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ABSTRACT I

Abstract

Design of Analog Front-End of Touch-Screen
Controller with Enhanced Noise Immunity and
Configurable SNR and Frame Rate

Jun-Eun Park
Department of Electrical Engineering and Computer Science
College of Engineering

Seoul National University

A design of analog front-end (AFE) for touch-screen controller (TSC) with high-
ly enhanced noise immunity and configurable signal-to-noise ratio (SNR) and frame
rate is proposed. First, the AFE for the mobile TSC is presented, which provides a
configurable SNR and frame rate. The AFE configures its SNR and frame rate by
adjusting the sampling cycles of the employed ADC. The test chip is fabricated in a
0.18-um CMOS process and occupies a 2.2-mm” active area. The test chip achieves
60-dB SNR and 200-Hz frame rate with 12 x 8 TSP. The SNR can be adjusted from
40 to 67 dB, while the frame rate is then inversely scaled from 50 Hz to 6.4 kHz.
The test chip consumes 6.26 mW from a 3.3-V supply.

The AFE for the tablet TSC is also presented, which provides highly enhanced
noise immunity and configurable SNR and frame rate. The proposed AFE provides

TX channels of 36 and RX channels of 64 in order to support a large-size TSP. A



ABSTRACT II

multi-driving TX structure with frequency-hopping signal generator is employed to
improve the SNR and noise immunity. For a suppression of severe noise interfer-
ence injected through the TSP, the RX sensing block adopts pre-filtering differential
sensing method and high-order noise filtering structure. The AFE supports configu-
rable SNR and frame rate with on-chip frame-rate controller. The test chip is fabri-
cated in a 0.18-um CMOS process. The active area of the test chip is 36 mm”. A
12.2-inch TSP with TX channels of 36 and RX channels of 64 is used in the meas-
urement. The test chip achieves 54-dB SNR and 120-Hz frame rate with a finger
touch. The frame rate can be adjusted from 85 to 385 Hz. The test chip achieves up

to 20-V,, noise immunity. The test chip consumes 94.5 mW with a 3.3-V supply.

Keywords : Touch-screen controller (TSC), analog front-end (AFE), noise
immunity, signal-to-noise ratio (SNR), frame rate, touch-screen panel (TSP).

Student Number :2013-30237
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Chapter 1. Introduction 1

Chapter 1

Introduction

1.1 Motivation

As increasing use of mobile devices such as smartphone or tablet PC, touch-
screen sensor becomes the most widely used input device. The touch-screen sensor
does not require additional physical buttons or track point. On the surface of display,
the touch-screen sensor detects a touch input by measuring resistance or capacitance
variations. Hence, the touch-screen senor provides intuitive human-machine inter-
face (HMI). Multi-touch function of the touch-screen sensor further enriches the us-
er interface. Because the touch-screen sensor can detect input with only light touch,
the user can control the device with almost zero force. In addition to the advantages
in the aspect of the user interface, the touch-screen sensor provides a number of

benefits as the device components. The touch-screen sensor has fine optical quality.
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The thickness of the touch-screen sensor is much thinner than other input devices,
enabling thin form factor of the devices. Furthermore, the touch-screen sensor can
be integrated into the display, which reduces the thickness of the device extremely.

The touch-screen sensor usually consists of two main parts: touch-screen panel
(TSP) and touch-screen controller (TSC). The touch-screen panel is a transparent
physical sensor which can be overlaid or integrated into the display. Among a num-
ber of TSP types, a projected-capacitive TSP has been widely used in these days.
The projected-capacitive TSP can be categorized into two types: self-capacitance
type and mutual capacitance type. Depending on the capacitance to be sensed, the
pattern and design of TSP can be varied. The TSC drives the TSP and senses the
variation of capacitance by touch input. Then, the coordinate calculation of the
touched point and gesture recognition are performed by the TSC.

Although the touch-screen sensor has been popularly used in the devices, a num-
ber of design issues on the touch-screen sensor have not been solved. One of the
critical issues on the design of the TSC is noise immunity. The detailed description
about the noise immunity and noise interference to the touch-screen sensor will be
The real environment of touch sensing is very noisy. Not only display [1.1] but also
charger and lamp interfere with the TSC via the TSP [1.2][1.3]. The noise interfer-
ence overwhelms the capacitance signal by touch input, resulting in malfunction or
false touch detection of the TSC. Hence, it is important for the TSC to be immune to
such noise interference.

Another design issue on the TSC is a configurable performance. Depending on
the applications or user environment, the performances of the TSC, such as signal-

to-noise ratio (SNR) or frame rate, are required to be reconfigured. For example, in
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the noisy environment, high SNR with enhanced noise immunity is more important
than high frame rate. Therefore, the configurable SNR and frame rage is essential
for the TSC to provide clear touch detection in the noisy environment.

In this thesis, a design of analog front-end of the TSC with highly enhanced noise
immunity is proposed. To achieve noise immunity against the severe external inter-
ference, a number of techniques applied to TX and RX blocks are introduced. In ad-
dition, the configurable SNR and frame rate is proposed in this thesis. As a result,
the proposed analog front-end achieves much higher noise immunity than that of the

state-of-the-art works.

1.2 Thesis Organization

This thesis is organized as follows. In Chapter 2, an overview on the touch-
screen controller is described. In this chapter, the basic structure and design issues of
the touch-screen controller (TSC) are explained. The role of analog front-end (AFE)
of the touch-screen controller and important performance metrics are also described.

In Chapter 3, a design of AFE for smartphone TSC is presented. System architec-
ture and implementation to achieve high SNR are described. The implementation of
configurable SNR and frame rate of the AFE is explained. In addition, the relation-
ships between design factors of the AFE, such as driving voltage or sampling cycles,
and performance metrics are explored. Then, the measurement results are described
to verify the performance of the proposed AFE architecture.

In Chapter 4, a design of AFE for tablet TSC is presented. The system architec-
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ture to achieve enhanced noise immunity of the AFE is mainly covered in this chap-
ter. The implementation configurable SNR and frame rate is also explained, which is
improved from that in Chapter 3. Then, the circuit implementations of the proposed
architecture are explained. Finally, the measurement results are covered to demon-
strate the proposed AFE.

In Chapter 5, the proposed works are summarized with conclusion of this thesis.
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Chapter 2

Basic Study on Touch-Screen

Controller

2.1 Touch-Screen Panel

In these days, most of touch-screen sensors use the capacitive type TSP. In the
past, a resistive type TSP was widely used. But, the capacitive TSP replaces the re-
sistive TSP owing to the capability of the multi-touch detection and high-quality of
optical characteristics. There are two types of the capacitive TSP: self-capacitive and
mutual-capacitive TSP. The self-capacitive TSP is composed of single-layer multi-
ple electrodes of which capacitances increase against a touch input. On the contrary,
the mutual-capacitive TSP usually consists of two layers: driving electrodes and

sensing electrodes. As shown in Fig. 2.1, the capacitance between each driving elec-
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Self-Capacitive TSP Mutual-Capacitive TSP

)

[Source : "Projected Capacitive Technology"”, 3M]

Fig. 2.1 Self-capacitive TSP and mutual-capcaitive TSP [2.1].

trode and sensing electrode form a mutual capacitance, and the mutual capacitance is
reduced when a touch input is applied. More detailed comparison between the self-
capacitive TSP and mutual-capacitive TSP is described in [2.1]-[2.3].

Of the two TSP types, the mutual-capacitive TSP is widely employed in the
touch-screen sensor. Although the self-capacitive TSP provides higher touch sensi-
tivity and tolerance to water drop, it has a critical drawback of ghost effect that can-
not distinguish multi-touch input [2.4]. On the other hand, the mutual-capacitive
TSP has a capability of unlimited multi-touch detection. The mutual-capacitive TSP
also provides a fine electrode pitch, which enables touch detection of passive stylus.
Hence, the mutual-capacitive TSP is popularly used in the touch-screen sensor in

these days.
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Fig. 2.2 Conceptual diagram of the mutual-capacitive TSP.

Driving electrode

The conceptual diagram of the mutual-capacitive TSP is shown in Fig. 2.2. De-
pending on pattern of the TSP, the formation of mutual capacitance can be varied. In
case of Mahattan-type (or bar-type) TSP, the layer of driving electrodes is below
that of sensing electrodes. Hence, the mutual capacitance between the driving elec-
trode and sensing electrode is form at each node. Compared to the mutual capaci-
tance without touch input, the mutual capacitance with touch input is reduced be-
cause of decreased electric field between the driving electrode and sensing electrode
[2.5]. The reduction of mutual capacitance against touch input can be varied depend-
ing on the electrode material or electrode pitch. In general, the mutual capacitive
TSP provides capacitance variation about 5 ~ 20 % against the finger touch. The
variations of the mutual capacitance at each node are sensed by the TSC, which will

be explained in the next section.
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2.2 Touch-Screen Controller

2.2.1 Overview on TSC

The objects of the touch-screen controller (TSC) are detection of the touch input
and calculation of the touched coordinate. The TSC also supports object tracking
and gesture recognition. The outputs of the TSC, such as the number of touch inputs
and their coordinates, are delivered to host process of the device.

Fig. 2.3 shows the block diagram of the TSC. The TSC is composed of analog
front-end (AFE) and digital back-end (DBE). In general, the driving and sensing
nodes of the TSC are connected to the TSP via a flexible-printed-circuit board
(FPCB). The main role of the AFE is sensing mutual capacitance of each node in the

TSP. To sense the mutual capacitance, the AFE applies an excitation signal to the
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Fig. 2.3 Block diagram of the TSC.
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TSP, and the mutual capacitances of each node are carried by the excitation signal.
The AFE then senses the carried mutual-capacitance data. At this time, a lot of noise
interference is injected through the TSP. Hence, the AFE provides a noise filtering
process to prevent a distortion of the capacitance data. After that, the AFE converts
the capacitance data from analog signal to digital signal using an analog-to-digital
converter (ADC). The digital capacitance data are then delivered to the DBE. More
details on the AFE will be explained in the next section.

Fig. 2.4 shows the signal processing flow in the DBE. The DBE stores each ca-

pacitance data of the TSP in the frame memory. Once the entire capacitance data are

Noise filtering

Frame data & offset calibration Thresholding
Gy Ciz Cint | Cin AC;; | AC2 e | AC o | AC, 0 0 0 0
Gi | Gz | = | Conr | Con 8Co; | 8Caz | - | 8Cani| 4Can 0 0 v | aCes| o
Gy Caz Cana Can ' AC; AC;; ACzp1 | ACzs ' AC, A, ACzpq | ACzp
Gott | Cmaz | = | Gotnt| Corn ACma1 |ACmsz| |ACw1] ACh1n 0 |ACwiz]| - 0 0
Crm,1 Crmz Crnp Cmn ACmy | ACr.z ACmpa| ACman 0 ACpz 0 0
Output Cal. Coordinates Labeling
] a 0 a ] a 0 0
- o_|_o e Kac.| oY o_|_o ~T1| 09
T1=(X71,Y711) - t ) - ¢ )
J 2G| ac. Y- o 4C2ns | AC2 2| ) 7171
T2= (X2, Y12)
N B : : N PN : :
T3=(X13,Y73) 0 [aCn.f =~ | o 0 o {13} | o 0
o lac,.ph - 0 0 o L T3 0 0
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Fig. 2.4 Signal processing flow in the DBE.
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acquired from the AFE, sensing of single frame data is completed. Using the frame
data, the DBE performs the subsequent digital signal processing. In general, the
main functions of the DBE are divided into four steps: noise filtering and offset cali-
bration, thresholding, labeling, and firmware operations that calculate the touched
coordinates by micro-controller unit (MCU). The noise filtering process provides
further attenuation of the noise interference along with the offset calibration of
frame data. After the calibration, the thresholding process is performed. If a capaci-
tance value of node is smaller than a pre-determined threshold value after the offset
calibration, the DBE regards the node as untouched node. Then, to reduce calcula-
tion complexity at the subsequent processes, the thresholding process makes the ca-
pacitance smaller than threshold value to zero. In the labeling process, the remaining
touched nodes pair up with adjacent touched nodes in order to distinguish a large
touch object. The capacitance data of each group are transferred to the MCU for cal-
culation of the touched coordinate. Finally, the calculated touched coordinates are

transmitted to the host processor.
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2.3 Analog Front-End of TSC

The AFE in the TSC is core block to sense the capacitance variation of the TSP
by touch input. The sensing performance of the TSC is mainly determined by the
AFE. Therefore, it is important to design the AFE well for accurate detection of
touch input. As described in the previous section, the main object of the AFE is
sensing the mutual capacitance of each node in the TSP. Hence, the AFE is com-
posed of two main blocks: transmitter block (TX) that applies a driving signal to the
TSP and receiver block (RX) that senses the mutual capacitance modulated by the

driving signal.

TSP

Sen.
J1ajji4 @sIoN
Jojenpowa(

J8MBAUCD A-D
18}]14 uoewdaq

S

L]
Drv.
lojenpoi

Ref. Gen

Fig. 2.5 Block diagram of the AFE.
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The TX driving block usually consists of digital-to-analog converter (DAC),
modulator, and driver. The DAC generates a waveform to be used as the driving
signal such as sinusoidal or triangular signal. Then, the modulator encodes the wave-
form with a modulation sequence or performs multiplexing of the driving channels.
The driver applies the modulated signal to the TSP. The parasitic capacitance of the
TSP can be up to hundread-of-pF. Thus, the driver in the TX block has to provide
enough driving power with consideration of the large parasitic capacitance.

The RX sensing block consists of charge-to-voltage (C-V) converter, noise filter,
ADC, and demodulator unit. The capacitance signal from the TSP is charge signal
that is proportional to the mutual capacitance of each node. The C-V converter then
converts the charge signal to voltage signal for noise filtering and analog-to-digital
conversion. After that, the noise filter suppresses the noise interference injected
through the TSP. The ADC converts the analog signal to digital bitstream to deliver

the capacitance data to the DBE.

