronic Instru-
mentation Laboratory, Delft University of Technology, 2628 CD Delft, The
Netherlands (e-mail: jaesungan0629@hotmail.com).

Jong-Hyun Ra is with SK Hynix Inc., Icheon-si, Gyeonggi 17336, South
Korea.

Eunchul Kang was with the Electronic Instrumentation Laboratory, Delft
University of Technology, 2628 CD Delft, The Netherlands. He is now with
Sony Semiconductor Solutions, 1366 Lysaker, Norway.

Sang-Hyun Han is with Leading UI Company, Ltd., Anyang, Gyeonggi
14057, South Korea.

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/JSSC.2021.3100470.

Digital Object Identifier 10.1109/JSSC.2021.3100470

Fig. 1. Conceptual diagram illustrating charge overflow.

and fine stylus, the readout integrated circuit (ROIC) should
have a high frame rate and a high signal-to-noise ratio (SNR).
To satisfy these requirements, several parallel transmitter (TX)
driving methods, such as multi-frequency and coded excita-
tion, have been proposed [19]–[32]. However, the ROIC cannot
sense the charge signal (QS) during the charge-overflow
periods that occur when it drives a large number of TX
electrodes with large-amplitude excitation signals, as shown
in Fig. 1 [30].

To solve the charge overflow, several methods have been
proposed [21], [25], [27]–[30]. The charge-signal cancellation
method [21] avoids charge overflow by inducing a compen-
sation signal at the receiver (RX) readout circuit to cancel
QS during the charge overflow period, but it is hard not only
to synchronize with QS but also to control the amplitude of
the compensation signal accurately. The parallel TX driving
method avoids charge overflow for a small number of TX
electrodes and excitation signals [25], but it results in low SNR
and low frame rate. Reducing the amplitude of the excitation
signal [18], [27] avoids charge overflow, but it also degrades
the SNR. The parallel TX driving method with modified
orthogonal matrices [30] can alleviate the charge overflow.

0018-9200 © 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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However, this method is not suitable for a large number of TX
electrodes because it still suffers from charge overflow. The
signal omitting and linear interpolation method [28] prevents
charge overflow by ignoring QS during the period of charge
overflow and reconstructing it using interpolation in the digital
domain, but it results in a heavy computational load in the
digital back-end part.

Differential sensing is another approach that has been taken
to prevent charge overflow, with the added benefit that it
also reduces errors due to common-mode interfering sig-
nals. Fully-differential amplifiers and multiplexers have been
employed to generate an output voltage proportional to the
difference in mutual capacitance (CM) between adjacent RX
electrodes [12], [24], [31]. However, this approach reduces the
frame rate by a factor of two, because the sensing direction
is periodically switched between even and odd RX electrodes
to detect the touch point. Moreover, it leads to a reduction
in signal level, because each RX electrode connects to two
input stages, causing the signal current to divide between them.
To remove the common signal (QS and noise) without frame
rate and signal-level degradation, many ROICs have used the
differential sensing at the output of charge amplifiers, integra-
tors, and filters, but then these front-end circuits still suffer
from the charge overflow at the input node [16], [21], [23].

To prevent charge overflow without degrading frame rate,
SNR, and computational load, this article proposes an ROIC
employing amplitude-modulated multi-frequency excitation
(AM-MFE). This technique is based on the observation that
charge overflow occurs at the beat frequency of the excitation
frequencies. A microcontroller unit (MCU) decides a mix
frequency ( fMIX) derived from this beat frequency. To reduce
the amplitude of the excitation signals with the same peri-
odicity, the excitation signals that drive the TX electrodes
of the touch screen panel (TSP) are amplitude-modulated
at fMIX. The readout circuit receives the resulting charge
signals from the TSP without the charge overflow. Thus,
the readout circuit maintains the frame rate, while maximizing
the charge-signal amplitude up to the sensing range to improve
SNR. Experimental results are presented that demonstrate the
functionality of the proposed ROIC as well as the effectiveness
of the AM-MFE in combination with a 32-in 104 × 64 TSP
using 1 and 10 mm metal pillars.

