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Abstract: With the increasing demand for mobile devices featuring multi-touch operation, extensive research is being conducted

on touch screen panel (TSP) Readout ICs (ROICs) that should possess low power consumption, compact chip size, and immunity

to external noise. Therefore, this paper discusses capacitive touch sensors and their readout circuits, and it introduces research

trends in various circuit designs that are robust against external noise sources. The recent state-of-the-art TSP ROICs have

primarily focused on minimizing the impact of parasitic capacitance (Cp) caused by thin panel thickness. The large Cp can be

effectively compensated using an area-efficient current compensator and Current Conveyor (CC), while a display noise reduction

scheme utilizing a noise-antenna (NA) electrode significantly improves the signal-to-noise ratio (SNR). Based on these

achievements, it is expected that future TSP ROICs will be capable of stable operation with thinner and flexible Touch Screen

Panels (TSPs).
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1. INTRODUCTION

The growth of the Internet-of-Things (IoT) market has been
recently fueled by advancements in artificial intelligence and
wearable device technologies. These technologies have been
successfully developed across diverse sectors including
entertainment, fitness, gaming, and healthcare. Thus, the
wearable devices market was estimated to be around USD 80
billion in 2020 and is projected to reach USD 138 billion by
2025 [1]. Due to constraints on battery capacity, the operating

B Jong-Min Oh; jmoh@kw.ac.kr
Seung-Hoon Ko; shko@kw.ac.kr

Copyright ©2023 KIEEME. All rights reserved.

This is an Open-Access article distributed under the terms of the Creative Commons
Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/3.0)
which permits unrestricted non-commercial use, distribution, and reproduction in any
medium, provided the original work is properly cited.

systems in wearable devices demand both a compact chip area

and minimal power consumption. Consequently, the
miniaturization and power-efficiency of these devices have
become significant factors of competitiveness. In the field of
display panels, producing a capacitive TSP display panel is
one of the significant challenges. Such a panel encompasses
transparent TSP electrodes, liquid crystal (LC) or organic
light-emitting diode (OLED) display pixels, a display driver
IC, and a TSP readout IC (ROIC). Correspondingly, many
state-of-the-art capacitive TSP ROICs have been developed to
enhance the signal-to-noise ratio (SNR) and scan rate while
simultaneously reducing power consumption.

Capacitive TSP readout systems are classified into self-
capacitive and mutual-capacitive sensing techniques. Mutual-
capacitive sensing TSP consists of several transmitting (Tx)

and receiving (Rx) electrodes, with mutual-capacitance arising
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at each Tx-Rx intersection. In contrast, in self-capacitance
measurement, both driving and sensing are applied to a single
TSP electrode. In both readout systems, external noises
coupled via the TSP’s parasitic capacitances can degrade the
SNR. Otherwise, the sensitivity can be enhanced at the expense
of decreased scan rate and increased power consumption.

In TSP readout systems, it’s typically necessary to have a
touch scan rate of 120 Hz, which is equal to the display refresh
rate of recent smartphone. If the touch scan rate falls below the
display refresh rate, users may experience noticeable touch
latency. To achieve the necessary scan rate, TSP ROICs often
utilize TSP driving signals with a frequency higher than the
panel’s bandwidth. In this case, it may result in issues related
to sensitivity deviation among the TSP nodes.

Touch spatial resolution can also be affected by several
trade-offs, including response time, power consumption, the
pitch of TSP channels, and the optimization of algorithms. For
example, in a display panel with a large pitch of TSP channels,
a spatial filter that weights previous frame touch data is
necessary. However, this leads to an increased moving latency
with finger movement. Otherwise, to minimize the jitter when
a finger remains stationary on a panel with large TSP channel
pitch, scan time should be increased. While this can improve
the SNR, it also results in higher power consumption of the
ROIC.