2.3.1 Performance Metric

To evaluate the performance of the AFE, a number of metrics are used in the de-
sign and measurement processes. One of the most important metrics of the AFE is
the signal-to-noise ratio (SNR). Because the measurement of the SNR includes both
of the touch sensitivity and noise interference, the SNR well represents the perfor-
mance of the AFE in the real touch environments. A certified specification or stand-
ards for measurement of the SNR have not been defined, but many works on the de-

sign of AFE for TSC use following SNR definition [2.1][2.3][2.6][2.7][2.8]. First,
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the touched and untouched capacitance signals can be defined as following [2.7]:

100

2.Cr

SignalTouch = i:i 00 >
" (2.3.1)
Z CUT,i
Signal ==
g Untouch 100

where (7 is capacitance of iy frame with touch input and C; ;is capacitance of

iy, frame without touch input. The capacitance signal is defined as average capaci-

tance during the measurements of 100 frames. Signal,,, ., means the average off-
set of the AFE without touch input. Signal,,, indicates the average of touch sig-
nal along with the offset. Therefore, the capacitance difference between the touched

and untouched cases is derived as following:
SignalDiﬁ = SignalTouch - SignalUntouch : (232)

The capacitance difference Signal,,, means the averaged difference between
the touched and untouched mutual capacitance through 100 frames. This implies the
touch sensitivity and dynamic range of the AFE. Next, the noise of the sensed capac-

itance can be expressed as following:

100

. 2
IZ_;(CT,,' ~ Signaly,, ;) (2.3.3)

100

Noise,,, ., =
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Hence, the noise term in the SNR is the standard deviation of the sensed capaci-

tance. Using Eq.(2.3.2) and Eq.(2.3.3), the SNR is calculated as

Signal,

SNR [dB]=20log,, (2.3.9)

N o1 eT ouch

Some previous works used untouched noise [2.9], but the use of touched noise in
Eq.(2.3.3) is a correct approach to calculate SNR because the signal Signal b 18
only validate with touch input.

Another important performance metric of the AFE is frame rate. The frame rate
of the AFE indicates a time step that all mutual capacitances in the TSP are sensed
completely. The frame rate is also known as scan rate or refresh rate. In many appli-
cations, the TSC is required to support frame rate of at least 100 Hz. The response
time can be varied depending on the implementation of the DBE, but the frame rate
of the TSC is mainly determined by the AFE.

The noise immunity is another important specification for the AFE. As men-
tioned before, many noise sources affect the capacitance signal via the TSP. Thus, it
is required for the AFE to maintain high SNR even if the noise interference is inject-
ed through the TSP. The noise immunity will be further discussed in Chapter 4.

Other specifications such as accuracy or precision are also important. But, those
specifications are mainly determined by the SNR of the AFE. For this reason, the
design target of the AFE focuses on the SNR, frame rate, noise immunity, and pow-

er consumption.
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2.3.2 Design Issues of AFE

The SNR of the AFE greatly affects the performance of the TSC. When the AFE
does not provide a sufficient SNR, many problems can occur. Fig. 2.6 shows the
accuracy and precision issues by low SNR. The small capacitance variation or large
noise interference obstructs the coordinate calculation, resulting in significant jitter

and offset of the calculated coordinates. The jitter and offset indicates low accuracy

Repetitive Touches Line Drawing
Real ® Real
touch @ fouch High SNR
| R —
@ 00 ®, Low SNR oo
( High SNR|| Low SNR Inaccurate detection

High accuracy Low accuracy
& precision & precision

“Better”

Low SNR

[Source : Maxim]

High SNR

Fig. 2.6 Accuracy and precision issues by SNR (top) and comparison between high SNR

and low SNR through the line drag test [2.10] (bottom).
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and precision. The low SNR also causes inaccurate detection of line drawing. As
shown in Fig. 2.6, the line drawing result with low SNR is more inaccurate than that
of the high SNR case. Therefore, it is important for the AFE to achieve high SNR.
The required frame rate is usually about 100 Hz. However, as increasing the size
of TSP, the number of nodes to be sensed by the AFE is also increased. Thus, the
satisfaction of the required frame rate becomes more and more difficult. When the
frame rate of the AFE is too low, the TSC fails to provide continuous touch detec-
tion. Fig. 2.7 shows the low frame rate issue, which results in discontinuous touch
detection. At the edge of drawing, the TSC with low frame rate shows the sparse
tracking points, and this causes inaccurate drawing or false gesture recognition.
Thus, even if the size of TSP is increased, the AFE has to maintain the frame rate of

about 100 Hz.

Discontinuous l
touch detectio

-

High frame rate Low frame rate

Fig. 2.7 Discontinuous touch detection by low frame rate.
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Fig. 2.8 Noise sources that affect touch detection via the TSP [2.11].

The prior works did not cover the noise immunity of the AFE in depth because
the measurement of the AFE was usually done in the noise-free environment. How-
ever, the TSC is very vulnerable to the noise interference in the real environment. As
shown in Fig. 2.8, the major noise sources that affect the touch sensing are display,
charger, and environmental noise like lamp. Because the interference from the major
noise source overwhelms the capacitance variation by the touch input, the AFE has
to be immune to such noise interference. More details on the noise sources and noise

filtering techniques will be explained in Charter 4.
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Chapter 3

AFE of Mobile TSC with
Configurable SNR and Frame Rate

3.1 Overview

With the rising demand for intuitive user interfaces in mobile devices, the mutual
capacitive touch-screen sensor has become a mainstream input device. The mutual-
capacitive TSP is composed of driving-channel and sensing-channel layers, which
are implemented with a transparent electrode. As the form factor of mobile devices
is reduced, the TSPs also become thinner by embedding the electrode layers into the
cover glass or display. The reduced thickness of the TSPs, however, causes in-
creased display noise interference due to the large coupling capacitance with the

display. In addition, the TSPs are vulnerable to external interference from fluores-
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cent lamp noise or human noise [3.1]. Environmental noise that is coupled through
touched object such as charger noise [3.2] or HUM noise [3.1] also seriously affects
the TSP. Therefore, the readout IC for the TSPs has to be immune to such noise in-
terference and enhance touch sensitivity in order to achieve a high SNR. Along with
an increased pixel density and size of the display, a high frame rate is also essential
for the AFE [3.1].

Another requirement on the AFE is a capability of adjusting its SNR or frame
rate depending on user environment or applications. The reconfiguration capability
enables robust touch detection and application-specific operation. When strong noise
interference from the charger is detected, the AFE increases its SNR to prevent in-
correct touch detection [3.5]. On the contrary, in handwriting applications, the AFE
is required to increase its frame rate to support fast touch detection and extended
gesture recognition.

This chapter describes the design of a column-parallel high-SNR AFE for a mu-
tual-capacitive TSP, which was presented in [3.3]. The TSP AFE in this work em-
ploys four techniques that mitigate the noise interference to achieve a high SNR.
First, a lock-in sensing architecture is used for robustness to external noise and accu-
rate sensing. Second, this work takes advantage of a band-pass filtering effect by the
TSP and charge amplifier to suppress the TSP-induced noise. Third, a differential
sensing scheme is adopted to enhance the touch sensitivity and to reject a common-
mode noise. Finally, a column-parallel incremental AX ADC is employed to provide
not only high frame rate and resolution but also a multiple sampling and averaging
effect that further improves the noise immunity. In addition, the AFE reconfigures

its frame rate and SNR according to the required touch performance by exploiting
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the configurable resolution of the ADC. Among the adopted techniques, this chapter
mainly describes the configurable SNR and frame rate. The details of the circuit im-
plementation are referred in [3.3].

Note that most of contents in Chapter 3 comes from [3.3][3.6]. Hence, even if the
reference marks of [3.3][3.6] are not shown in this chapter, the descriptions, figures
and other contents clearly come from [3.3][3.6]. It is noteworthy that the AFE de-
scribed in this chapter is revised and improved from the works in [3.7]-[3.9]. Some
contents in this chapter are brought from the previous works [3.7]-[3.9] without the
reference marks for straightforward description. Hence, note that the contents in this
chapter also come from the works in [3.7]-[3.9]. It is also noteworthy that the per-
formance of the AFE in [3.3][3.6] was clearly improved from [3.7]-[3.9] and the
main idea of the configurable SNR and frame rate was newly proposed in [3.3][3.6].
Therefore, it is evident that the work in this chapter that introduces the configurable

SNR and frame rate is different from [3.7]-[3.9].
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3.2 System Architecture

Fig. 3.1 shows the block diagram of the AFE. The TSP comprises multiple driv-
ing and sensing channels that are implemented with transparent electrodes such as
indium-tin-oxide (ITO). The mutual capacitance Cy is a parasitic capacitance that
forms between the driving channel and the sensing channel. When finger or conduc-
tive object touches the TSP, Cy; is reduced, and the AFE detects the touch input by
sensing the variation in Cy. To sense Cy, the AFE applies an excitation signal into
each driving channel. The excitation signal is applied to only one driving channel at
a time, whereas the other driving channels are shorted to ground to block the display
noise interference. The excitation signals modulated by Cy are transferred to the
AFE through the sensing channels of the TSP.

The column-parallel charge amplifier of the AFE converts the modulated signals

of the sensing channels to voltage signals that have amplitudes proportional to the
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mutual capacitance Cy; of each node. The difference between two adjacent charge-
amplifier outputs is amplified by the digitally-controlled variable-gain amplifier
(DVGA). A dummy channel is added to support palm detection. The chopper de-
modulates the DVGA output with the chopping signal generated from the modulator,
and the chopping controller digitally adjusts the phase of the chopping signal.

After demodulation, the incremental AX ADCs convert the demodulated signals to
digital bit streams. Previous works for TSP AFEs employed a multiplexed-ADC
structure for low-power consumption and area efficiency [3.10]-[3.14]. However, in
terms of the frame rate and noise performance of the TSP AFE, a column-parallel
ADC offers attractive features. With the column-parallel sensing structure, the frame
rate of the AFE becomes independent of the number of sensing channels, and a
complex timing circuit for the multiplexer [3.11] is not required. In addition, the
bandwidth requirement of the ADC can be relaxed, and it provides a good trade-off
with the noise performance. For these reasons, this work adopts the column-parallel
incremental AX ADCs.

The digital bit streams of the column-parallel ADC outputs are then decimated to
digital values that represent the variation in Cy. Finally, the decimated data are inte-
grated to restore the capacitance of each node at the digital processor. Gesture
recognition and coordinate extraction can be performed in the digital processor. The
communication between the host and the AFE is performed via the 12C controller.
This work employs a low-drop-out regulator (LDO) and band-gap reference (BGR)
to support a wide supply range while maintaining the regulated internal supply of
1.8 V. The reference voltages and bias currents used in the sensing blocks and the

modulator are generated from the reference generator.



Chapter 3. AFE of Mobile TSC with Configurable SNR and Frame Rate 23

3.3 Configurable SNR and Frame Rate

A simplified noise model of the charge amplifier is established in Fig. 3.2(a) to
investigate the noise effect by the external noise sources and the charge amplifier
[3.22]. The external noise interfered with the TSP is approximated by white noise

for the sake of simplicity, and the charge-amplifier noise to be considered here is the

thermal noise. 1? indicates the external noise sources induced through the cou-

n,ext,i

2

pling capacitor ¢, . v°, . 1is the reference noise of the charge amplifier, and

2

V2, ors 18 the input-referred noise of the OTA. vsz

. s the noise of Rgg. The out-

put-referred noise power of the charge amplifier is given by

2 .2 2 2 2 2 2 2 2
Vi, Rk ref Vo ref Hh oV nora T RV ki +Zk ext,iV next (G3.1)
i .

where k coefficients are provided in and Ay is open-loop gain of the OTA. The
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Fig. 3.2 Equivalent noise models of the (a) charge amplifier and (b) DVGA in [3.3].
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Table 3.1 Noise coefficients.

( C,+C. )2
Kk 1
v ot CFB + 7(CP + CFB)
AV
C ext,i
k2 ( 1 ; )2
et Crg+— (CP + CM)
AV
1
. ( —)’
r 27 fR,y(C+—C,)
AV

noise contribution of the feedback resistor Rgg is low-pass filtered by Rgg and Cgp.

The effects of vzw

, and v, o, are determined by the ratio between Cp and Cyg.

In case of the mutual-capacitive TSP, Cp is much greater than Cgg because the mutu-
al capacitances of the inactivated driving channels behave as a parasitic capacitance.

Therefore, v*, ~ and v’ , = are amplified and significantly affect the charge-

ef

amplifier output. For this reason, the OTA should be designed to minimize vzm o7 >

and v must be rejected by the differential sensing scheme. The contribution of

ef
the external noise source is dependent on Cgp and C.y ;. As the distance between the
noise source and the TSP decreases due to the thin form factor, C.; increases, and

the noise interference becomes worse. In the time domain, the output of the charge

amplifier with the external noise sources can be calculated as follows:

_ CM Cext,i
Veat) = T Vix (1) = ZC—WW . (3.3.2)

i FB

where Vgy(t) is the excitation signal, and V,..; is the iy external noise source.
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Eq.(3.3.1) and Eq.(3.3.2) show that larger value of Crg and amplitude of Vgx have
better noise immunity against the external noise interference. Therefore, this work
sets the amplitude of the excitation signal to be as large as possible within the exter-
nal supply voltage, and Cgg is set to approximately three times the value of Cy,.

The common-mode rejection of the differential sensing scheme suppresses the
reference noise of the charge amplifier and the common external noise such as the

display noise. Fig. 3.2(b) shows the equivalent noise model of the DVGA, where the

thermal noise is the dominant source. * indicates the input-referred noise of

n,0TA2

the DVGA. 1? . is the noise of Rggr, and 2, . is the noise of Rgan. The out-

put-referred noise of the DVGA, vzn! oroq » 18 calculated from Eq.(3.3.1) as follows:

2 2 2 2 2 2 2
Vv ® 2G pyea (k" orgv n,0TA +k v arl TV ot

1
CMRR?

-5 1
2 2 2 2 2 2 333
(k r'efv n,ref + Z k ext,iv n,@ct,i) +Ev n,OTAZ) + 2V n,R3 ( )
i

where CMRR is the common-mode rejection ratio of the DVGA. The reference
noise of the charge amplifier and the external noise induced though the TSP are can-
celed out by the differential sensing scheme, and the AFE achieves high immunity to

the external noise and the reference noise. It is noted that Gpyga increases the touch

e > > > . .
sensitivity, whereas v* .., v and V* ., are also amplified by the magni-

n,R1 2

tude of G*pvga. However, the mismatches of the DVGA can degrade the noise im-
munity resulting from the decreased CMRR. Fig. 3.3 shows the Monte Carlo simula-
tion results with 500 trials. For mismatches of the devices and resistors, the DVGA
achieves a sufficient CMR to attenuate the common-mode noise. Therefore, the dif-

ferential sensing scheme enables the AFE to be robust to the external noise and the
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amplified reference noise.