This article is organized as follows. Section II describes the
system architecture of the CTS. Sections III and IV describe
the proposed AM-MFE and ROIC, respectively. In Section V,
the experimental results are evaluated and compared with
previous work. Finally, the conclusion is given in Section VI.

II. ARCHITECTURE OF THE CTS
Fig. 2(a) and (b) show a block diagram of the CTS using

the proposed AM-MFE and the associated excitation and
charge signals, respectively. The proposed CTS consists of
the TSP, MCU, and ROIC including the M-channel readout
and N-channel excitation circuits, and a fast Fourier trans-
form (FFT) processor.

To achieve a high SNR, the MCU first finds a low-noise
frequency region in the FFT without driving the TX electrodes,
and locates the N excitation frequencies ( fEXT1 to fEXTN) in

Fig. 2. (a) Block diagram of the CTS with proposed AM-MFE and (b) its
signals.

this low-noise frequency region [26], [27]. In addition, the
MCU derives fMIX from the distribution of fEXT1 to fEXTN.
When the excitation circuit receives fEXT1 to fEXTN and fMIX

from the MCU, it generates the excitation signals amplitude-
modulated at fMIX to drive the TX electrodes. The resulting
QS sensed by the readout circuit has the constant amplitude
rather than overflowing periodically. To maximize the SNR,
the ROIC increases the amplitude of QS up to the sensing
range of the readout circuit by increasing the amplitude
of the excitation signals. The readout circuit digitizes the
charge signals and transfers the resulting analog-to-digital
converter (ADC) data to the FFT processor. The FFT processor
extracts the FFT data (DFFT) representing the frequency spec-
trum of QS , and sends it to the MCU [26], [27]. This allows
the MCU to detect the touch coordinates without heavy com-
putational load, as will be detailed in Sections III-B and V.

III. ANALYSIS OF THE AM-MFE TECHNIQUE

A. Conventional Multi-Frequency Excitation (MFE)

Conventional MFE can achieve high SNR and high frame
rate [26], [27]. However, as the number of TX electrodes

Authorized licensed use limited to: TU Delft Library. Downloaded on August 18,2021 at 13:25:52 UTC from IEEE Xplore.  Restrictions apply. 
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Fig. 3. Conventional MFE in (a) frequency and (b) time domains.

or the excitation amplitude are increased, the charge-signal
amplitude increases proportionally and can exceed the sensing
range. To avoid such charge overflow, the amplitude can be
reduced, or a subset of the TX electrodes can be driven with
a large amplitude, but this degrades SNR and frame rate,
respectively [26], [27].

To simplify the analysis of the relationship among the
amplitude of the charge-signal (QS,MFE), the number of
TX electrodes N , and the excitation-signal amplitude AEXT,
the excitation frequencies fEXT1 to fEXTN are assumed to
be spread equidistantly at a fixed interval fd , as shown
in Fig. 3(a). When the excitation circuits simultaneously drive
the TX electrodes, the QS can be written as follows:

QS,MFE(t) = GTSP ·
N−1�

0

AEXT · sin(2π( fEXT1 + i · fd) · t) (1)

where GTSP is the conversion gain of the TSP. For the TSP
used in our design, GTSP (measured with an Agilent/HP 4284A
precision LCR meter) was 1.680 pF, and its variation (�GTSP)
due to a 10-mm metal pillar touch was 0.134 pF. As illustrated
in Fig. 3(b), this signal periodically peaks when all sinusoidal
terms constructively add, leading to a peak amplitude of
GTSP × AEXT × N that occurs at time interval of 1/ fd .

B. Proposed AM-MFE

Fig. 4(a) and (b) show the conceptual diagrams of the
proposed AM-MFE in the frequency and time domains,
respectively. The excitation circuit modulates the amplitude
of the excitation signals with a sinusoidal signal at fMIX. The

Fig. 4. Conceptual diagrams of the proposed AM-MFE in (a) frequency and
(b) time domains.

resulting QS sensed by the readout circuit equals

QS,AM-MFE(t) = QS,MFE(t) · sin(2π · fMIX · t). (2)

When the MCU sets fMIX to fd /2 [see Fig. 2(a)], (2) can
be re-expressed as follows:
QS,AM-MFE(t)

= GTSP ·
N−1�

0

AEXT · sin (2π( fEXT1+i · fd) · t) · sin(π · fd · t)

= GTSP · AEXT ·
N−1�

0

×
�−1

2

�
cos

�
2π

�
fEXT1 +

�
i + 1

2

�
· fd

�
· t

�

− cos

�
2π

�
fEXT1 +

�
i − 1

2

�
· fd

�
· t

���
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Fig. 5. Simulated peak amplitude of the charge signal as a function of the
number of TX electrodes, with and without the proposed AM-MFE.