In this paper, we briefly review the state-of-the-art TSP
readout systems. Section 2 details the system architecture and
operational principles of capacitive TSP readout systems. In
Section 3, the design considerations for minimizing noise
interference are described, and Section 4 briefly introduces the
research trends in ROIC designs. Finally, a conclusion is
offered in Section 5.

2. CAPACITIVE SENSOR AND READOUT CIRCUIT

In this section, the fundamentals of a typical capacitive
touch readout system are introduced. As depicted in Fig. 1, the
TSP readout system primarily consists of a TSP sensor, an
analog front-end (AFE) for measuring changes in self- and
mutual-capacitances, an analog-to-digital converter (ADC) for
converting the sensed signals into digital codes, and a
microcontroller unit (MCU). The MCU is responsible for
conducting baseline calibration, coordinate interpolation, and
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software filtering to precisely determine the point of touch.

2.1 Capacitive sensor

A capacitor consists of two conductive electrodes, with a
dielectric material between them. The capacitance value is
determined by the distance between the electrodes, the
physical area of the electrodes, and the permittivity (C =¢A/d).
Using these properties of a capacitor, a capacitive sensing
system can detect changes in capacitance when a conductor
such as a finger comes into contact.

Capacitive sensors are employed in a wide range of modern
applications as shown in Fig. 2. They offer significant
advantages over other types of sensors, such as resistive or
infrared radiated proximity sensors. First, their high sensitivity
enables the precise detection of minute changes in
capacitance, making them suitable for proximity detection and
displacement sensing tasks [2]. Therefore, a key advantage is
its capability to perform non-contact sensing of an object, an
essential feature for dealing with delicate or easily disturbed
targets. Furthermore, the capacitive sensors can operate
robustly and reliably in diverse environmental conditions,
including those with dust and variable light sources, and
fluctuating temperatures. They also have the versatility to

detect both metallic and non-metallic targets, including

Readout System
Analog
;::::r <« —»|FrontEnd|—»| ADC
(AFE)
A y
MCU

Fig. 1. Block diagram of TSP readout system.
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Fig. 2. Applications of capacitive sensing system.
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various types of materials such as solids, liquids, and gases.
Lastly, the manufacturing simplicity and durability of
capacitive sensors contribute to their cost-effectiveness,
making them an economical choice for a variety of
applications.

2.1.1 Self-capacitive sensor

Capacitive TSP sensing schemes can be classified into two
categories: self-capacitance (Cs) and mutual-capacitance (Cwm)
sensing methods. Especially, the Cs-sensing is a primary
technology employed in many touchscreen applications.
Figure 3(a) illustrates the operation principle of a conventional
Cs-sensing scheme for touch readout systems. This method
detects changes in electrical capacitance as a user’s hand or
finger approaches the TSP sensor, thereby determining the
location of touch points. The voltage pulses are applied to the
TSP electrodes while the returned voltages or currents are
measured to sense changes in Cs. The presence of a user’s
finger disturbs the electric field due to the finger’s conductivity.
This disruption is perceived as a change in capacitance
between the TSP electrodes and ground, which is subsequently
detected by the readout system and interpreted as a touch. As
a result, the base capacitance, which was the Cs1 (and Cs2),
increases by finger capacitance ACsi (and ACs2). A key
advantage of Cs-sensing is its high sensitivity and precision,
providing a clear touch response. Even a minor change in the
electric field from proximity of fingers [2-5] can cause a
measurable change in capacitance, enabling 3-dimensional (D)

hover gesture recognition, as shown in Fig. 3(b). The
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Fig. 3. Self-capacitive sensor for (a) typical 2-dimensional touch and
(b) 3-dimensional proximity detection.
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capability of these sensors to detect such minute changes is
owing to its high sensitivity. However, a notable limitation of
this sensing method is its inherent difficulty with multi-touch
scenarios. A potential solution to overcome this limitation is

the application of Cym-sensing.

2.1.2 Mutual-capacitive sensor

Mutual-capacitance (Cm) sensing is a widely used sensing
method in touchscreen technology. The overall working
principle is similar to that of the Cs-sensing except that it
detects capacitive changes between two TSP electrodes.