Owing to the oversampling nature of the AX ADC and low-pass filtering of the
decimation filter, the column-parallel incremental AX ADC provides a multiple
sampling and averaging effect [3.15], which improves the noise performance of the

AFE. Fig. 3.4 shows the block diagram of the equivalent noise model of the imple-

mented AX ADC. vzn’ . 1s the demodulated noise power of vzn’ oes M EQ.(3.3.3),

FE

and v2n’ e 18 the input-referred noise power of the ADC.

C
Because the employed CDS technique reduces the effect of the flicker noise, the

thermal noise can be considered as the dominant noise source in the ADC. Gapc 1S

the effective loop gain of the ADC, and Vz,,,q is the quantization noise power.
When the number of ADC sampling cycles is N, the iy, coefficient of the implement-
ed second-order decimation filter is given by w, =(N —i)/(N(N +1)/2) [3.15].
Thus, the total noise power after decimation is calculated as follows

[3.15][3.16][3.18][3.19]:

130 ; ' : . : 500 trials @ 104 kHz
avg =62 dB
min = 45.6 dB

o c=9.85
g 100 I GDVGA =30 i
o
=1
8
o 50
0
30 40 50 60 70 80 90 100 110

CMR [dB]

Fig. 3.3 Monte Carlo simulation results of the DVGA common-mode rejection (CMR)

with 500 trials in [3.3].

A& st



Chapter 3. AFE of Mobile TSC with Configurable SNR and Frame Rate 27

2

N-1 N _l
Vzn,lol = ; (2 m) (G2ADC (vzn,AFE + Vzn,ADC) + V2n,q

(3.3.4)

2 2 2
+v

\% v
(GZADC( n,AFE N n,ADC ) + ]\n].q )

~
~

W |

The contributions of v* , and 2 , . are bounded to (4/3)G,,. /N and the

c
contribution of H becomes negligible as increasing N. Therefore, the column-
parallel incremental AX ADC suppresses not only its intrinsic noise but also the de-
modulated input noise. It also reduces the effect of external noise that is coupled into
the TSP via touch object, which cannot be rejected by the differential sensing
scheme

Depending on the requirements of the application or the noise environment, ei-
ther a high frame rate or a high SNR can be more desirable. In this case, the AFE is
reconfigured for the desired frame rate and SNR by only adjusting the number of
ADC sampling cycles N. The frame rate determined by the conversion time of the
ADC is increased by reducing N. On the other hand, the SNR can be improved by

increasing N because the total output noise power in Eq.(3.3.4) is reduced. In this

way, the SNR and frame rate can be reconfigured by scaling V.

Vzn,AFE Vzn,ADC Vzn,q
{ { =
oo H -7
N
CA + DVGA Incremental £-A ADC Decimation
Filter

Fig. 3.4 Equivalent noise model of the incremental AX ADC with the decimation filter in

[3.3].
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To adjust N, this work controls the reset period Trsr. As the incremental AX ADC
and decimation filter are reset after each conversion, N is determined by Txsr and
sampling frequency f;. The adjustment of f; imposes a burden for supporting a wide
operating frequency, while no additional circuit burden is placed on the adjustment
of Trsr because the excitation and chopping signals are synchronized with the reset
signal. Fig. 3.5 shows the timing diagram of scaling N according to the adjustment
of Trsr. When a high frame rate is required, as shown in Fig. 3.5(a), Trsr is reduced,
resulting in the increase of frame rate in accordance with the decrease in N. In con-
trast, if a high SNR is required, as depicted in Fig. 3.5(b), Trsr is increased, and the
noise performance is improved in proportion to the increase. The column-parallel
structure of the sensing blocks widens the scalable range of N, and this work adjusts

N from 32 to 4096, which corresponds to the frame rate from 50 Hz to 6.4 kHz.

RST

Drel1] _ MWL, W, e, W
Drv.[2]

Drv.[M-1]
Drv.[M]
Daoc[1:N]
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3.4 Measurement Results

The test chip is fabricated in a 0.18-um CMOS process. The die micrograph of
the fabricated chip is shown in Fig. 3.6. The test chip has an active area of 2.2 mm’.
The reset timing controller and decimation filter were implemented in an FPGA
board. The test chip supports up to 13 driving channels and 8 sensing channels, and
a 4.3-inch mutual-capacitive TSP with 12 driving channels and 8 sensing channels
was used in the measurement. The touched mutual capacitance and untouched mutu-
al capacitance of the TSP are measured to be approximately 4 pF and 4.4 pF, respec-
tively. The test chip consumes 6.26 mW with a 3.3-V supply. The power dissipation
of one channel of the sensing blocks, which consists of the charge amplifier, DVGA,

chopper, and ADC is 530 uW.

) 6 ([ 86 & 6 & & 6 ¢ ¢ ¢
Sensing Channels

Modulator

= Choppers
Incremental Z-A ADC

3 mm

PPPs 5529 990e! | 20900 e ara e

Fig. 3.6 Die micrograph of the fabricated AFE in [3.3].

3 A=t st w
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Fig. 3.7 shows the measured waveforms of the charge amplifier and DVGA. The
excitation signal is sequentially applied to the driving channels of the TSP, and the
column-parallel charge amplifier and DVGA continuously sense the modulated ex-
citation signal as shown in Fig. 3.7(a). After applying the excitation signal to all of
the driving channels, the reset signal (RST) is activated. When the excitation signal
is applied to the touched driving channel, the DVGA output has a larger output
swing than that of other channels. In case of the partially touched channel, the output
swing of the DVGA is smaller than that of the fully touched channel because of re-
duced variation in Cy;. Fig. 3.7(b) shows the detailed waveforms with a touch input.

The output of the charge amplifier corresponding to the touched channel, Vca Touch,

‘Charge Amplifier

DVGA 12 driving| RST

& Varsampitsnn e "o e ACRBIDBIRL L mtmitstpanst P honrasayimdpnte s

:ﬁ’D“;iAf:F-ViYGIA' I Untouched |y | Touched i
ES ifferential) _ | channels /’ channels || H

et o il
|w | Fuﬁy T Partially | |
| touched touched
‘ 500mV} 5 e

o

& o
1
(a)
DVGA CA Untouch 5 -_\‘
A A AN AN NDA AN Ny
N NNNNVY T ATAT
Vovea,p- Vovean Vbveap , Vovean i
- (differéntial)/ AN Vea untouch ff VA, Touch

Fig. 3.7 Measured waveforms of the charge amplifier and DVGA outputs in [3.3].
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Charge Amplifier With display noise

2

o o
v""""//V\litht:\ut display nois\e\‘"f
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o0 \Qﬁ 19“ Q,QQ %QQ,\QQ“ ,]’Q@ h@%@“
Frame Rate [Hz]

Fig. 3.9 Measured SNR versus frame rate in [3.3].

is smaller than that of the untouched channel, Vca unouch- The DVGA then amplifies
the difference by the magnitude of Gpyga.

Fig. 3.8 shows the display noise cancellation by the differential sensing scheme.
A distortion caused by the display noise appears at the outputs of the charge amplifi-
ers. Owing to the differential sensing scheme, the display noise interference is sup-
pressed, and the distortion disappears at the DVGA output.

Fig. 3.9 shows the measured SNR according to the frame rate. For N = 1024, the

test chip achieves 60-dB SNR and 200-Hz frame rate. The test chip reconfigures its
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SNR from 40 dB to 67 dB and its frame rate from 50 Hz to 6.4 kHz by adjusting N.
Fig. 3.10 shows the measured noise power versus the excitation signal swing Vry.
The noise power is normalized to have same touch strength for comparison. The
AFE has better noise immunity as increasing Vrx, and this coincides with the noise
consideration in the previous section. Fig. 3.11 shows the measured SNR according
to the Vry. As a result, the SNR of the AFE can be improved as increasing V7y, and

this implies that the driving amplitude Vry

Normalized
Noise Power [dB]
&
B~

4
o

-72

1 15 2 25 3 35
Vx [Vpel

Fig. 3.10 Measured normalized noise power versus the amplitude of the TX driving signal

Vaxin [3.3].

1 15 2 25 3 3.5
Vix [Veel

Fig. 3.11 Measured SNR versus the amplitude of the TX driving signal Vrxin [3.3].
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Fig. 3.12 3D images of the decimated output of the AFE in [3.3].

Fig. 3.12 shows the decimated output of the test chip with different touch objects.
When the TSP is touched with a 3-mm metal pillar corresponding to a stylus pen,
the decimated output is depicted in Fig. 3.12(a). The output difference between the
touched node and the untouched node is approximately 1800, and the measured
SNR is 53 dB. When an 8-mm metal pillar touches the TSP, as shown in Fig.
3.12(b), the difference is approximately 6300, and the measured SNR is 64 dB. Fig.
3.12(c) shows palm detection with 30-mm metal pillars, and Fig. 3.12 (d) shows
multi-touch detection with four 6-mm metal pillars.

Table 3.2 summarizes the performance of the AFE and provides a comparison

HqE gk
¥ | I -
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Table 3.2 Performance comparison in [3.3]

T-CE 10" [ ISSCC 10" | ASSCC 10" | T-CE 11’ | ISSCC 12’ | ISSCC 13" | ISSCC 13’ | ISSCC 14’ | ISSCC 14 This work
Process 90 nm 0.18 ym 0.35 pm 90 nm 0.35 pm 0.18 pm 0.35 pm 0.18 um 0.18 pm
TSP Type Mutual Self Mutual Mutual Self Mutual Mutual Dual Mutual Mutual
TX:9 TX : 20 TX : 29 TX : 27 TX : 30 TX : 80 TX : 24 TX : 12
Channel I'TRX : 24 I'TRX : 30
RX :7 RX: 16 RX :53 RX : 43 RX : 24 RX : 80 RX: 16 RX:8
N = 32 40 dB
SNR 21.3 dB 36 dB 24 dB 12.6 dB 35 dB 39 dB 55 dB 41 dB S53dB [N =1024 60 dB
[N = 4096 67 dB
N = 32 6400 Hz
Frame Rate 120 Hz 65 Hz 140 Hz 120 Hz 120 Hz 240 Hz 322 Hz 160 Hz |N =1024 | 200 Hz
[N = 4096 50 Hz
Supply 3V 33V 33V 33V 25-33V|26-36V - 21-33V
Power 4.3 mW 12 mW 19 mW 19 mW 10.6 mW 18.7 mW 52.8 mW 21.8 mW 32.6 mW 6.26 mW
Area 3.65 mm? 44 mm? 6.87 mm? | 410.4 mm? | 148 mm? | 13.7 mm? | 40.46 mm? 42.2 mm?
! TRX = TX + RX (Self-capacitive TSP).
2 N = The number of ADC sampling cycles.
3 Only RX power consumption.
4 Active area.
70 " S
High SNR This work
N=2
60 o Shin,
ISSCC 13"
Lim A
50 ., Jang,
— ESSCIRC 12 |ggcc 14
o
k=)
P 40 ’ . 1
=z Yang Miura, N=2°
" ISSCC 14
@ ISSCC 13
30
‘ Lim,
H J.Display Tech. 13" Lo
20 Ko, : High
ASSCC10° Frame Rate
/) Yang, TCE 1T
10 . .
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Fig. 3.13 Measured SNR versus product of the number of TX channels and the frame rate

in[3.3].

with previously published works for mobile devices. In order to compare the SNR
and frame rate under the same condition, a product of the number of TX channels
and the measured frame rate is used as shown in Fig. 3.13. Owing to the column-

parallel sensing structure, the SNR and frame rate of this work are affected by only

the number of TX channels.

# of TX x Frame Rate [ch-Hz]
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Chapter 4

AFE of Tablet TSC with Enhanced

Noise Immunity

4.1 Overview

As increasing use of smartphones and tablet PCs, touch screen becomes main in-
put devices as human-machine interface in these days. Owing to intuitive interface
and various gesture recognitions, the touch screen has increased their applications.
Besides the smartphones or tablet PCs, home appliances, such as television or re-
frigerator, or control system of smart cars also use the touchscreen as the input de-
vices instead of conventional push button.

With the increased applications and advance of display, the touch screen be-
comes larger than 10 inch. For example, many of the tablet PCs in these day have
touch screen larger than 12 inch. In case of smart cars, they employ touch screen

larger than 15 inch for controlling most of the car’s control function. Therefore,
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touch-screen panel (TSP), which is a sensor of the touch screen, also becomes larger
than 10 inch and has a number of nodes to be sensed. For this reason, touch control-
ler for the large-size TSP has to sense much more capacitance data than that of the
small-size TSP. The sensing complexity of the touch controller is increased, but the
requirements of signal-to-noise ratio (SNR) or frame rate remain same with those of
the touch controller for the smartphones. Therefore, design of analog front-end of
the touch controller that provides the required performances and the large sensing
capacity becomes more and more hard.

In addition to the large-size TSP issue, noise interference injected through the
TSP remains problem for the touch controller [4.1]-[4.4]. The noise sources that
mainly affect the capacitance sensing are display, lamp, and charger noise. The lamp
noise, which comes from fluorescent lamp or three-wavelength lamp, locates below
50 kHz. Thus, high frequency driving signal and low-pass filter can help reject the
lamp noise. As form factor of the devices becomes thinner, the display noise cou-
pled through the TSP gets worse. The frequency of the display noise usually locates
in the range from 10 to 100 kHz. In case of in-cell or on-cell TSP, the display noise
affects the touch sensing severely.

The charger noise results from common-mode supply noise of the charger
[4.3][4.4]. When charger provides supply to the touch controller, the voltage differ-
ence between VDD and GND is maintained, but the common-mode voltages of
VDD and GND are seriously fluctuated over 10 V,,,. Therefore, difference between
ground of touch object and the charger due to the common-mode noise makes large
peak-to-peak noise that is injected to the TSP via the touch object. Compared to the

lamp noise or the display noise, the charger noise shows large peak-to-peak noise
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and wide-band frequency distribution. Furthermore, the charger noise is locally in-
jected through touch object, being hard to suppress using the differential sensing
method.

In this chapter, highly noise-immune AFE is described with configurable SNR
and frame rate [4.5]. The proposed AFE supports up to 100 TRX channels, which
can cover up to 15.6-inch TSP. In order to enhance the noise immunity, a number of
techniques have been employed. The TX driving block employs a multi-driving TX
structure that improves the SNR. The RX sensing block adopts high-order noise fil-
tering structure along with pre-filtering differential sensing method. The detailed
explanation about the proposed AFE is described in the following sections.