= · · · = GTSP · AEXT

2
·
�

cos

�
2π t

�
fEXT1 − fd

2

��

− cos

�
2π t

�
fEXTN + fd

2

���
. (3)

Referring to Fig. 4, this expression shows that the QS from
TX electrode i is split into two components fEXTi ± fMIX

with an opposite polarity and half amplitude. Since the charge
signals from all TX electrodes add together, all components
from fEXT1 + fMIX to fEXTN – fMIX cancel out (assuming all
capacitance are nominally equal), and only two components at
fEXT1 – fMIX and fEXTN + fMIX remain. In the time domain,
this results in much less amplitude variation, due to the fact
the amplitude-modulation of the excitation signals prevents
the periodic peaking of the amplitude of the QS , as shown
in Fig. 4(b).

When a finger touches the TSP, for instance, on the second
TX electrode, additional components at fEXT1 + fMIX (or
fEXT2 – fMIX) and fEXT2 + fMIX (or fEXT3 – fMIX) are added.
These additional components represent the touch information,
and can be easily detected by the MCU to extract the touch
coordinates without the heavy computational load.

Referring to (3), noting that the value of two cosines ranges
from −1 to 1, the peak amplitude of QS,AM-MFE(t) is only
determined by AEXT · GTSP. Therefore, the proposed ROIC
using the AM-MFE can prevent the charge overflow regardless
of the number of TX electrodes. Rather than using equidis-
tant excitation frequencies, fEXT1 to fEXTN can be assigned
having the prime number frequency spacing to minimize the
frequency interference among frequencies them. In this case,
the MCU derives the fMIX from the histogram of fd s among
fEXT1 – fEXTN. This will be explained in detail in Section V.

Fig. 5 shows the simulated peak amplitude of the QS as
a function of the number of TX electrodes. The proposed
AM-MFE successfully prevents the charge overflow regardless
of the number of TX electrodes, allowing the ROIC to send a
large-amplitude excitation signal to all TX electrodes in any
number of TX electrodes.

IV. PROPOSED ROIC

Fig. 6 shows a block diagram of the proposed ROIC.
It consists of N-channel excitation circuits, M-channel readout
circuits, an FFT processor, and an interface to the MCU.

Fig. 6. Block diagram of the proposed ROIC.

The excitation circuit includes for each channel a direct
digital synthesizer (DDS), a low-pass filter (LPF), a mixer,
and a programmable gain amplifier (PGA), as well as mixer
controller shared by all channels. The readout circuit, for
each channel, consists of a second-generation current conveyor
(CCII), a high-pass filter (HPF), and 4:1 multiplexers (MUXs)
and ADCs.

A. Excitation Circuits

The excitation circuit receives fEXT1 to fEXTN and fMIX

from the MCU via the interface. To generate the sinusoidal
signals having different frequencies within a small die area,
DDSs are used [36], [37], which generate control data for
4-bit digital-to-analog converters (DACs) that approximate the
sinusoidal signals (VDDS,OUT) with discrete voltage steps [27].
To filter out out-of-band signals and harmonics each DDS
is followed by a first-order LPF. Furthermore, the cut-off
frequencies of these LPFs is adaptively adjusted according to
fEXT1 to fEXTN. The output of the LPF (VLPF) drives the mixer.