In the Cm-sensing, a grid of electrodes through which current
flows is positioned over the screen, forming a small capacitor
(Cwm) at each intersection of the Tx and Rx electrodes, depicted
in Fig. 4(a). When a user touches the screen, their conductive
finger disrupts the electric field at the intersection, causing a
change in the capacitance of the respective capacitor nodes.

As a result, the base capacitance of Cm decreases by the
parallel capacitance of Cvi and Cme. This change in capacitance
is detected by the TSP ROIC and used to determine the
location of the touch. The Cm-sensing is particularly beneficial
for its precise detection of multi-touch scenarios. Since the
capacitive changes at each capacitor are individually measured,
the system is capable of identifying and tracking multiple
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Fig. 4. Mutual-capacitive sensor in (a) typical 2D touch and (b) finger
resistance detection system.
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touch points concurrently.
this

complexity and costs. These come from the necessity for 2-

Nevertheless, technology can introduce higher
layer sensor electrodes to form the capacitance nodes, perform
measurements at each node intersection, and interpret these
measurements. Another application of this technology enables
the measurement of finger resistance (Rringer) With mutual-
capacitive sensing system [6], as illustrated in Fig. 4(b). The
resonant frequency of the sensors is determined by the change
in the mutual-capacitance and an externally connected
inductor with inductance denoted as L. By transmitting a
the

21 X 1/[L(CmilCm2)]"?, the impedance consisting of a series

driving  signal at resonant  frequency  of
combination of L, Cwm, Rp, and Rringer becomes only the
impedance of resistances. Consequently, the output of readout

system can be represented as a function of only Rringer.

2.2 Analog front-end circuit

Based on the type of capacitances (Cs or Cwm), the TSP
readout circuit can be categorized into two types: self-
capacitive sensing and mutual-capacitive sensing circuits. The
capacitive change in Cs (or Cwm) caused by a finger contact to
the TSP is extracted and converted into a form of charge,
current, or voltage. The subsequent ADC then converts these
values into digital codes, which are utilized in coordinate
calculations to find exact touch locations. In this section,
several TSP AFE architectures are analyzed in detail, taking
into account the types of TSP capacitances.

2.2.1 Self-capacitive readout circuit

Figures 5(a) and (b) shows the Cs-sensing circuit and its
operational timing diagram. To sense Cs, the switched-
capacitor integrator (SC-INT) circuit operates in two phases.
During ®:=1 phase, the Cs is charged with supply voltage
(=Vbp), and in the ®>=1 phase, the signal stored in the Cs is
dis-charged to the feedback capacitor (Crp). Because of the
negative feedback of operational amplifier (op-amp), the (-)
input of the op-amp is fixed to half of the supply voltage
(Vpp/2), transferring the charge of Cs X Vpp/2. The SC-INT
circuit continually accumulates the transmitted charges on the
Crs, creating a moving average filtering effect (MAF). This

relationship is represented in Equation (1).
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Fig. 5. (a) Self-capacitive sensing with charge integrator and (b)
timing-diagram.
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The signal accumulated on the Crs is finally converted to
digital codes and reset for the next conversion phase. As will
be discussed in section 4, the voltage nodes of subsequent
sensing blocks can become saturated due to a large Cs, which
normally occurs in flexible display panels. Hence, a separate
Cs-compensation circuit is necessary to offset static Cs.
Consequently, the accumulation of an additional charge
equivalent to this change results in a significant variation in

Vour.