It is noteworthy that most contents of this chapter were presented in [4.5]. For the
sake of simplicity, the reference mark of [4.5] can be omitted in the following sec-

tions.
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4.2 Design Issues by Large-Size TSP

The target number of the TSP channels of this work is 36 TX channels and 64
RX channels, which corresponds to 12.2-inch TSP used in the measurements. Com-
pared to the AFE for the smartphone TSC described in Chapter 3, the number of
nodes in the TSP is multiplied by 24 times. Likewise, as increase the size of TSP,
the number of nodes to be sensed by the AFE is also increased. Fig. 4.1 shows the
increase of capacitance nodes depending on the TSP size. The 5.9-inch TSP for
smartphone TSC has capacitance about 500, but the 12.2-inch TSP for tablet TSC
has capacitance nodes more than 2300. Hence, the AFE for the large-size TSP pro-

cesses capacitance nodes more than five times compared to the AFE for the

4000

3500 [
3000 /
More than

2500} - five times nodes

2000 12.2-inch TSP,
1500

1000} - L o S
500 |.... _/sgmchTSP
-

4 6 8 10 12 14 16
TSP Size [inch]

# of Capacitance Nodes

Fig. 4.1 The number of capacitance nodes versus size of TSP.
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smartphone-size TSP, but the frame rate to be provided by the AFE is same as 100
Hz. Furthermore, the SNR specification of the large-size TSP is also same with that
of the smartphone TSP. As a result, the AFE of the large-size TSP provides equal
performance with capacitance data more than five times than that of the AFE for the

smartphone TSC.
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4.3 Design Issues by Noise Interference

4.3.1 Noise Interference

As briefly explored in Chapter 2, the TSP is vulnerable to external noise interfer-
ence. Among a number of noise sources, the charger is the most significant noise
source. Fig. 4.2 shows the charger noise injection model. The charger noise results
from the different ground between the touch object and AFE. The charger delivers
supply voltage and ground. Although the voltage difference between supply (VDD)
and ground (GND) is constant, the common-mode noise exists between VDD and
GND. The operation of the AFE without touch input is not affected by the common-
mode noise of the charger. However, when touch input is applied to the TSP, the
ground difference between touch object and AFE acts as noise source. It is equiva-

lent to inject the common-mode noise of the charger through the touch object. Be-

Drv. Driving ch.

Sen. Sensing ch.

CM CM

mﬁx
Sen.

w L F F

Mutual-Capacitive
Touch-Screen Panel (TSP)

Fig. 4.2 Charger noise injection model.
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Fig. 4.3 IEC 62684 specification in [4.3].

cause the common-mode noise can be larger than 10 V,,, [4.2], the noise interference
by the charge noise significantly affect the capacitance signal.

Fig. 4.3 shows the standards of the common-mode voltage specified by IEC
62684 [4.3]. According to IEC 62684, the charger has to provide acceptable com-
mon-mode noise of up to 1 V,,, in the frequency lower than 100 kHz. More relaxed
specifications are applied to the frequency higher than 100 kHz. Although the IEC
62684 standard [4.3] has been presented, many manufactures of the charger do not
follow the standard due to cost issue. In reality, the common-mode noise can exceed
10 V,, in some non-certified chargers. Therefore, the AFE has to be capable of at-
tenuating the charger noise in case the charger generates the severe common-mode
supply noise. There are other noise sources that are injected through the touch object
and distort the capacitance signal, but they can be also modeled as same with the
charger noise injection model in Fig. 4.2. Therefore, those noise interferences can be
dealt in the same manner with the charger noise.

The display noise is another severe noise source that distorts the capacitance sig-

nal. As the distance between the TSP and display becomes narrow by embedding the
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TSP into the display, the coupled display noise into the TSP is also increased. Fig.
4.4 shows the display noise injection model. The display noise mainly results from
VCOM in the display. Because the VCOM is inverted periodically, the VCOM acts
as the noise source to the TSP. On the contrary to the charger noise, the VCOM
noise affects all nodes in the TSP. Therefore, the display noise can be regarded as
common-mode noise. In other words, the display noise affects the TSP regardless of
the touch input. Using this feature, the rejection methods of the display noise have
been investigated as in . The display noise rejection techniques in the prior works
are covered in the next section.

In summary, the display noise is common-mode noise that affects all TSP nodes.
Even if the noise amplitude is smaller than that of the charger noise, the distortion
by the display noise is also significant due to the large coupling area. The noise
model of other noise sources that affect the TSP commonly is same with the model
in Fig. 4.4. Hence, they can be regarded as the common-mode noise like the display

noise.

Display Noise Model e
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Fig. 4.4 Display noise injection model.
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4.3.2 Display Noise Rejection Technique

To attenuate the display noise interference, the differential sensing technique has
been widely used [4.1][4.2][4.6][4.8][4.14][4.15]-[4.19]. The differential sensing
technique is based on the assumption that all electrodes of the TSP are equally af-

fected by the display noise. In other words, a coupling capacitance C. be-

Jdisplay

tween the display and TSP and noise interference V) can be regarded as same

display
at each node in the TSP. Therefore, the display noise can be considered as a com-
mon-mode noise. Depending on the sequence of performing subtraction process, the
differential sensing method can be categorized into two methods: pseudo-differential
sensing and fully differential sensing method.

The pseudo-differential sensing method performs the differential sensing after
the charge-to-voltage conversion or additional filtering. The previous works
[4.1][4.2][4.6] [4.15]-[4.19] used the pseudo differential sensing method to reject the
display noise. As shown in Fig. 4.5, the charge amplifier converts the capacitance
signal at first, and then the differential gain amplifier performs the differential sens-
ing. One of the advantages of the pseudo differential sensing is that a column-
parallel sensing structure for improving SNR can be implemented at the same time

[4.19]. When the pseudo differential sensing method is employed, the capacitance

signal with display noise interference can be modeled simply as following [4.15]:
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Fig. 4.5 The pseudo differential sensing method in [4.17].
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Using Eq.(4.3.1) and Eq.(4.3.2), the output voltage of the differential sensing

can be derived as following [4.15]:

dlff P (t) d,// m (t) Gdl// ( 4,1 (t) A 2 (t))

~G ( M1 M,z) T){(t) (433)
= M C >
FB

where def is the closed-loop gain of the differential amplifier. According to
Eq.(4.3.3), the differential sensing method can cancel out the display noise V), ;.
effectively. However, the display noise rejection of the pseudo differential sensing is
limited to the mismatches of the charge-to-voltage conversion blocks such as charge

amplifier and the closed gain of the differential sensing amplifier.
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For those reasons, the fully differential sensing method was proposed in
[4.8][4.14]. The main difference between the pseudo differential sensing and the
fully differential sensing is the sequence of sensing the capacitance signal. In case of
the pseudo differential sensing method, the charge-to-voltage conversion is per-
formed ahead of the differential sensing. In contrast, in the fully differential sensing
method, the differential sensing is performed simultaneously with the charge-to-
voltage conversion. As shown in Fig. 4.6, the charge integrator is implemented with
fully differential structure. Since the mismatches of the fully differential charge in-
tegrator or charge amplifiers affect the degradation of the display noise rejection, the
fully differential sensing method is superior to the pseudo differential sensing meth-
od inherently in terms of the display noise rejection. When the fully differential
sensing method is employed, the capacitance signal with display noise interference

can be modeled simply as following:

(Charge Y/~ €DS )/~ SampleHold \
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Fig. 4.6 The fully differential sensing method in [4.8]
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(CM,I - CM,z)VTX (t)

V;Mp (t) - V;utm (t) ~

CFB
+ (CC,I - CC,Z)I/n,dixplay (t) (4‘3‘4)
CFB
_ (CM,l - CM,z)VTX (t)
C .

FB

According to Eq.(4.3.4), the fully differential sensing method can cancel out the

display noise Vn display @8 same with Eq.(4.3.3), but the gain of the capacitance sig-
nal is only determined by the feedback capacitance Cgp.

The fully differential sensing method provides better display noise rejection, but
it has drawback that the column-parallel structure cannot be implemented with the
fully differential sensing method. Hence, a multiplexing of RX sensing channel
[4.8][4.14] is required to the fully differential sensing, and this may degrade the

overall performance such as SNR or frame rate.

4.3.3 Charger Noise Filtering Technique

The charger noise is the worst noise source that affects the touch screen sensor.
As described in the previous section, the charger delivers critical noise interference
larger than 10 V,,,. Even worse, the frequency of the charger noise can be overlapped
with the frequency of the TX driving signal. Hence, it is very difficult to maintain

the touch sensing performance with existence of the charger noise interference.
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One of the approaches to attenuate the charger noise is a charge interpolation in-
tegrator described in [4.2]. According to the description in [4.2], the charge interpo-
lation integrator is composed of the phase-delay cell (PDC), noise-detecting cell
(NDC), and the charge-memory cell (CMC) as shown in Fig. 4.7. When the NDC
detects the charger noise interference, the PDC stops to deliver the received charge
signal to the integrator. At this time, the CMC generates the charge signal that is
interpolated from the stored previous charge signal, and the interpolated signal is
transferred to the integrator.

The charge interpolation method in [4.2] prevents the charger noise signal to be
integrated, but it has some critical drawbacks. First, the charger noise interference
occurs only when the touch input is applied. Therefore, the charger noise interfer-
ence is injected with the touch input at the same time. At this time, the stored charge

signal in the CMC is the charge signal without touch input, and it cannot represent
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Fig. 4.7 The charge interpolation integrator in [4.2]
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the touched charge signal. As a result, the interpolated charge signal is hard to re-
cover the charge signal with touch input, and the touch controller cannot detect the
touch input with charger noise interference. Second, the charge interpolation can
distort the differential sensing signal. In order to restore the capacitance from the
differentially sensed signal, the amplitudes of the positive differential signal and the
negative differential signal have to be matched accurately. However, the charge in-
terpolation can distort the balanced differential signal. The interpolation requires
sample and hold process of the previous charge signal, and the charge loss of the
sampling capacitor is inevitable, resulting in the imbalance of the differential signal.

Another approach to reduce the charger noise interference is a non-linear filtering

in the digital domain as described in [4.21]. According to the description in [4.21],
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Fig. 4.8 Digital non-linear filtering for charger noise rejection in [4.21]
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the digital block contains a number data buffer that stores the capacitance signal
sensed by the RX sensing blocks. Then, the non-linear filter, such as median filter,
sorts the data in the data buffers. Among the arranged data, the smallest data and the
largest data are discarded, and the other data are averaged. Using this sequence, the
influence of the charger noise interference can be reduced.

However, this non-linear filtering process in the digital domain has some prob-
lems. First, the data buffer requires large chip area. Although the smartphone TSP
has small number of nodes less than 1000 nodes, the tablet TSP has many nodes
larger than 2000 nodes. Thus, it is difficult to store a number of frame data, and this
restricts the performance of the non-linear filtering due to the limited number of
samples. Second, the digital filtering cannot prevent the saturation by the charger
noise interference at the RX sensing block. The amplitude of the charger noise can
be up to tens-of-volts, and the sensed charge signal is prone to be saturated at the
RX sensing block. If the capacitance signal stored in the data buffer is the saturated
capacitance signal, the non-linear filtering technique cannot recover the capacitance

exactly.
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4.3.4 High-Voltage TX Technique

As explored in the previous section, the SNR of the TSC is proportional to the
amplitude of the TX driving signal. Therefore, the increase of the TX driving signal
amplitude can improve the noise immunity easily. To investigate the relationship

between the TX driving voltage and the SNR,

C C.,
V., (t)~ C—MVTX () +—=

FB FB

A0 (4.3.5)

n,ext

where C,, is the coupling capacitance between the TSP and the noise source and
V' is the noise voltage of the external noise source. According to Eq.(4.3.5), the

n,ext

external noise interference affects the charge amplifier output in proportional to the

C,n . . . . .
factor of ——. Thus, the increase of capacitance of C,,improves the noise im-
FB

munity against the external noise interferenceV, ,,. The increase of C,, reduces

the sensitivity of touch input, but the increase of V7, compensates the reduced sen-

sitivity. As a result, in the assumption that there is no limitation of increasing capaci-

tance C

- » the increases of V.. can improve the SNR by attenuating the external

noise interference without degradation of the sensitivity. For this reason, the ampli-
tude of the TX driving voltage of the TSC is usually set to the maximum voltage of
the fabricated CMOS process. In addition, some previous works attempted to in-
crease the TX driving voltage using charge pump [4.22].

However, the high-voltage TX driving technique has some drawbacks. First, the



Chapter 4. AFE of Tablet TSC with Enhanced Noise Immunity 51

high-voltage driving block requires significantly large power consumption to drive
the TSP. Assuming the pulse signal driving structure, the power consumption of the

TX driving block can be estimated as following:

TX,DRV =

n
P > %(CTX’W +1, C W fo (4.3.6)

where By p, is the total power consumption of the TX driver, Cp, . is the
parasitic capacitance of each TX driving electrode in the TSP, £, 1is the frequency
of the TX driving signal, and 7, and n,, arethe number of TX and RX chan-
nels, respectively. The power consumption in Eq.(4.3.6) is proportional to the
square of V7. . Thus, the increase of }, by two times results in increase of the
power consumption of four times. Even if the SNR can be improved using the high-
voltage TX driving signal, the increase of the power consumption is critical issue. In
case of 10-V TX driving signal, the power consumption of the TX driving block is
about ten times than that of 3.3-V TX driving signal. Second, the high-voltage TX
driving technique requires power converter such as charge pump or boost converter.
The power converters require additional external peripherals such as capacitor or
inductor in general, which increases the total manufacture cost. Third, the high-
voltage TX driving technique needs high-voltage CMOS process, which is more ex-

pensive fabrication than normal CMOS process. Hence, the cost of the controller

chip also increases inevitably.
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4.3.5 Multi-Driving TX Technique

The TX driving architecture in the previous works is usually the single-driving
TX structure [4.1][4.2]. The single-driving TX structure applies the driving signal to
one driving channel of the TSP at a time. As shown in Fig. 4.9, each driving channel
of the TSP is stimulated in sequence, and single frame of capacitance data of the
TSP is reconstructed after all driving channels are stimulated. In case of the small-
size TSP for smartphones, the single-driving TX structure has advantages of low
power consumption and simple implementation [4.1][4.2]. In addition, the single-
driving TX structure can support various TSP sizes because it can be easily config-
ured depending on the number of TX channels. To investigate the SNR by the sin-
gle-driving TX structure, a noise injection model is established as shown in Fig. 4.10.
The external noise interference such as the charger noise or display noise is modeled

as v’ , and the internal noise interference such as thermal noise or flicker noise
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Fig. 4.9 Single-driving TX structure (left) and multi-driving TX structure (right).
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of the RX sensing block is modeled as vzn,im" For simplicity, both of the noise
sources are regarded as additive white Gaussian noise (AWGN) [4.1]. G, is the
gain of the RX sensing block. Assuming the number of TX channels is # and the
number RX channels is m, the variations of the mutual capacitance in the TSP by

touch input can be expressed as matrix C as following:

AC(],U
C= :
A

Ac(l,m)

4.3.7)
Ac

(n,m)

Cny

At this time, the single-driving TX structure can be modeled as a matrix H, .