Fig. 7(a) and (b) show the schematic and timing diagrams
of the mixer, which includes a chopper amplifier and mix-
ing capacitors (CMIX1 and CMIX2) and 2:1 multiplexers. The
chopper amplifier consists of an operational amplifier and
two chopper switches, which are controlled by DCHOP. The
gain of the mixer is set by the ratio CMIX1/CMIX2, where
the value of CMIX1 is determined by the mixer controller
using D�7:0�. The polarity of the gain is determined by the
multiplexers and chopper switches. When the DCHOP is high,
the mixer has an inverting configuration. When the DCHOP

is low, the mixer has a non-inverting configuration. Thus,
the mixer can generate an amplitude-modulated output VMIX

Authorized licensed use limited to: TU Delft Library. Downloaded on August 18,2021 at 13:25:52 UTC from IEEE Xplore.  Restrictions apply. 
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Fig. 7. (a) Schematic and (b) timing diagrams of the mixer.

from the combination of D�7:0� and DCHOP. To minimize the
voltage ripple of VMIX because of the switching operation,
the two chopper switches are placed at the low impedance
nodes in the operational amplifier [17], [38], [39]. After the
mixer, the PGA provides programmable gain and drives the
TX electrode [26], [27], [40].

B. Readout Circuits and FFT Processor

The ROIC suffers from external interference from the
display panel, switched-mode power supply, and florescent
lamp, which degrade the SNR [16], [27]. To filter out such
interference within a small die area, a differential sensing
method is implemented at the output of a CCII-based input
stage [19], [27], [29]. (It is noted that we do not implement
differential sensing directly at the input to avoid the reduc-
tion in frame rate and signal level associated with such an
implementation, as discussed in Section I.)

Fig. 8 shows the schematic and timing diagram of the
readout circuit using a CCII, a differential sensing enable
switch (EN_DIFF), a second-order HPF, a 4:1 MUX, and

a 12-bit successive-approximation (SAR) ADC. In the CCII,
which contains two input ports (X and Y ) and two output
ports (ZP and ZN), the ports X and Y of are connected to
the K th channel RX electrode and a reference voltage (VREF),
respectively. Because the operational amplifier and MOSFETs
(MP1 and MN1) from a negative feedback loop [27], the RX
electrode is thus biased at VREF. The QS is induced into port X
as a current IX , which is mirrored through the MP2–MP6,
giving current IZP, and also mirrored through the MN2–MN6,
giving current IZN whose current direction is opposite to IZP.
Since IZP and IZN flow through the output resistors (ROUT),
the output voltages are given by as follows:

VOUTP,CCII = VREF + ROUT × IZP

VOUTN,CCII = VREF − ROUT × IZN. (4)

The amplitudes of VOUTP,CCII and VOUTN,CCII are adaptively
controlled by adjusting the value of ROUT, without using
an additional capacitor array, which would occupy a large
area [27].

To realize the differential sensing method using the CCII,
the ports ZP and ZN of the K th channel CCII (CCII�K �)
are connected with the port ZN of (K − 1)th channel CCII
(CCII�K − 1�) and port ZP of (K + 1)th channel CCII
(CCII�K + 1�), respectively, by closing the EN_DIFF switch
(EN_DIFF = 1). When the EN_DIFF switch is disconnected
(EN_DIFF = 0), the ROIC is set to the single-channel sensing
method [27]. Since the currents at the ZP and ZN ports are
added, the resulting differential output voltages at ports ZP
and ZN of CCII�K � are

VOUTP,CCII�K � = VREF + ROUT × (IZP�K � − IZN�K − 1�)
VOUTN,CCII�K � = VREF − ROUT × (IZN�K � − IZP�K + 1�)

(5)

where IZP�K �, IZN�K �, IZN�K −1�, and IZP�K +1� are currents
at port ZP of CCII�K �, port ZN of CCII�K �, port ZN of
CCII�K − 1�, and port ZP of CCII�K + 1�, respectively.