2.2.2 Mutual-capacitive readout circuit

The operation of Cum-sensing circuit is depicted in Fig. 6.
Similar to the Cs-sensing circuit [Fig. 5(a)], the mutual SC-
INT circuit operates in two phases. During the high phase of
@1, the Cy is charged to Cm X Vpp. Subsequently, when @ is
high, the charges on Cm moves towards the left side of Crs,
increasing the Vour. The amount of transferred charge is
described in Equation (3) and the corresponding relation is
represented in Equation (4).
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Fig. 6. (a) Mutual-capacitive sensing with charge integrator and (b)
timing-diagram.
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Because the Cwm-sensing circuit measures the fringing field
between TSP’s Tx and Rx electrodes as illustrated in Fig. 4(a),
when a finger touches the TSP, it disrupts this field, resulting
in a decrease in the Cwm.

3. NOISE ISSUES

In commercial TSP products, the performance of the TSP
ROIC largely depends on the ability to suppress various noise
sources that interfere with the TSP. This section discusses the
intrinsic and external noise sources in the TSP readout system,
and describes established AFE architectures designed to
minimize these noise sources. Thus, this can enhance the SNR

and improve the overall performance of the TSP ROIC.

3.1 Intrinsic-circuit noise issues

The readout system itself usually generates intrinsic noise,
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primarily due to the many operational amplifiers (op-amps) in
the ROIC. These op-amps often exhibit non-ideal characteristics
like finite open-loop gain, limited slew rate, bandwidth,
nonlinearity, offset, and flicker (1/f) noise. Among these, 1/f
noise is a significant noise source for the ROIC, and it can be
mitigated using a technique known as ‘chopping’ [7], which
will be discussed in detail later. Moreover, the offset of the op-
amp can be corrected using the Correlated Double Sampling
(CDS) technique. Several other strategies exist [8-10] to
enhance the performance of the op-amp. These approaches are
all designed to improve the overall system performance by

decreasing noise and enhancing signal integrity.

3.2 External noise issues

External noises coupled to the TSP can generally be
categorized into three types: HUM noise, Display noise, and
Switch Mode Power Supply (SMPS) noise. HUM noises are
typically generated when mobile devices are powered by
alternating current (AC), with a frequency range of 50 Hz and
60 Hz. Display noise, on the other hand, is injected when the
display pixels are driven periodically, which are located
beneath the TSP electrodes in the display stack-up. Its
frequency can range from several tens to hundreds of kHz. In
the subsequent section, we will mainly focus on discussing
how to suppress display noise, which has become increasingly
influential due to the diminishing distance between the display
pixel circuit and TSP electrodes in thin Active-Matrix Organic
Light Emitting Diode (AMOLED) panel. The SMPS noise is
induced by components such as mobile device chargers that
come with power supplies and 3-phase lights. Therefore, a
variety of methods to eliminate these diverse external noises
are currently under investigation, one such approach being
Code division multiple sensing (CDMS) [11].

During a display refresh time (Trefiesh), a display drive IC
(DDI) generates RGB update signals at every horizontal line
update instant (Tusync). As a result, a noise spike from the
display update occurs periodically, which frequency is
synchronized with the Tusync. For instance, this repeats 1,920
times for a Full HD display, corresponding to the number of
occurrences of the update signal, Vpac [h]. These noises are
ultimately coupled through the parasitic capacitor (Cpara D),
which is formed between the display pixels and the cathode
ground layer, which is also shared with the TSP readout
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system. When the impedance of cathode ground is considerably
larger than that of the TSP (Cpara_1sp), the majority of display
noises are transferred to the Rx electrode, as illustrated in Fig. 7.
The noise powers from the DAC driving of the DDI
disseminate almost uniformly across all TSP regions. Each
TSP Rx electrode (Rx[i+1], Rx[i+2], ... Rx[i+n]) experiences

o Ri+ 11— : :
ROEEE AFE |

Rx[i+n] 64—

Cathode GND

Vpaclh]

7
. m : r
1 |
] [ :
i
DAC 1 '
LS '
i
Source Driverg[1:H] 1 i
Source Driverg[1:H] | !
Source Driverg[1:H] R Peln,1:H] --7 1

\
'
'
'
'
'
'
'
'
'
'
'
'
'
'