I 0 0 0
h(l,l) h(l,n) O 1
H,=| : = =1 (4.3.8)
h(n,l) h(n,n) 1 0
0 0 0 1

Hence, the received signal at the RX sensing block S, is expressed as follow-

ing:
SSD = GRX HSDC

Ac
(.

4.3.9
o | (43.9)

RX
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As a result, the variation of the mutual capacitance can be reconstructed using

S, - In theoretically, the sensed capacitance signal of the single-driving TX struc-
ture is same with the variation of the mutual capacitance in the TSP. The effect of
noise interference by the external noise sources and the internal noise sources in the

noise injection model is derived as following:

G Vv 4V GZRXVZ +v

n,ext n,int

N’ = : : (4.3.10)

G Vv o+ e GV

RX n,ext n,int RX n,ext +v n,int

Considering the single-driving TX structure, the sensed noise power can be

achieved by multiplying H,, and the noise power in Eq.(4.3.10),

2 2
N SD,tot — |HSD|N

2 2 2 2 2 2

G RXV n,ext +v n,int o G RXV n,ext +v n,int (4 3 11)
2 2 2 2 2 2

G RXV n,ext +v n,int o G RXV n,ext +v n,int

2 2
V next V' h,int

{ _
adea I> ,Hgm -+ @ 0 V' n tot,SD

Single-Driving TX

Fig. 4.10 Noise injection model of the single-driving TX structure.
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Hence, the SNR can be derived from Eq.(4.3.9) and Eq.(4.3.11) as following:

SNR,, =20log,, =20log,,

<, <
IW,W \/N_Tm, (4.3.12)
In summary, the single-driving TX structure provides simple implementation and
scalability of TX driving channels, but noise filtering or signal amplification cannot
be achieved through the structure.
Another consideration of the single-driving TX structure is the frame rate. The

frame rate FR of the AFE using the single-driving TX structure is formulated by

FR:kRXM, (4.3.13)

N, N

TX™ " DRV

where f, ., 1s the frequency of the TX driving signal, N, is the number of TX

DRV
driving signal per unit TX channel, N, is the number of TX channels in the TSP,
and k,, isa constant that represents the RX sensing structure (e.g 2:1 MUX or 3:2
MUX in the RX sensing structure). As investigated in [4.16], the SNR of the AFE is

proportional to f,,, and N Therefore, the frame rate of the AFE is deter-

DRV *
mined by N, when the AFE uses the single-driving TX structure given SNR
specification. In other words, the increase of N, degrades the SNR of the AFE. In
case of the large-size TSP over 10 inches, the SNR degradation is very serious be-

cause the number of TX channels is usually more than 30 channels. For this reason,

the single-driving TX structure is widely used for the smartphone TSP applications
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rather than tablet TSP or large-size TSP applications.

Another TX driving structure is the multi-driving TX structure [4.4]-[4.8]. As
shown in Fig. 4.9, the multi-driving TX structure applies the TX driving signal to
multiple TX channels simultaneously. Compared to the single-driving TX structure,
the major difference is the number of driven TX channels at a time. The single-
driving TX structure stimulates only one TX channel at a time, but the multi-driving
TX structure stimulates a number of TX channels. Hence, a technique that distin-
guishes the multiple capacitance signals modulated by the simultaneous TX driving
signals is required.

As the modulation method, code-division multiplexing (CDM) [4.4]-[4.8][4.10]
or orthogonal-frequency-division multiplexing (OFDM) [4.23][4.24] can be applied.
Of the two modulation methods, the CDM method is widely used for the large-size
TSP because the complexity of the CDM implementation can be much relaxed com-
pared to that of the OFDM. Furthermore, the TX driving frequency range for the
large-size TSP is too narrow to support sufficient number of orthogonal frequencies.

The CDM method is based on a modulation matrix that encodes the TX driving
signal. Each row or column of the modulation matrix consists of orthogonal se-
quences, and these sequences are mutually orthogonal. When a modulation matrix

H with length of n is given, the cross correlation between each row (or column)

H, 1is expressed as following:

n i=j
<HH, >= (4.3.14)
0 i#j
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Fig. 4.11 Conceptual diagram of the code-division multiplexing (CDM) method.

Therefore, in theoretical, the encoded information can be perfectly reconstructed
after a decoding process. The operational principle of the CDM is shown in Fig.
4.11. The modulation matrix H encodes a carrier signals, and then the encoded
carrier signals modulates the target information C. The modulated signal S is

finally decoded using the inverse matrix H ' . The decoded matrix R is ex-

pressed as following:

R=H'S=H'(HC)
=nC

(4.3.15)

According to Eq.(4.3.15), the decoded signal is n times of the target information.
As a result, the CDM method can improve the signal power through the encoding
and decoding processes by utilizing the orthogonal matrix. Using the CDM method,
the multi-driving TX structure can reconstruct the capacitance data with the multiple

TX driving signals.
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More detail processes of the multi-driving TX structure are depicted in Fig. 4.12.
To distinguish from the modulation and demodulation processes of the mutual ca-
pacitance, the terms of encoding and decoding are used for representing the CDM
process. The amplitude-modulation (AM) of the mutual capacitance signal of the
carrier signal with the CDM encoding is defined as TX modulation process. In the
same way, the entire process of reconstruction of the capacitance data is defined as
TX demodulation. The encoding is a process of multiplying the TX driving signal,
which acts as the carrier signal, with the modulation matrix Hy ., . The encoded
driving signal is applied to the TSP, and each capacitance data in the TSP is modu-
lated by the encoded signal. After that, the RX sensing block senses the modulated
capacitance signal S, ., . The capacitance data of the TSP is reconstructed through
the decoding process that multiplies H _1TX’RX with the sensed signal S, ... In

summary, the modulation and demodulation process can be expressed as following:

[V\/ /1, (in-phase)
/}\/\/\ (out-phase) Encodlng
{ Phase modulation ’\/\/—>®—/—> [C]TX,RX
H= =5 F § TX
e [Hlx,x
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/_\ matrix
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'
- o
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'
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'
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[H]-1TX,TX 4 RX

[SItxrx

Orthogona
sequences

?[CR]TX,RX

Recovered Decoding
[Clxrx

Fig. 4.12 Modulation and demodulation processes of the multi-driving TX structure.



Chapter 4. AFE of Tablet TSC with Enhanced Noise Immunity 59

Modulation:
(4.3.16)
STX,RX = HTX,TXCTX,RX
Demodulation:
CR.TX,RX = H_ITX,TXSTX,RX
. (4.3.17)
= H TX,TXHTX‘TX CTX‘RX
= nCTX,RX

At the encoding process, the TX driving signals that are going to be applied to
each driving channel are converted to in-phase (+1) or out-phase (-1) signals de-
pending on the polarity of the orthogonal sequences of H, ., . The phase-encoded
signals driven to the driving channels are then added at each sensing channel with
modulation of the mutual capacitances at each TSP node. Assuming constant frame
rate, the SNR improvement by the multi-driving TX structure using the CDM can be
derived in the same manner with [4.8][4.25]. First, modulation matrix H,,’s iy

column H,, . can be defined as

HMD = [HMD,I HMD,Z HMD,n—l HMD,n]
Pupany " P (4.3.18)
hMD(n,]) ot hMD(n,n)

The modulated capacitance signal sensed at the j; RX sensing block according to

ng, encoding sequence is defined as

Sj:[suxl) S T Sty S(m)]‘ (4.3.19)
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Using the matrix in Eq.(4.3.7), the sensed signal s,,, is expressed by
v = o 20Co M i (4.3.20)
i=l

where G,, is the gain of the RX sensing block. In the matrix form, Eq.(4.3.20)

can be rewritten as follows:

zcu,l)hm,(i,l)

i=1

n

c. h

(i,1)""MD (i,n)

i=1
SMD,m :I

n
Zc(i,m)hMD,(i,l)
i=1

n
z c(i,m)hMD,(i,n)
i=1 _

(4.3.21)

In the same manner, the demodulation process in Eq.(4.3.17) can be derived as

CMD = GRX
h(lal)

~G, | :
h

MD.1

MD.2

MD,1

MD,n—1

MD.n |

n

i Zc(z‘,nhMo,(nl)

(n,1) i=1

h(n,n)

i=1

e

N N

MD,n-1

i=1

i=1

MD,m:|

c(i,m)hMD,(i,l)

h

oy T Zc(i,m) MD (i ,n)
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=G, | . i |=aG,C (4.3.22)

Hence, the reconstructed capacitance signal using the multi-driving TX structure
is amplified by # times. Compared to Eq.(4.3.9), the multi-driving TX structure can
provides n times signal power, and this also coincides with Eq.(4.3.17).

To investigate the noise power by the multi-driving TX structure, a noise injection
model of the multi-driving TX structure is also established as depicted in Fig. 4.13.
The effect of noise interference by the external noise sources and the internal noise
sources is same with Eq.(4.3.10). The noise power after the demodulation is derived

as

2 2
N MD.tor — |HMD|N
2 2 2 2 2 2
G RXV n,ext +v n,int o G RXv n,ext +v n,int (4 3 23)
-n : . :
2 2 2 2 2 2
G RXV n,ext n,int G RXv n,ext v n,int

According to Eq.(4.3.23), the demodulated noise power of the multi-driving TX
structure is » times of the external and internal noise power because the modulation
and demodulation processes add the noise interference during a unit frame. From

Eq.(4.3.23), the RMS noise of the total noise interference can be derived as
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Fig. 4.13 Noise injection model of the multi-driving TX structure.
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(4.3.24)
2 2 2 2 2 2
\/G RXV n,ext +v n,int o \/G RXV n,ext n,int

=Jn N,

ot

n
2 2 2
\/G RXV n,ext +v n,int .

\/GZRX
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+v

n,ext

2

n,int

Hence, the RMS noise is increased by Jn times through the modulation and

demodulation processes of the multi-driving TX structure. Considering the increased

signal power and noise power, the SNR of the multi-driving TX structure is calcu-

lated as following:
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SNR,,,[dB]=20log , ——

N
n

CMD
N2
C
=20log,, =
nyN?_ (4.3.25)
C
=20log,, ———n
'NZ

= SNR,, +20log,,/n

Compared to the SNR of the single-driving structure in Eq.(4.3.12), the multi-
driving TX structure improves the SNR by the amount of 20log,, Jn in decibel.
Eq.(4.3.25) implies that the SNR of the multi-driving TX structure is increased in
proportion to the length of the modulation sequence.

In general, the number of the modulation sequence is not larger than the number
of the TX channels in the TSP because of the frame-rate degradation. Thus, the SNR
improvement by the multi-driving TX structure is usually bounded to the number of
TX channels in the TSP. As a result, the multi-driving TX structure can increase the
SNR by the amount of up to \/a times.

In order to investigate the noise reduction by the multi-driving TX structure, a
normalized RMS noise is derived with assumption that the SNR is same with that of
the single-driving TX structure and the signal power and noise power are divided by

n.
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[
- N MD ,tot
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According to Eq.(4.3.26), the normalized external noise power is expressed as fol-

lowing:

VZ— _ n,ext ) (4327)

n,ext, MD —

Likewise, the normalized internal noise power is also expressed as following:

2
Y mint. (4.3.28)

n

2 —
v n,int, MD

Eq.(4.3.27) and Eq.(4.3.28) show that the multi-driving TX structure reduces the
noise interference of the external noise source and internal noise source effectively.
In qualitatively analysis, the noise interference is spread over the entire sensing time

of the single frame. In other words, the influence of the noise interference on the
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touched node disperses over the corresponding sensing channel. The total noise
power of the sensing channel is same, but the noise power of the touched node is
reduced by the amount of the modulation length #.

In summary, the multi-driving TX structure provides improved SNR. Compared
to the single-driving TX structure, the multi-driving TX structure can compensate
the SNR degradation by increase of the number of TX channels. Hence, the AFE
with the multi-driving TX structure can support the large-size TSP without the SNR
degradation. In addition, the noise immunity of the AFE is also improved through
using the noise spreading. The influence of the noise interference by the external
noise source is spread over the single frame time, and the noise power is reduced

effectively.
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4.4 Proposed Architecture

The conceptual diagram of the proposed AFE is shown in Fig. 4.14. The pro-
posed AFE is composed of three main blocks: transmitter (TX), receiver (RX), and
digital processing blocks. The TX block generates the encoded driving signal that is
applied to the driving channels of the TSP. The mutual capacitance of each node in
the TSP is then modulated by the driving signal. The RX block of the analog front-
end then senses the modulated mutual capacitance signals. After the signal amplify-
ing and noise filtering processes in the RX block, the sensed mutual capacitances of
each node are converted to digital data by analog-to-digital converter (ADC). The
digital data are then delivered to the subsequent digital back-end block for labeling

and touched coordinate calculation.
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4.4.1 TX Driving Architecture

The conventional TX structure of the AFE is the single-driving TX structure as
described in Chapter 4.3.5. The single-driving TX structure provides simple and
flexible design of the AFE, but it is vulnerable to the external noise interference.
Thus, to improve the SNR and noise immunity, additional techniques that suppress
the noise interference are essential. Among the several techniques that enhance the
noise immunity, the high-voltage TX driving structure and the multi-driving TX
structure can be considered as the TX driving structure. As described in the Chapter
4.3.4, the high-voltage TX driving technique increases the amplitude of the TX driv-
ing signal, which is proportional to the SNR of the AFE. At this time, the SNR is
proportional to the amplitude of the TX driving signal V,, , and the power con-

sumption is proportional to VZTX. Therefore, the AFE can improve SNR and noise

Table 4.1 Comparison of multi-driving TX and high-voltage TX structures

Multi-Driving TX High-Voltage TX
Process Standard CMOS HV CMOS
SNR Improvement OC iy o Viy
Power Consumption o Ny oV
Power / SNR €\ ry o Vi
DC-DC Converter - Require

Digital Demodulation Require -




Chapter 4. AFE of Tablet TSC with Enhanced Noise Immunity 68

immunity using the high-voltage TX structure. On the contrary, the multi-driving
TX structure can be implemented with standard CMOS process. The SNR improve-
ment of the multi-driving TX structure is proportional to square-root of the number
of simultaneously driven TX channels. The power consumption is proportional to
n, . The comparison between the multi-driving TX structure and the high-voltage
TX structure is shown in Table 4.1.