When a finger touches the TSP, for instance, on the
cross-point of the second TX and the K th RX electrodes, the
capacitance CM at the touched point is changed by factor of α
(α < 1). From (3), when the gain of all CCIIs is set to ACCII,
iZP�K � and iZN�K − 1� can be expressed as follows:
iZP�K � = ACCII · GTSP · AEXT

2

·

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

cos



2π t



fEXT1 − fd

2

��
− (1 − α)

× cos



2π t



fEXT1 + fd

2

��

+ (1 − α) × cos



2π t



fEXT2 + fd

2

��

− cos



2π t



fEXTN + fd

2

��

⎫⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎭

(6)

and

iZN�K − 1�
= − ACCII · GTSP · AEXT

2

·
�

cos

�
2π t

�
fEXT1 − fd

2

��
− cos

�
2π t

�
fEXTN+ fd

2

���

(7)
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Fig. 8. (a) Schematic of the M-channel readout circuits and (b) timing diagram.

respectively. Since the finger only touches the cross-point of
the second TX and the K th RX electrodes, iZN�K − 1� only
has components at fEXT1 – fd/2 and fEXTN+ fd/2. In contrast,
iZP�K � has additional components at fEXT1 + fd/2 (or fEXT2 –
fd/2), and fEXT2+ fd/2 (or fEXT3 – fd/2). As shown in Fig. 8,
due to the connection of the ZN port of CCII�K − 1� to the
ZP port of CCII�K �, iZN�K − 1� flows from the ZP port of
CCII�K � to the ZN port of CCII�K − 1�, thus canceling out
the common components. The remaining current (iZP�K � −
iZN�K −1�) at CCII�K � that flows into ROUT can be expressed
as follows:
iZP�K � − iZN�K − 1�

= ACCII · GTSP · AEXT

2

·
�

− (1 − α) × cos

�
2π t

�
fEXT1 + fd

2

��
+ (1 − α)

× cos

�
2π t

�
fEXT2 + fd

2

���
. (8)

Which has components at fEXT1, fEXT2, and fd/2, and
represents the touch point. The current at the port ZN of
CCII�K � is similar but has an opposite current direction.

In contrast, the differential output current at an untouched
RX electrode (e.g., the (K +1)th RX electrode) is ideally zero

(when all CMs are same). Moreover, any external interference,
which leads to a signal that is common between neighboring
channels, is removed with a simple circuit structure. Any
residual interference is suppressed by the combination of the
TSP and the CCII, which operates as a first-order bandpass
filter (BPF) [26], [27], and a second-order HPF filter.

As the 32-in TSP used in this work has a 1.5-MHz cut-off
frequency, the excitation frequencies fEXT1 to fEXTN can
be located up to 1.5 MHz. To meet the Nyquist criterion,
VOUTP,CCII and VOUTN,CCII should be sampled at 3 MHz.
To do so, a 12-bit SAR ADC with a 12 MHz sampling rate
( fADC,SAMPLE) is shared by 4 CCII and HPF channels by means
of a 4:1 multiplexer. The ADC is operated asynchronously to
eliminate the need for an external oversampled clock, which
would increase the complexity of the ROIC [41], [42]. The
ADC’s output data are fed to an FFT processor, which converts
them to 1024-point output data DFFT distributed from −1.5 to
1.5 MHz [27]. The frame rate of the proposed ROIC ( fROIC)
can be derived using

fROIC = fADC,SAMPLE

NCCII,ADC × NFFT
(9)

where NCCII,ADC and NFFT are the number of channels of
the CCII per ADC and the number of points in the FFT
processor [27]. Since the proposed ROIC using AM-MFE can
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simultaneously drive all TX electrodes, fROIC is maintained to
be 2.93 kHz. In addition, it achieves a high SNR with small
die area because of the differential sensing method with CCIIs.

V. EXPERIMENTAL RESULTS

Fig. 9(a) shows the measurement setup of the proposed CTS
with a 32-in 104 × 64 TSP. To have small resistance, the TX
and RX electrodes are made of copper wire, which has a metal
width of 10.0-μm and a sheet resistance of less than 4.0 �/�.
In addition, to prevent bending, the TSP is covered with a
3.0-mm-thick cover glass. To measure the proposed CTS, a
full-high-definition liquid crystal display is placed under the
TSP with a 2.0 mm air gap in between. The TSP is connected
with the ROIC board through flexible printed circuit boards
(FPCBs). The ROIC board is controlled by the MCU board
and a PC via cables.

To be able to demonstrate the potential of the proposed
techniques with excitation amplitudes beyond what the current
ROIC can provide, 64 high-voltage amplifiers (OPA455 [43])
were mounted on the board between the ROIC and the TSP.
As shown in Fig. 9(b), a non-inverting amplifier configuration
is used to increase the amplitude of the excitation signal.
By adjusting the ratio of R1 and R2, the amplitude of
excitation signal can be adjusted from 10 to 150 V.