’

pmezzes Rin il =2
(b)
) Trefresh R
VSYNC .ﬂ :
Scan[1:H] _IWU.\_“_’-W\I\I Vbaclh]
THSYNC
Display
Noise
>t

Fig. 7. (a) Equivalent circuit model of DDI, pixels and TSP and (b)
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the same quantity of display noise. However, it is not the case
that these noise signals are delivered to all channels with
identical phase and amplitude. As depicted in Fig. 8, the noise
injected into different channels via the display’s cathode
resistance (Rcamode) experiences RC delay and voltage drop,
leading to phase delay and gain attenuation. Consequently,
compensation process must also be performed for noise that
has experienced this phase delay and gain attenuation [12].

3.3 Conventional solutions

3.3.1 Fully differential structure

Fully differential sensing operates based on the principle of
using a differential pair of inputs to sense changes in touch
capacitance. This method contrasts with single-ended sensing,
which only uses a single input for sensing. By using a
differential pair, this method can effectively cancel out
common-mode noise, i.e., noise that appears equally on both
inputs. Moreover, it can double the signal swing for the same
supply voltage, enhancing the SNR [13-15]. The circuit in Fig.
9 is example of a fully differential architecture [16]. Those are
designed to handle both Cs- and Cwm-sensing modes. This
architecture employs a differential charge amplifier (DCA)
and an input common-mode control amplifier (CCA) to

control the voltages of the two sensing lines.
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Fig. 9. Fully-differential sensing architecture (a) self-cap sensing
method and (b) mutual-cap sensing method.
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The CCA operates by balancing the voltages of these lines
with a specific reference voltage, Vorvand Vew. This leads to
the common-mode voltage of the sensing lines being
equivalent to the reference voltage. Meanwhile, the DCA,
assuming a sufficient open-loop gain and aided by negative
feedback, works to minimize the input differential voltage
while simultaneously converting charge to voltage.

In the Cs-sensing mode, the CCA’s reference voltage is an
ac voltage, Vprv. The self-capacitors, Cspand Csx, are driven
by charging and discharging through Vprv. Otherwise, In the
Cs-sensing mode, the CCA’s reference voltage is a DC
voltage, Vcm, and Tx lines are stimulated by Vprv. Assuming
equal mutual capacitances, Cmp and Cmn between the
neighboring sensor lines, equal currents flow through these
lines, managed entirely by the CCA. If the display noise, Vbn,
enters commonly through display parasitic capacitors, Cv.pand
Cvn, the CCA effectively eliminates this noise component.
This condition leads to a zero-differential output from the
DCA. In contrast, if a touch event causes a disparity in the
mutual capacitances, the DCA produces a differential voltage
reflecting this difference.

The differential currents are alternated between the CCA
and the DCA by the Multiplexer (MUX) switches in the
current-mode demodulator (CDM). These switches operate on
the same cycle as the transmitter Tx, alternately connecting
two channels within a single cycle. These help to minimize the
occurrence of offsets. This method prevents the aliasing
problems commonly associated with discrete-time charge
integrating techniques.

3.3.2 Chopper stabilization

ROICs often encounter 1/f noise and offset errors that can
undermine their performance. Chopper stabilization, a
technique originating in the analog domain, offers an effective
solution for reducing these low-frequency errors, thus
significantly enhancing the performance of touch sensor
readout ICs.

As depicted in Fig. 10, The method works by modulating
the signal at a frequency that is higher than the bandwidth of
interest. The input signal, Vi, initially gets modulated into a
high-frequency signal (X), which subsequently mixes with a
low-frequency noise signal, Vn, (Y). The mixed signal then
undergoes amplification to increase its magnitude (Y').
Subsequently, demodulation takes place, during which the
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Fig. 10. Chopper amplification principle.

noise becomes high-frequency while the original signal reverts
to low-frequency (Z). Lastly, a low-pass filter (LPF) is
applied, suppressing the noise that has been shifted to high-
frequency (Z'). The resultant signal is then demodulated back
to its original form. The modulation and demodulation
processes shift the low-frequency noise to the higher
frequency band, thereby effectively minimizing its impact on
the desired signal.