Assuming that the high-voltage TX driving structure is employs in the AFE, one
of the most important things to be considered is the implementation of the TX driv-
ing block. Compared to the multi-driving TX structure, the required TX driving
voltage to achieve same SNR improvement is \/E times larger than that of the

multi-driving TX structure. Fig. 4.15 shows the required TX voltages depending on
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Fig. 4.15 Required TX driving voltage versus the number of TX channels.
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the number of TX channel. When the driving voltage of the multi-driving TX struc-
ture is 3.3 V, the required TX voltage for the high-voltage TX structure is 20 V. In
the recent technology, HV CMOS or BCDMOS processes can support the high volt-
age of 20 V [4.14], but those technologies are expensive and increase the cost of
fabrication. The TSC has to include a non-volatile memory (NVM) such as
EEPROM or embedded flash, but the HV CMOS or BCDMOS processes have a
limitation of including the NVM. In addition to the technology issues, the high-
voltage driver causes significant coupling noise through supply and ground rails,
resulting in the degradation of the SNR.

On the contrary, the multi-driving TX structure can be implemented with stand-
ard CMOS process. Because the amplitude of the TX driving signal is same with
supply voltage, the DC-DC converter or HV MOSFET are not required for the mul-
ti-driving TX structure. In addition, the NVM implementation is also possible with-
out limitation. Therefore, the multi-driving TX structure provides more flexibility on
the CMOS technology, and it can save the manufacture cost of the TSC. The cou-
pling noise through supply or ground rails is much relaxed compared to the high-
voltage TX driving structure. Another advantage of the multi-driving TX structure is
the noise reduction of the RX sensing block. As explored in Eq.(4.3.28), the circuit
noise of the RX sensing block can be reduced effectively using the multi-driving TX
structure. The relaxed noise budget of the RX sensing block results in saving of
power consumption or active area. Hence, the proposed AFE employs the multi-
driving TX structure in order to enhance the SNR and noise immunity.

In addition to the multi-driving TX structure, the proposed AFE adopts the fre-

quency-hopping sine generator. The injected noise through the TSP has a unique
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Fig. 4.16 Frequency hopping technique for noisy frequency avoidance.

frequency band. If the frequency of the TX driving signal is overlapped with the fre-
quency band of the injected noise, it is hard to filter out the noise interference at the
RX sensing block. Thus, it is desirable to separate the two frequencies as far as pos-
sible as shown in Fig. 4.16. The processes of noise frequency detection and avoid-
ance are performed at the DBE of the TSC [4.26], and it is sufficient for the AFE to
change frequency of the TX driving signal depending on control signal from the
DBE. Therefore, the proposed AFE supports a number of TX driving frequencies to

be controlled by the frequency hopping algorithms in the DBE.
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4.4.2 RX Sensing Architecture

Although the multi-driving TX structure and the frequency hopping sine genera-
tor help reduce the noise interference injected through the TSP, it is not sufficient to
be immune against the significant noise sources such as charger or display. Hence, it
is essential for the RX sensing block to attenuate the noise interference as much as
possible. As shown in Fig. 4.17, the suppression of the out-of-band noise is also im-
portant along with the in-band noise because the huge out-of-band noise interference
affects the sensed capacitance signal. Even if the noise frequency is far from the TX
driving frequency using the frequency hopping technique, the noise interference can
disrupt the capacitance signal significantly by being folded into the signal band.

Hence, the RX sensing block has to provide not only sensing of the capacitance sig-
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Fig. 4.17 Conceptual diagram on the effect of noise filtering at the RX sensing block.
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nal but also high-order noise filtering that suppresses the severe noise interference
effectively.

The proposed AFE employs the RX sensing architecture that focuses on the sup-
pression of the noise interference. The RX sensing block adopts a high-order noise
filtering structure along with the differential sensing method to improve the immuni-
ty against the TSP-injected noise. As shown in Fig. 4.18, the high-order noise filter
is composed of the charge amplifier that provides 1*-order high-pass filtering and
2"_order band-pass filter, and 3™-order low-pass filter. The differential sensing
method for suppression of the common-mode noise and enhancement of touch sensi-
tivity is employed after the high-pass filtering and band-pass filtering processes,
preventing saturation by locally injected noise. In addition to the active filters, the
RX sensing block uses the incremental A ADC with 4™-order Sinc filter. The ADC
and decimation filter further improves the noise immunity through the oversampling
and averaging processes as explored in the previous chapter. Therefore, the noise
interference can be much suppressed through the noise filtering processes, and the
RX sensing block provides enhanced noise immunity.

The differential sensing method used in the RX sensing block is pre-filtering dif-

ferential sensing which performs the differential sensing after the 1%-order high-pass

1*.order  2".order| Differential || 3".order 3.grger  Sinc® |
__HPF _BPF || _sensing LPF Inc. AT Dec.Filter:

| — | N :\—" [] - —-»
Inc.AX
S - j u 2 — —-b

Fig. 4.18 The proposed RX sensing architecture.
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Fig. 4.19 The block diagram of the RX modulation.
filter and 2™-order band-pass filter. The pre-filtering differential sensing method
provides lower CMRR compared to the fully differential sensing methods in
[4.8][4.14], but saturation by locally injected noise can be prevented by the pre-
filtering process. Therefore, in order to achieve noise immunity against not only
common-injection noise but also local-injection noise, the proposed AFE employs
the pre-filtering differential sensing method.

As explored in the previous chapter, the column-parallel sensing structure pro-
vides high SNR and frame rate. However, the 3"-order low-pass filter, 3™-order in-
cremental AX ADC, and the decimation filter require too much chip area and power
consumption to be implemented as the column-parallel sensing structure. The multi-
plexing scheme used in [4.2][4.4] can reduce the area and power consumption, but a
degradations of SNR or frame rate are inevitable. For this reason, the proposed AFE
introduces another orthogonal modulation and demodulation processes into the RX
sensing block. The RX modulation shares the area consuming blocks, providing re-
duced chip area and power consumption along with minimizing the SNR degrada-
tion compared to the conventional multiplexing scheme. Fig. 4.19 shows the block

diagram of the RX modulation. The outputs of the differential sensing block of two
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sensing channels are modulated by the orthogonal sequence, resulting in single
modulated signal. Then, single channel of the low-pass filter, ADC, and decimation
filter processes the modulated signal. Therefore, the RX modulation provides 2:1
multiplexing effectively.

In the same manner with Chapter 3, the proposed AFE supports the configurable
SNR and frame rate. The number of TX driving cycles per TX modulation sequence
can be adjusted by on-chip frame controller. The decimation length of the ADC is
also adjusted by the frame controller. As a result, the SNR and frame rate of the
AFE can be controlled depending on the required specification. The difference from
Chapter 3 is that the frame controller is implemented in the digital block and the
configurable range is adjusted to range of practical SNR and frame rate.

The digital demodulator performs the inverse processes of the TX modulation
and RX modulation. After the decimation of the ADC output stream, the RX de-
modulator restores column capacitance data that have been modulated by the RX
modulation sequence. Finally, the entire capacitance data of each node in the TSP
are recovered by multiplying the inverse matrix of the TX modulation sequences.
The recovered capacitance data are then transferred to the DBE to provide labeling
and calculation of the touch coordinates.

More details on the RX sensing architecture will be discussed in the following

sections.
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4.5 Multi-Driving TX Structure

4.5.1 Considerations for TX Modulation Sequence

In case of large-size TSP, the number of the TX channel can be larger than 30.
Hence, the encoding sequence length of the TX modulation has to be also larger
than 30. In the prior works, Walsh-Hadamard matrix (HM) was usually used as the
encoding sequences of which rows or columns are mutually orthogonal
[4.7][4.9][4.10]. However, the encoding sequence based on HM has a large code
offset in the first column. As shown in Fig. 4.20, the first column of HM consists of
only +1 code. Hence, the code offset of the first column is same with the length of
the modulation sequence. Because the output swing of the charge amplifier in the
RX sensing block is proportional to the code offset, the large code offset results

cause the saturation at the charge amplifier output [4.7][4.9][4.10]. Although a large

Walsh-Hadamard matrix (HM)

Hy= [1[1 111111 1111
1 14 14 1414 1-1
1111411441111
1MMA11441-14-11
1M1 114144-1-1-1-1
L H
1M 14114 110131 1
1MA41114-1411
1A 14114"4111-1

2329000000 000(3
Large offset Zero offset

Fig. 4.20 Column offset issue in the modulation codes.
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feedback capacitor of the charge amplifier can prevent the saturation by the large
code offset, the required capacitance of the feedback capacitance can be up to
hundreads-of-pF, which occupies too large chip area and reduces the dynamic range
of the touch signal significantly. Therefore, it is important to use low-offset modula-
tion sequence to achieve the SNR improvement through the multi-driving TX struc-
ture.

To overcome the problem of the imbalanced code offset, the previous work [4.7]
drove only eight channels of the TX at a time and the first column of HM is omitted
to reduce the incoming charge by the TX driving signal. This method can provide
low-offset modulation and fast touch detection. However, to maximize the noise
immunity against the external noise interference, it is essential to increase the num-
ber of simultaneously TX channels according to Eq.(4.3.27). In addition, further re-
covery process of the capacitance data is required to restore the entire capacitance

data of the TSP [4.7].

4.5.2 Comparison of Modulation Sequences

In order to exploit the SNR improvement by the multi-driving TX scheme, it is
important to maximize the number of TX channels driven simultaneously. As the
modulation sequence, a number of orthogonal sequences or matrices can be a candi-
date. For comparison, the length of the modulation sequence is assumed as 32. The
criteria of the comparisons are same with 1) support sequence length up to 36, 2)
SNR improvement (orthogonality), and 3) low code offset. In the prior works, HM

[4.7], M-sequence [4.8], and Barker sequence [4.6] were used. In addition, a regular
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Hadamard matrix was also investigated in [4.10]. Other orthogonal sequences can be
applied such as Gold sequence (GS).

Barker code used in [4.6] provides balanced code offset, but the length of known
Barker code is limited from 2 to 13. Hence, Barker code is hard to be used in this
application. The sequence length of HM is 2™, and m=6 is required to support the
modulation of 36 TX channels. Instead, a modified Hadamard matrix with length of
36 [4.11] can be applied to the TX modulation. Both of Gold sequence and M-
sequence have sequence length of 2™-1. Thus, the lengths of Gold sequence and M-
sequence have to be 63 to support the 36 TX channels. As the regular Hadamard
matrix, Bush-type Hadamard matrix (BHM) [4.10][4.12], which is special case of
the regular Hadamard matrix, supports the sequence length of 36. For the four se-
quences and the equivalent sequence model of the time-interleaving structure, be-
havioral modeling of the modulation and demodulation process has been performed

as shown in Fig. 4.21. SD-36 indicates the single-driving methods, and the SNR im-

SNR Improvement [dB]
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provements of other sequences are normalized to the SD-36. HM-36 and BHM-36
indicate Hadamard matrix with length of 36 and Bush-type Hadamard matrix with
length 36, respectively. Gold-63 and Mseq-63 indicate Gold sequence with length
63 and M-sequence with length of 63, respectively. As shown in Fig. 4.21, the SNR
improvements by HM-36 and BHM-36 are about 15 dB, which accords clearly with
the analysis in Eq.(4.3.25). In case of Gold-63, the SNR improvement is about 18
dB owing to the long sequence length. However, the SNR improvement of Mseq-63
is only about 11 dB. The low SNR improvement results from the large cross correla-
tion of M-sequence compared to that of Gold sequence.

The maximum code offset of the sequences are compared as shown in Fig. 4.22.
The M-sequence provides the smallest code offset of one owing to its balanced +1/-
1 formation. On the contrary, HM-36 shows the largest code offset of 36. The BHM-
36 provides small offset of six and the offset of Gold-63 is estimated about 14.

Based on the above discussion, it can be claimed that BHM-36 is the most suita-
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Fig. 4.22 Maximum code offset of the four sequences.
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ble modulation sequence in this application. Gold-63 and Mseq-63 have too long
sequence that causes a reduction of frame rate. Compared to HM-36 and BHM-36,
the sequence length of Gold-63 and Mseq-63 is about 75 % longer. Hence, a reduc-
tion of frame rate is inevitable for the use of the long modulation sequences. On the
other hand, BHM-36 shows small code offset of six with sequence length of 36, and
the SNR improvement is also good. HM-36 shows same SNR improvement, but it

has too large code offset of 36.

4.5.3 Modified Bush-Type Hadamard Matrix

According to the discussion in the previous section, this work employs Bush-type
Hadamard matrix (BHM) as the modulation sequence [4.12]. BHM of length 36
(BHM-36) consists of six submatrices of which dimension is six by six as shown in
Fig. 4.23(a). The configuration of the submatrices is negative-cyclic formation.
Therefore, the code offset of BHM-36 is determined by the combination of each off-
set of the submatrices. The column offsets of the submatrices are zero except only
one submatrix 4. As shown in Fig. 4.23, the submatrix A exists in all cycles without
a sign conversion. Hence, the total code offset of BHM depends on only submatrix 4.
As a result, BHM-36 provides a constant code offset of six. Fig. 4.23(b) shows

BHM-36 where the white and black squares indicate +1 and -1, respectively.
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The code offset of the modulation sequence can be resolved using BHM-36, but
another issue remains due to the phase delay of the TX driving signal at the TSP.
The resistance and capacitance of the TSP electrode cause the phase delay of the
driving signal. As shown in Fig. 4.24, the submatrix A will be applied to the TX
driving channels where are near or far from the RX sensing block. Then, the re-
sistance and capacitance of the TSP signal path becomes different, resulting in dif-
ferent attenuation and phase delay. In case of the smartphone TSPs, the difference
between the near and far paths can be negligible. However, the large-size TSPs for

the tablet PC can bring about significant variation of phase delay due to the large

Bush-Hadamard Matrix

BHMse=| <A~B C D E F | as[11-1]g=[1 1T c=[1 11
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Fig. 4.23 Bush-type Hadamard matrix of length 36.
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parasitic capacitance and resistance.