Fig. 9(c) shows the display noise spectrum, measured on
the TSP via a 10-mm diameter metal pillar. The noise is
concentrated in the frequency range from 80 to 250 kHz.
By considering this frequency spectrum, the touch sensing
system locates the excitation frequencies in the low-noise
region.

Fig. 9(d) shows a photomicrograph of the ROIC, which was
fabricated in a 0.13-μm standard CMOS process. It includes
104 readout channels, 64 excitation circuits, an FFT processor,
and peripheral and interface circuitry. It occupies an area
of 8500 μm × 8500 μm and uses a 256-pin ball grid array
package.

Fig. 10 shows the simulated common-mode rejection ratio
(CMRR) of the differential sensing method, obtained using a
1000-iteration Monte Carlo mismatch simulation. The simu-
lated CMRR ranges from 41 to 106 dB, with a mean value of
57.7 dB and a standard deviation of 10.4 dB. To extract the
touch coordinate, the MCU subtracts the touch data (touch
signal + mismatch signal) from the baseline data (mismatch
signal) with a gain compensation. Moreover, the touch data
are averaged in the MCU to match the frame rate of the touch
controller with the display (60 or 120 Hz). Thus, output offset
due to finite CMRR does not significantly affect the touch
coordinate extraction.

Table I and Fig. 11 show the measurement conditions
to compare the performance with and without the proposed
AM-MFE technique. As shown in Table I, the excitation
frequencies fEXT1 to fEXT64 are located from 298.86 to
655.34 kHz, respectively, at an equidistant frequency spacing
of 5.86 kHz, and thereby fMIX is set to the 2.93 kHz. Alterna-
tively, when fEXT1 to fEXT64 are not evenly distributed (e.g.,
prime number frequency spacing), fMIX can be determined

Fig. 9. (a) Measurement setup of the capacitive touch system. (b) ROIC board
with HV amplifiers (OPA455 [43]). (c) Display noise. (d) Photomicrograph
of the ROIC.
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Fig. 10. Monte Carlo mismatch simulation of differential output signals.

TABLE I

MEASUREMENT CONDITION OF THE PROPOSED CTS

Fig. 11. Frequency histogram for extracting of fMIX in the prime fd ( fEXT1
is set to 286.86 kHz).

based on a histogram of the frequency intervals. As shown
in Fig. 10, the largest interval is 87.9 kHz implying that
fMIX can be set to 43.95 kHz. However, to reduce power
consumption, the MCU set fMIX based on the dominant
intervals in the histogram, and decides the fMIXs among the
8.79, 14.65, and 20.51 kHz.

To demonstrate the reduction in signal amplitude achieved
by the proposed AM-MFE technique, one would ideally like
to probe the charge signal at the input node of the CCII.
Because this is not directly accessible, Fig. 12 shows, instead,
the output data of the 12-bit ADC for a fixed value of the
CCII’s output resistance ROUT and with differential sensing
disabled, i.e., EN_DIFF = 0 [see Fig. 8(a)]. Under these
conditions, the charge-signal amplitude reduction can achieve
by AM-MFE can be evaluated through the amplitude reduction
observed at the ADC output.

As shown in Fig. 12(a), for an excitation amplitude of 3.3 V,
the ADC output codes range between 297 and 3789 when

AM-MFE is not used, because of the superposition of excita-
tion signals. On the other hand, when the AM-MFE is used
with equidistant frequency spacing, the ADC output codes
range between 2012 and 2082, showing that the AM-MFE
reduces the amplitude by 33.9 dB. (It is noted that under
normal operation, ROUT would not be fixed, as in this experi-
ment, but adaptively adjusted to make better use of the ADC’s
dynamic range in the AM-MFE case).

As shown in Fig. 12(b), for a 10 V excitation amplitude,
applied with the help of the external high-voltage amplifiers,
the ADC output code saturates when the AM-MFE is not
used. When the AM-MFE is used, the ADC output codes
range between 1955 and 2146. As shown in Fig. 12(c),
for a 140 V excitation amplitude, the ADC output code
also saturates when the AM-MFE is not used. When the
AM-MFE is used, the ADC output codes range between 216
and 3906.