In the context of touch sensor readout ICs, chopper
stabilization is utilized to minimize noise and offset errors.
The technique is implemented at the amplifier stage of the
readout ICs. By chopping the input signal, the DC offset and
1/f noise are pushed to higher frequencies, out of the
bandwidth of interest. The resultant signal, now free from the
detrimental effects of 1/f noise and offset errors, provides a
more accurate touch detection, improving the overall
performance of the touch sensor system.

Notably, it significantly reduces the 1/f noise and offset
errors, improving the accuracy and reliability of the sensors.
This results in better touch detection and an enhanced user

experience.

3.3.3 Correlated double sampling

Analog correlated double sampling (CDS) is a method often
used in sensor systems and image processors to reduce low
frequency noise, offset, particularly the fixed-pattern noise.

The principle of operation of Analog CDS involves two
main steps: First, a reference or ‘reset’ sample is taken. This
sample, though it should theoretically represent a zero-level
signal, can often contain various forms of noise, such as DC
offset, thermal noise, or 1/f noise. After the reset sample, a
signal sample is taken. This sample contains the desired signal
but also includes the same noise that was present in the reset
sample.

By taking the difference between the signal sample and the

reset sample, Analog CDS effectively cancels out the noise



430

that is common to both, thereby providing a cleaner output
signal. This is possible because the noise is ‘correlated’
between the two samples.

Despite several advantages, it is worth noting that Analog
CDS is most effective at removing low-frequency noise; high-

frequency noise may remain unattenuated.

4. NEWLY ADOPTED DESIGNS

In this section, we will delve into the exploration of diverse
architectures currently under investigation, aimed at mitigating
issues related to the significant self-capacitance previously
discussed, and rectifying the display noise entering via
substantial parasitic capacitance.

The demand for thin, flexible TSPs has grown recently due
to the flexible nature of wearable devices. These thin panels
merge with the display panel to form a single thin film. For
instance, Samsung’s Youm On-Cell Touch AMOLED (Y-
OCTA) is an innovative display technology where the touch
sensor is embedded directly into the display panel, unlike
conventional touch screens that have a distinct layer for the
touch sensor [17]. The benefit of this integrated approach is a
thinner, lighter display which can potentially be produced at a
lower cost. Furthermore, it may offer enhanced touch
responsiveness, due to the decreased distance between the
touch sensor and the elements of the display itself. However,
one problem with the Y-OCTA display is that the touch
electrode and display’s cathode are too close, creating a large
parasitic capacitance. Therefore, a circuit is needed to
compensate for such large parasitic capacitance.

Several methods exist to compensate for large Cs [18]. One
can provide compensation by using a capacitor of the same
size to Sink & Source in the opposite phase. Another approach
involves using a current to fill the exact charge that needs to
be filled. Incorporating another large capacitor into the chip to
compensate for a large capacitor is highly inefficient.
Additionally, attaching a large capacitor to each channel runs
counter to the current focus on lightweight and miniaturized
mobile devices. Therefore, using a CC to compensate for
multiple channel capacitors with a single capacitor is
explained below. Furthermore, the size of that capacitor can
be reduced by controlling the gain of the CC.
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4.1 Baseline capacitance compensation

The compensation method to be discussed involves the use
of large capacitors, which can lead to a problem known as
‘slewing’ when driven by limited current, particularly at high
speeds. It fails to fully compensate for Cs. To address this
issue, a circuit that allows additional current to flow when
slewing occurs can be implemented, thereby enhancing the
slew rate [19-21].