To resolve the phase delay issue, this work proposes a modified BHM-36
(MBHM-36). Each row of the submatrices is separated individually. And then, the
rearranged submatrix combines the row from the separated submatrices. For exam-
ple, the first row of each submatrix is combined to a submatrix. In the same manner,
the second row of each submatrix is combined to a single submatrix. In this way, the
rearranged MBHM-36 can be achieved as shown in Fig. 4.25. Owing to the balanced
distribution of +1/-1, the worst phase delay variation can be much relaxed compared
to that of BHM-36.

Fig. 4.26 shows the comparison of code offset between HM-36 and MBHM-36 at

each column. The maximum code offset of HM-36 is 36 at the first column as ex-
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plored in Fig. 4.22. Other columns of HM-36 have offset of zero. On the contrary,
MBHM-36 shows constant offset of six at all columns. In case of a partial use of

MBHM-36 for driving 32 TX channels, MBHM-36 provides small offset of eight.

Modified Bush-Hadamard Matrix (MBHM)

MBHMse=[ MBHMsss |7 MBHMye=[  BHMsg,
MBHM:;(; 2 BHM_IEEG,HG
Rearrange BHI\?%MZ
MBHMs¢.4 BHMg3s,i:30
MBHMag,5
MBHMags

Fig. 4.25 Formation of Modified Bush-type Hadamard matrix of length 36.
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Fig. 4.26 Code offset comparison between HM-36 and MBHM-36 at each column.
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4.6 Noise Filtering RX

4.6.1 Pre-Filtering Differential Sensing Method

As described in the previous chapter, there are many noise sources that affect the

TSP. The noise sources can be categorized into two groups: common-mode noise

source and touch-injection noise source. Fig. 4.27 shows the difference between the

common-mode noise and the touch-injection noise. The display noise mainly results

from VCOM noise of the display, and the VCOM noise affects all electrodes in the

TSP. Thus, the display noise is regarded as the common-mode noise. The charger

noise results from the different ground between the touch object and device. Thus,

the charger noise only affects the touched electrode. Most of the noise interference
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injected through the TSP is the touch-injection noise except the display noise.

As explored in the previous section, the differential sensing method has been
widely used to reject the common-mode noise and offset of the capacitance signal.
Recently, the fully differential sensing method has been also employed to enhance
the rejection of the display noise [4.8][4.14]. Compared to the pseudo differential
method in [4.1][4.17][4.18], the fully differential sensing method has high CMRR,
providing better display noise rejection. Thus, the fully differential sensing method
is superior to the pseudo differential sensing method in terms of the display noise
rejection.

However, in case of the touch-injection noise, the fully differential sensing meth-
od can cause a fatal saturation at the output due to different noise interferences be-
tween two adjacent sensing channels. Fig. 4.28 shows the conceptual diagram of the
saturation issue by the touch-injection noise. The high CMRR of the fully differen-
tial sensing amplifies the noise interference injected into single sensing channel, and

the difference by the noise interference bring about the saturation at the differential

Fully differential amplifier

AL
T~

. m -
: kS \ A ]
! _’:[ + > 0
: _’ t': o :‘ ’:
AN “Saturatio
injection e
noise

Fig. 4.28 The saturation issue of the fully differential sensing method.
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amplifier. Once the capacitance signal is saturated, the following blocks are hard to
recover the capacitance data. Thus, the fully differential sensing method distorts the
capacitance signal significantly when the touch-injection noise affects the TSP.

In case of the pseudo differential sensing method, the saturation issue by the
touch-injection noise can be relaxed slightly owing to the low CMRR and differen-
tial gain. But, the 1¥-order high-pass filter in the pseudo differential sensing method
is not sufficient to suppress the touch-injection noise.

For this reason, this work employs the pre-filtering differential sensing method as
depicted in Fig. 4.29. The proposed pre-filtering differential sensing method consists
of the charge amplifier, 2"-order band-pass filter, and fully differential amplifier.
The charge amplifier, which converts the charge signal to voltage signal, provides
the 1¥-order high-pass filtering [4.1][4.2]. In addition, the subsequent band-pass fil-

ter further attenuates the TSP-injected noise. Therefore, the charge amplifier and
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band-pass filter provides proactive noise filtering, preventing saturation by the dif-
ferential sensing. The noise filtering by the charge amplifier and band-pass filter not
only suppress the touch-injection noise but also the common-mode noise. Although
the CMRR of the pre-filtering differential sensing is lower than that of the fully dif-
ferential sensing, the proactive filtering process can supplement the reduced noise
rejection. As a result, the pre-filtering differential sensing method provides im-

proved immunity against the common-mode noise and touch-injection noise.
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4.6.2 Noise-Immune Sensing Structure

The noise sources that affect the TSP have their own frequency band. As ex-
plored in the Chapter 2, the major noise sources that affect the TSP are the display,
charger, and environmental noise. It is hard to track the noise frequency in real time,
but the noise interference can be filtered out coarsely using the general frequency
ranges of the noise sources. For example, the environmental noise such as lamp
noise usually appears at the frequency lower than 100 kHz. The display noise also
appears at the frequency near 100 kHz. Hence, the sensed signal of frequency lower
than 100 kHz can be regarded as the noise interference, and the noise signal is fil-
tered out by the high-pass filter or band-pass filter. In this way, using the rough fre-
quency range of the noise sources, the RX sensing block distinguishes the noise in-
terference from the sensed signal, providing enhanced noise immunity.

Fig. 4.30 shows the conceptual diagram of the noise filtering process in the
noise-immune sensing structure. The signal of which frequency is lower than 100
kHz is regarded as the noise interference. Since the frequency of the TX driving sig-
nal is always higher than 100 kHz, the signal power of the modulated capacitance
signal is distinguished from the low-frequency noise easily. Therefore, the RX sens-
ing block attenuates the low-frequency noise interference using the high-pass filter-
ing and band-pass filtering processes. At this time, high-order high-pass filter may
further attenuate the low-frequency noise instead of the band-pass filter. But, there

are many EMI sources in the device, and a huge EMI can be coupled into the TSC.
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EMI issue can be relaxed through well-designed shield, but unfiltered EMI noise
can distort the capacitance signal. Especially, the EMI injected through the FPCB
cable and signal lines between the TSP and TSC directly affects the modulated ca-
pacitance signal. In addition, the clock frequency of the DBE is usually higher than
10 MHz, and it is coupled into the AFE through the power line or substrate. There-
fore, in order to suppress the high-frequency noise interference from the EMI and
coupled noise from the DBE, the band-pass filtering along with the high-pass filter-
ing is employed in the first noise suppression step.

In order to determine the order of the band-pass filter, the required noise suppres-
sion can be estimated. Of course, higher-order band-pass filter attenuates much more
noise interference, but high-order filter is inefficient in terms of the power and area
consumption. As shown in Fig. 4.31, assuming the frequencies of the TX driving
signal are 250 and 500 kHz, the frequency ratios between the TX driving signal and
the two noise-frequency bands are larger than 2.5 and 5, respectively. When up to

20-V,, noise is injected through a finger (8-mm diameter), the estimated charge
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Fig. 4.31 The frequency range of the TX driving signal and noise sources.
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noise can be calculated as following:

noise

Qnoise = CC X V

noise

=(2x200fF)x 20V, (4.6.1)
=8pC

where C¢ is the coupling capacitance between noise source and signal line (or TSP)

and V

noise

is the amplitude of the noise interference. Since the diameter of the touch
object is set to 8 mm, it can be reasonably assumed that two nodes of the TSP are
covered by the touch object. Hence, Cc is calculated as two times of the coupling
capacitance of single node (~200 fF). When the feedback capacitance of the charge

amplifier Crp is set to 20 pF, the noise amplitude at the charge amplifier is same as

Qnaise
VCAJloise ~
C'FB
oo (4.6.2)
=P g4y
20pF ®

Considering the differential sensing, the noise signal in Eq.(4.6.2) has not to be
saturated at the differential sensing block. Assuming the linear range of the differen-
tial sensing output is about 1.5 V,,, and the differential gain is about 20, the accepta-

ble noise amplitude can be estimated as following:

L5V,
VDiff,max < 20 = 75mVPP (4.6.3)
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Hence, the required high-pass filtering order O,,,. by the charge amplifier and

band-pass filter can be derived from Eq.(4.6.2) and Eq.(4.6.3).

0 201 2.5>201 400 P
x20log,,2.5>20log,,———
HPF 10 10 75mV (4.6.4)

pp

< O, 21.83.

HPF —

Therefore, the required high-pass filtering order is at least 2™-order filtering (or
12 dB/octave). Since the charge amplifier provides high-pass filtering of 6
dB/octave, the required high-pass filtering by the band-pass filter is also 6 dB/octave.
In the same manner with Eq.(4.6.4), the required low-pass filtering order O, ,. by
the band-pass filter can be calculated. Compared to the TSP-injected noise, the EMI
or clock noise coupled through the power or ground rails have much smaller cou-
pling capacitance or peak-to-peak noise amplitude. Thus, 1*-order low-pass filtering
is sufficient to suppress the high-frequency noise interference. Thus, O,,. =1 is
enough condition for the band-pass filter. In summary, the charge amplifier and
band-pass filter has to provide at least 12 dB/octave high-pass filtering and 6
dB/octave low-pass filtering. Therefore, it is sufficient to use the 2"-order band-pass
filter for suppression of the noise interference at the first step.

In summary, the charge amplifier and band-pass filter have to provide at least 12
dB/octave high-pass filtering and 6 dB/octave low-pass filtering. Therefore, 2™-
order band-pass filter along with the charge amplifier is employed to suppress the
noise interference at the first step. Fig. 4.32 summarizes the noise filtering of the

charge amplifier and band-pass filter. At the charge amplifier, the low-frequency
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Fig. 4.32 Noise filtering by the charge amplifier and band-pass filter.

noise is suppressed by the amount of -6 dB/octave. After that, the 2™-order band-
pass filter also provides -6 dB/octave high-pass filtering along with -6 dB/octave
low-pass filtering. As a result, the low-frequency noise of which frequency is lower
than 100 kHz is attenuated by -12 dB/octave. The high-frequency noise by the EMI
or DBE is attenuated by -6 dB/octave.

After the noise filtering processes by the charge amplifier and band-pass filter,
the differential sensing amplifier rejects the common-mode noise and offset of the
modulated capacitance signal. Then, the second step of the noise-immune sensing
suppresses the residual noise interference. In case of the charger noise, the frequency
range of the noise is too wide to be perfectly rejected at the first filtering step. Even
worse, the frequency of the charger noise may be overlapped with the frequency of
the TX driving signal. Fortunately, the noise interference near the TX driving fre-
quency can be separated from the capacitance signal because the AFE knows the
exact frequency of the TX driving signal. Using a narrow-band noise filter which
passes only the capacitance signal, the residual noise interference can be much at-

tenuated.
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Fig. 4.33 shows the implementation of the narrow-band noise filter using a high-
order band-pass filter and low-pass filter with direct conversion. The high-order
band-pass filtering method has advantages of elimination of analog mixer for direct
conversion [4.33] and use of digital mixer [4.30][4.31]. However, the implementa-
tion of the high-order band-pass filter requires too much area and power consump-
tion. For example, in order to achieve 2"-order filtering (or 12 dB/octave), 4™-order
band-pass filter is required, and it consumes considerable power and area. In case of
the AFE for the large-size TSP, the high-order band-pass filtering structure is not
suitable due to the significant area and power consumption by multiple sensing
channels. In addition, as shown in Fig. 4.34, the ADC and digital mixer has to be

operated in the frequency of the TX driving signal, and it also increase the power

consumption of the AFE.
Direct Conversion
Power High-Order Power
BPF High- Order LPF
/A

»f

frx

Fig. 4.33 High-order band-pass filtering (left) and low-pass filtering with down-

conversion (right).
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Fig. 4.34 The band-pass filter with digital down-conversion structure (top) and the low-

pass filter with analog down-conversion structure (bottom).

On the contrary, the low-pass filter with direct conversion [4.1][4.15]-[4.17] only
requires 2™-order structure to provide the 12 dB/octave noise filtering. Instead of the
digital mixer after the ADC, an analog mixer is added, which converts the frequency
of the capacitance signal from the frequency of the TX driving signal to DC by mul-
tiplying the same frequency square-wave signal as shown in Fig. 4.34. Compared to
the implementation of the band-pass filter, the low-pass filter with direct conversion
can save both of the power and area consumption. In addition, the ADC and digital
filter can be designed as low bandwidth because it is sufficient to process the down-
converted signal. In summary, given specification on the power and area consump-
tion, the low-pass filter with down-conversion structure attenuates much more noise
interference compared to the band-pass filter structure. Hence, in order to enhance

the noise immunity through the narrow-band noise filter, the low-pass filter with



Chapter 4. AFE of Tablet TSC with Enhanced Noise Immunity 95

down-conversion structure is employed in the RX sensing structure.

To perform the down-conversion of the capacitance signal, a mixer is added
ahead of the low-pass filter. There are two implementation ways of the mixer: active
mixer and passive mixer. The active mixer [4.23] has advantages of low conversion
loss and high sensitivity. But, in the RX sensing block, the differential sensing am-
plifier provides signal amplification and sufficient driving strength. Thus, it is not
required to employ the active mixer such as gilbert cells. For this reason, the passive
mixer is employed to provide the down-conversion process. Among a number of
topologies of the passive mixer, a CMOS ring mixer is employed owing to its simple
structure and capability of phase adjustment.

To investigate the effect of the direction conversion by the mixer, let’s assume
that the TX driving signal is sinusoidal waveform with frequency of f;, . Then, the
output of the differential sensing along with the noise interference can be expressed

as following:

Y AC,,,

Vg () = ’C— Viory COSRTT frt + @)

FB

Z Ce Vi COSQrkf ot + )
%

CFB

(4.6.5)

+

where AC), ;is the difference between adjacent mutual capacitance of iy, driving
channel and ¢ is the phase delay due to the parasitic resistance and capacitance of

the TSP. To investigate the noise folding effect of the down-conversion process, the

noise interference ¥, , through C_, at the frequency of kf;, is included in
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Eq.(4.6.5). For simplicity, the frequencies of noise sources are assumed as multiple
of f;, and the gain of the differential sensing is set to one. Using Fourier expan-
sion, the square-wave signal with frequency of f;, can be expressed as below

[4.34]

V(0= i cos(27r((2212—_11))fm +¢)

( cos2m fry + @) +— cos(67szX +Q)+- j

4
T
) (4.6.6)
T

At this time, duty cycle of the square-wave signal is supposed to 50 %. Using
Eq.(4.6.5) and Eq.(4.6.6), the down-converted signal by the mixer can be derived as

below.