For the case of prime-number frequency spacing and an
excitation amplitude of 3.3 V, as shown in Fig. 12(d), the ADC
output codes range between 582 and 3513 when the AM-MFE
is not used. With AM-MFE is used, with fMIX of 8.79 kHz,
this is reduced to 1329 and 2909, i.e., a 5.9 dB improvement.
These reductions in amplitude by AM-MFE can reduce charge
overflow, and thereby the ROIC can enhance SNR by increas-
ing the excitation amplitude up to 33.9 dB.

Fig. 13 shows, for the case of the prime-number fre-
quency spacing using the AM-MFE, the measured ADC data
for different values of fMIX. For increase values of fMIX,
the amplitude decreases up to 20.51 kHz, and then fluctuates
because of interference between the excitation frequencies and
fMIX in the ROIC. This shows that fMIX can be selected from
the frequency range from 8.79 to 43.95 kHz.

Fig. 14 shows the measured FFT data for the case of
equidistant frequency spacing (see Table I), both when the
TSP is untouched, and when a 1 mm metal pillar is placed on
the TSP. When the TSP is not touched, only two components
at 283.23 kHz (286.16 – 2.93 kHz) and 658.27 kHz (286.16 +
2.93 kHz) are visible, since the intermediate components
cancel out, as discussed in Section III-B. When the screen
is touched, additional components appear, which represent
the touched electrodes and its adjacent electrodes. Using this
information, the MCU can extract the touch coordinates.
When the external noise is applied to TSP through the
touch object with a frequency of 300–600 kHz, for instance,
the MCU first finds a low-noise frequency region by means
of the FFT processor without driving the TX electrodes, and
locates the excitation frequencies in the low-noise frequency
region (avoiding the frequency range of 300–600 kHz). There-
fore, despite the in-band noise, the ROIC and MCU can
detect the touch point without influencing from the external
noise.

Fig. 15 shows a 3-D representation of the DFFT data for the
complete 32-in 104 × 64 TSP. The location of 1 and 10 mm
metal pillars can be successfully extracted from this, showing
proper operation of the CTS with the AM-MFE.

Fig. 16(a) and (b) show the measured SNRs without and
with AM-MFE, respectively, for equidistant frequency spacing
( fd = 5.86 kHz). The SNR of the CTS is calculated, according
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Fig. 12. Measured ADC data for (a) equidistant frequency spacing with 3.3 V excitation signal, (b) equidistant spacing with 10 V excitation signal,
(c) equidistant spacing with 140 V excitation signal, and (d) prime-number spacing with 3.3 V excitation signal ( fMIX = 8.79 kHz).

Fig. 13. Measured normalized ADC data amplitude as a function of fMIX
for prime-number frequency spacing using the AM-MFE.

the approach used in [16], [18], [19], [26], as follows:

SNR(dB) = 20 × log

�
STOUCH

NRMS

�
(10)

where the rms noise level is calculated based on the standard
deviation of 100 FFT readings DFFT,Touch in the touched
condition, i.e.,

NRMS =

�����99
n=0

�
DFFT,Touch[n] −


�99
m=0

DFFT,Touch[m]
100

��2

100
(11)

Fig. 14. Measured frequency spectra with equidistant frequency spacing.

and the signal level STOUCH is the average value of the
difference in the 100 FFT readings between the touched and
untouched conditions. It is noted that each of the FFT readings
is calculated based on a large number of ADC readings
(NFFT = 1024), and hence the ADC is effectively oversampled,
and an SNR higher than 74 dB can be achieved.

The differential sensing method removes the common noise
and common signal [12], [24], [31]. However, in the proposed
ROIC, the differential sensing method is done at the output
node of CCII, the charge overflow at the input node of CCII is
still existing. To solve this, the proposed AM-MFE reduces the
charge overflow at the input node of CCII. After then, the dif-
ferential sensing method also removes the common noise
and remaining common signal at the output node of CCII.
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TABLE II

PERFORMANCE SUMMARY OF THE PROPOSED CTS IN COMPARISON WITH PREVIOUS WORKS

Fig. 15. Coordinate extraction for the 1- and 10-mm metal pillars.