This structure was presented by Samsung LSI [22]. As
depicted in Fig. 11, the baseline current compensator (BCC) is
able to compensate for large capacitors by copying the charge
that is being charged-discharged in Crer due to Vorr into a
voltage form, and charging-discharging the desired amount of
charge to parasitic capacitor, Cpaa 1sp. And the output
transistors size of the BCC core is copied Ms by the Gain
Controller and Gain-controlled transistors gate voltages, Vp
and V, are transformed into a current form. This current, over
a specific period of time, charges and discharges Cpara Tsp,
thereby creating the desired voltage. When the Vs node
becomes the same voltage as Vrer, it indicates that the
compensation has been fully achieved. Inherent to the CC’s
characteristics, if the two input nodes are identical, there will
be no change in the output node.

If Crer is 25 pF and Cp is 500 pF, a compensation of 20
times is required. Therefore, if the operating voltage size is
Vorr=Vrer, then Ms should be adjusted to 20 times. If the
match is accurate and compensation is appropriately achieved
and operating switch, @ _gn, is ON, there will be no current
flowing through Vour.
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Fig. 12. Noise antenna reference scheme.

4.2 Improving noise immunity design

The design employs a baseline current compensator and a
noise antenna reference scheme (NARS) to robustly counter
the display noise injection. As depicted in Fig. 12, blue square,
two additional channels are drawn out separately to serve as
Reference channels besides the sensing TSP channel. The
parasitic capacitor of TSP, Cprsp of the two channels is
primarily pre-charged to Vu and VL respectively when ®xgrst
is closed, functioning as a voltage source. When NARS
operates, the Vin node and Vrern are compared through CC,
and current flows to lo. If the BCC compensates accurately,
there will be no current flowing to lo.

However, if display noise exists, the same magnitude of
noise is introduced to the sensing node and the reference node.
This, in essence, swings the two CC input nodes to the same
size, nullifying the effects of the noise. Nevertheless, as the
capacitors of the reference and sensing channels are not
entirely identical, and the sizes of the routing resistors do not
match, a circuit compensating for these variations will also be

necessary for precise noise elimination.

431

5. CONCLUSION

This review paper provides a comprehensive analysis of the
principles, challenges, and recent advancements in the design
of capacitive TSP ROICs. Capacitive TSPs are integral to a
wide range of applications, particularly in the growing field of
wearable devices. To meet the performance requirements, the
readout systems must balance sensitivity and SNR while
mitigating power consumption.

The paper first examined the fundamental operations of
capacitive sensors and AFE circuits, highlighting the
principles of Cs- and Cwm-sensing methods. The readout
circuits cater to these principles, converting sensed changes in
capacitance into usable digital codes.

Next, we delved into the issue of noise, identifying internal
and external noise sources and their detrimental effect on the
system’s SNR. Among the various types of noise, internally
generated 1/f noise was recognized as a major concern.
Various mitigation techniques were discussed, such as
chopper stabilization and correlated double sampling, which
effectively reduce low-frequency errors and improve overall
system performance.

The paper then reviewed recent designs to compensate for
the significant self-capacitance and to rectify display noise
issues often encountered in on-cell structures like Samsung’s
Y-OCTA technology. The novel design that utilizes a BCC
and NARS was described in detail, showcasing its ability to
robustly counter display noise injection.

Touch sensor technology is rapidly advancing in the field of
wearable technology, not only blurring the boundaries
between humans and technology but also driving innovation
in various fields. These flexible and stretchable touch sensors,
capable of attaching to the complex structure of the body, can
detect and quantify human interactions from simple touch to
complex gestures. These sensors are expected to lead to
breakthroughs in health monitoring, sports performance
analysis, and intuitive human-computer interaction.
Therefore, the future of touch sensors is anticipated to play a
critical role in enriching human life through their integration
with wearable technology.

Overall, the development of low-noise, high-performance
TSP ROICs requires a thorough understanding of the sensing
principles, coupled with an innovative approach to mitigating
design and operational challenges. The methods and designs
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discussed in this paper offer valuable insights for future
advancements in this field, contributing to the evolution of
wearable technology and beyond.
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