Without AM-MFE, the ROIC cannot increase the SNR by
increasing the excitation amplitude because of the charge over-
flow at the input node of CCII. With AM-MFE, the excitation
amplitude can be increased up to 5 V, limited by the supply

voltage of the ROIC. To demonstrate that the SNR can be
further increased without causing charge overflow at the input
node of CCII, external amplifiers (Texas Instruments, OPA455)
were used to provide excitation voltages higher than 5 V [43].
Ideally, if there is no mismatch in mutual capacitances, this
should allow the SNR to be increased by up to 33.9 dB because
the input node of CCIIs are not saturated. In practice, because
of mutual-capacitance mismatch and power fluctuations from
the external amplifier, the SNR is increased by up to 23.9 dB.
It should be noted that the excitation amplitudes used in this
experimental may not be practical for a commercial design,
but even with modest excitation amplitudes, meaningful SNR
improvements can be obtained.

Table II shows a performance comparison with previous
work. In ideal case, the ROIC provides a maximum charge
overflow reduction of 33.9 dB, which is the highest value
among the previous works. The proposed CTS achieves a
frame rate of 2.93 kHz and SNRs of 41.7 dB (� = 1 mm) and
61.6 dB (� = 10 mm) with a 32-in 104 × 64 TSP. Compared
to [27], the frame rate is reduced from 3.9 to 2.93 kHz
because of the two-time higher FFT resolution. In trade for
this reduction, the two-time higher FFT resolution doubles the
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Fig. 16. Measured SNRs with display noise present (a) without and (b) with
AM-MFE ( fd = 5.86 kHz).

Fig. 17. FoM measurement of the ROIC with the prior art [43].

number of excitation frequencies, allowing them to be better
located in the low noise region. Moreover, it also doubles the
resolution with which pressure and tilt of an active stylus can
be expressed [27].

Fig. 17 compares the figure-of-merit (FoM) [18] of the
ROIC with the prior art. Using an excitation voltage of 5 V,
the proposed ROIC achieves a FoM of 15.2 pJ/step, well
below most of the prior art, and comparable to [26], [27].
When external amplifiers are used to generate higher excitation
voltages, the FoM degrades to more than 100 pJ/step, in spite
of the better SNR, due to the power consumption of the off-
the-shelf external amplifiers. This may be improved in the
future using more efficient on-chip high-voltage excitation
circuits, which could be realized in a suitable high-voltage
CMOS technology.

Fig. 18 shows the power breakdown of the ROIC. In the
ROIC, the readout circuit, excitation circuit, and FFT processor

Fig. 18. Power breakdown of the ROIC.

consume 95.1, 132, and 63.5 mW, respectively. The ROIC has
a higher power consumption than most previous works because
it includes an FFT processor, and a relatively large number of
excitation and readout circuits. The power consumption of the
digital part of the ROIC can be reduced by adopting a finer
CMOS technology.

VI. CONCLUSION

This article has proposed an ROIC employing AM-MFE to
prevent charge overflow. To prevent charge overflow, which
occurs periodically at the beat frequency of the excitation
frequencies, the ROIC modulates the amplitude of the exci-
tation voltages at a frequency fMIX, which is derived from
the distribution of the excitation frequencies. Thus, the ROIC
can sense the charge signal without charge overflow and max-
imize the SNR by increasing the excitation-signal amplitudes.
In addition, the ROIC simultaneously drives all transmitter
electrodes of the TSP, and thereby it achieves not only a
high frame rate but also high SNR. The proposed ROIC has
been fabricated in a 0.13-μm standard CMOS process, and
measured with a 32-in 104 × 64 TSP using 1 and 10 mm
metal pillars. When the excitation frequencies are assigned
to have an equidistant and prime-number frequency spacing,
the proposed ROIC using the AM-MFE reduces the charge
overflow up to 33.9 dB, which is higher than previous works.
In addition, the ROIC achieves a frame rate of 2.93 kHz, and
SNRs of 41.7 and 61.6 dB when 1 and 10 mm metal pillars
are used, respectively, making it suitable for high-end touch
applications.
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