VMixer,sq (t) Dlﬁ‘ (t) x Vsq (t)

AC,, .
4 Z,: M 2, cos(2r(2k -1) fr t +,,)
=—Vow ~ 00827 f1yt ) {; (k- 1)TX q

FB

z CeVua COSQIMnd + PIF o cos2r(2k~1) font+0.)
+— ]
T CFB |:k1 (Zk - 1) :| (467)
2ACy,
2 ; ’
== Ve C—cos(go -9,)

FB

2 1 C..V
+_C_[C COS((O @)+ C;N3COS((/7_§03)+"']-

Eq.(4.6.7) shows that the frequency of the capacitance signal is converted from

f7x to DC. In addition, the noise signal at the odd harmonic frequency of f;, is also



Chapter 4. AFE of Tablet TSC with Enhanced Noise Immunity 97

Folded odd harmonics

frx 3frx 5frx 7
Fig. 4.35 Conceptual diagram of the direct conversion (top) and odd harmonic folding.

folded into DC. Fig. 4.35 shows the direct conversion process by the mixer and
folded odd harmonic components. Noteworthy, the noise interference at the odd
harmonic frequency of f;, is much smaller than that of the frequency lower than
100 kHz. Furthermore, the band-pass filter ahead of the differential sensing amplifi-
er attenuates the high-frequency noise. Therefore, even if the odd harmonic noise
can be folded into the signal band, the distortion on the touch sensing in real applica-
tions is negligible.

The narrow-band low-pass filtering after the direct conversion can be implement-
ed with high-order low-pass filter. In the previous work, an anti-aliasing filter was
usually employed ahead of the ADC [4.30]. However, to achieve sufficient noise

immunity of the AFE, the role of the low-pass filter has to include the suppression of

] S o)) &

1
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the external noise interference. Although the noise interference can be attenuated by
the precedent filtering processes, the noise in the frequency range from 100 kHz to
500 kHz, which is the frequency range of the TX driving signal, is not suppressed
sufficiently. For this reason, high-order low-pass filtering that attenuates the residual
noise interference. Compared to the precedent noise filtering, the purpose of the
high-order low-pass filtering is not only prevention of the saturation but also im-
provement of the SNR by suppressing the noise interference.

The required order of the low-pass filter can be estimated in the same manner
with Eq.(4.6.4). In the normal operation, the minimum cut-off frequency of the low-
pass filter can be roughly assumed as 10 kHz because the frame rate of 100 Hz with
double sampling techniques requires the signal bandwidth about 8 kHz. In case of
the charger noise, the fundamental frequency can be higher than 100 kHz. At this
time, the frequency gap f) between the TX driving signal and the harmonic fre-
quencies of the charger noise can be smaller as 50 kHz as shown in Fig. 4.36. As-
suming the worst case harmonic that f,, is 50 kHz is folded into the signal band,

the required order of the low-pass filter O, . can be estimated as below

Power

A . . A A Worst case
Noise folding Noise ' |fN ~ 100kHz'
interference 1 1 |
| 3tz |iv2) :
P P >
L] / - L] Ll |
4 I v
» Freq -

fv 2fy fx 3fy 4fy  S5fy

Fig. 4.36 Conceptual diagram of the noise folding issue (left) and frequency gap (right).



Chapter 4. AFE of Tablet TSC with Enhanced Noise Immunity 99

10kHz )Om <_60
50kHz (4.6.8)
<0,,.>43.

20log,,(

LPF

The derived O,,. may be divorced from the measurement results, but it is still
worthwhile to know the rough O, . in order to determine the structure of the high-
order low-pass filter.

Fig. 4.37 shows the possible implementations of the high-order low-ass filter.
One way to implement the high-order low-pass filter is the cascade of the active
low-pass filter. In general, a 2™-order low-pass filter can be implemented as sallen-
key (SK) or multi-feedback (MFB) structures. Based on the 2™-order low-pass filter,
a 3"-order low-pass filter or 4™-order low-pass filter can be constructer with 1°-
order passive filter or another 2"-order low-pass filter, respectively. In this way, the
high-order low-pass filter can be implemented ahead of the ADC as shown in Fig.

4.37(a). Because this structure suppresses the residual noise interference before the
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analog-to-digital conversion, the noise aliasing issue at the ADC sampling process
can be clearly resolved along with the enhancement of the noise immunity.

However, the cascaded structure of the active filter has problems of the area and
power consumption. The large number of RX channels imposes a limitation of the
layout area. The active filter with cut-off frequency lower than 100 kHz requires
large resistors and capacitors. For example, to achieve a cut-off frequency of about
10 kHz, the 2™-order MFB low-pass filter requires resistors and capacitors of 2 MQ
and 60 pF, respectively (820kQ, 390kQ, 820kQ, 40pF, 20pF, and Q=0.5). Using
MIM capacitor of 2 fF/um’, the capacitors used in the filter occupy at least 170x170
um’. As a result, it is hard to implement the narrow-band low-pass filter higher than
4™ order structure due to the limited chip area and large number of RX sensing
channels.

Instead of the cascaded active filter, single active filter along with the high-order
digital filter can be alternative. As shown in Fig. 4.37(b), the high-order low pass
filter is composed of the single stage low-pass filter and digital low-pass filter. The
analog active filter prevents noise aliasing at the ADC, and the digital filter sup-
presses the noise interference through its narrow-band and high-order low-pass fil-
tering. Because the narrow-band filtering of the noise interference is mainly con-
ducted by the digital filter, there is no need to use the high-order active filter that
consumes large chip area. In addition, in case of the use of oversampling ADC such
as incremental AX, the decimation filter of the ADC can perform not only quantiza-
tion noise filtering but also the narrow-band noise filtering. Therefore, the adoption
of the incremental AX further improves the area efficiency of the low-pass filter by

sharing the decimation filter. But, the active filter for the anti-aliasing process is also
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required in this structure. The required order of the anti-aliasing filter be derived
using the ADC sampling frequency f ;. Assuming the use of the incremental AX
and f,,.is 2.5 MHz, the aliased noise power should be smaller than the target
noise power specification. Thus, the order of the anti-aliasing filter O, is de-

rived as below

20log,, (A2KHZ yo. < g0
1.25MHz (4.6.9)

S0, 22.74.

Hence, the 3"-order low-pass filter with 100-kHz cut-off frequency is sufficient
for the anti-aliasing filter. Because the cut-off frequency is about ten times com-
pared to the 10-kHz low-pass filter, the layout area for the resistor and capacitance
can be much reduced. In the same manner with above calculation, the required area
for resistor and capacitor to implement the anti-aliasing filter is a quarter of the area
by the 2™-order MFB filter with 10-kHz cut-off frequency (330kQ), 160kQ, 330kQ,
10pF, 5pF, and Q=0.5).

To compare the area of the two structures in Fig. 4.37, the capacitance and re-
sistance of the active filter are calculated as shown in Fig. 4.38. The MFB low-pass
structure is used to calculate the capacitance and resistance of the active filter. For a
pair comparison in the noise by the resistors, the resistances of each structure are set
to be equal. In addition, using the real MIM and high-poly resistor characteristics of
0.18-um CMOS process, the required area for the capacitors and resistors are de-
rived. The passive elements of the 2™-order MFB filter with cut-off frequency of 10

kHz occupy about 78,600 um®. On the contrary, the passive elements of the same



Chapter 4. AFE of Tablet TSC with Enhanced Noise Immunity 102

structure with cut-off frequency of 100 kHz occupy only 13,600 pm®.

Using the estimated area of the 2"™-order MFB low-pass filter, the area of the
high-order low-ass filter to be used in the RX sensing block can be also calculated.
In the same manner with the calculation in Fig. 4.38, only the passive elements in
the filter are included in the calculation. In case of the digital Sinc filter, the synthe-
sized area is used for the calculation. From the result of Eq.(4.6.9), the anti-aliasing
filter is assumed as 3"™-order MFB low-pass filter composed of the 50-kHz 2™-order
low-pass filter and 100-kHz 1*-order low-pass filter. Fig. 4.39 shows the estimated
area of the four low-pass filter structures: 4"-order MFB low-pass filter, 6™-order
MFB low-pass filter, 3-order AAF with 3"-order Sinc filter, and 3™-order AAF
with 4™-order Sinc filter. The 4™-order MFB low-pass filer is cascaded structure of
the two 2"-order MFB low-pass filters. Likewise, the 6™-order MFB low-pass filter
is composed of the three 2™-order MFB low-pass filters. The required areas of the
4™_order LPF and 6™-order LPF are 157,000 um” and 236,000 pm™ respectively. As-
suming the column pitch of the RX sensing block is 240 pm, the layout length of the
filters are estimated as about 650 um and 980 um, respectively. The layout sizes of
the high-order MFB filters are too large to be implemented in the column-parallel
structure. On the other hands, the 3™-order Sinc filter and 4™-order Sinc filter with
AAF occupy only 57,500 um”and 71,800 pm?, respectively. The layout areas of the
Sinc filters with AAF are reduced to more than half compared to the high-order
MEB filter structures. The layout lengths of the Sinc filters are 240 pm and 300 pm,
respectively. Hence, the structure of the digital Sinc filter with AAF reduces the lay-
out area effectively, which enables the column-parallel structure [4.1][4.17] of the

RX sensing block.
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Fig. 4.40 Frequency responses of the high-order low-pass filters.

Fig. 4.40 shows the simulated frequency responses of the low-pass filtering struc-
tures. Fig. 4.40(a) shows the frequency response of the high-order MFB low-pass
filter. The cut-off frequencies of the filters are set to 10 kHz. Fig. 4.40(b) shows the
frequency responses of the Sinc filters. Fig. 4.40(c) shows the frequency response of
the combination of the 3™-order AAF and Sinc filter. The AAF is supposed to cas-
caded structure of the 2"-order MFB low-pass filter with 50-kHz cut-off frequency

and 1%-order passive RC filter with 100-kHz cut-off frequency. Among the filter

s - i)

o
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structures, the structures that satisfy the specification on the low-pass filter are the
active MFB filter higher than 4™-order and the Sinc filter higher than 3"-order along
with the AAF. Fig. 4.40(d) shows the comparison between the 4™-order and 6™-order
MFB low-pass filter and the 3™-order and 4™-order digital Sinc filter with the AAF.
The four structures can attenuates the noise interference sufficiently, but the high-
order MFB filters are hard to be implemented in the narrow column pitch of the RX
sensing block. Therefore, this work employs the digital Sinc filter with AAF struc-

tures
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4.6.3 Configurable SNR and Frame Rate

As explored in Chapter 3, the configurable SNR and frame rate enable the TSC
to cope with various noise environments and applications. The configurable SNR
and frame rate is based on the capability of scaling the sensing time. As increasing
the sensing time of each capacitance, the SNR can be improved through the over-
sampling and averaging effect [4.17][4.35]. Hence, the implementation of the con-
figurable SNR and frame rate uses the scalable sensing time of each modulation se-
quence. When the length of the TX modulation L7y and RX multiplexing factor Ly

are given, the frame rate of the AFE can be expressed as follows:

Frame Rate = ! [Hz].

LTXxLRXxTSx(MADC+fS )
Jx

(4.6.10)

where T is the sampling period of the ADC and M,p¢ is the number of sampling
cycles by the ADC. The f;/f7x term is for the reset time. Usually, the frame rate of the
TSC in the normal operation mode is set to about 100 Hz. In case of fast touch de-
tection, the frame rate can be increased up to higher than 300 Hz. On the contrary, in
case of the some low-end TSC, the frame rate can be reduced below 100 Hz. Thus,
given range of the frame rate, the available M,pc can be derived from Eq.(4.6.10).
Let’s assume that L7y and Lgy are 36 and 2, respectively. When the sampling rate of
the ADC is set to 2.5 MHz and the TX driving frequency is 250 kHz, the frame rate
versus M pc is obtained as shown in Fig. 4.41. Depending on the number of sam-

pling cycles, the frame rate can be scaled from 50 to 3150 Hz. The previous work in
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Fig. 4.41 The frame rate versus the number of sampling cycles.
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Fig. 4.42 The frame rate versus the number of sampling cycles in the practical range.

Chapter 3 used the full scalable range of M ,pc, but the range of the frame rate used
in the real application is limited to from 100 to 300 Hz. Thus, this works only uses
the practical range of the frame rate from 85 Hz to 385 Hz.

Fig. 4.42 shows the practical range of the frame rate to be used in this work. With

the sampling cycles of 80, the AFE can achieve frame rate of 385 Hz. On the contra-



Chapter 4. AFE of Tablet TSC with Enhanced Noise Immunity 108

ry, the frame rate can be reduced to 85 Hz by increasing the number of sampling
cycles to 400.

Given the range of ADC sampling cycles, the order of the ADC can be deter-
mined. Because the incremental AX ADC operates in transient mode, the resolution
by quantization error can be derived. According to [4.37], the resolution of the in-

cremental AX ADC of single-stage architecture N,pc can be expressed as

(MADC — 2)(MADC — I)M

N pe =log,[ccyc; 3

ADC  its]. (4.6.11)

where ¢; is the coefficients of the ADC. Assuming that minimum resolution that pre-
vents the distortion of sensing signal by the quantization noise is 10 bits, the re-

quired order of the ADC can be derived using Eq.(4.6.11). Fig. 4.43 shows the reso-
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Fig. 4.43 The resolution of the ADC versus the frame rate.
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lution of each order incremental AX ADCs versus the frame rate. Notice that the res-
olution in Fig. 4.43 considers only quantization noise of the ADC with assumption
of ideal integrator. Although the 2™-order incremental AX ADC satisfies the resolu-
tion requirement in the slow frame rate, the resolution of the ADC is lower than the
minimum specification at the frame rate higher than 240 Hz. Therefore, the incre-
mental AX ADC used in this work is designed as the 3" order structure, which pro-
vides more than 10 bits at all frame rates. For optimal suppression of the quantiza-
tion noise, the order of Sinc filter has to be higher than that of the modulator [4.37].
Thus, the Sinc filter for decimation and low-pass filtering of noise interference is
designed as 4"™-order structure. This also satisfies the requirement on the decimation
filter which explored in the previous section. In summary, the architectures of the
ADC and its decimation filter are 3"-order incremental AX ADC and 4™-order Sinc
decimation filer.

According to Eq.(4.6.10), the scalable factor for configuration of the frame rate
and SNR is M,pc, which is determined by the number of TX driving cycles M7y and
the ratio between f; and f7x. Since f; and fryare hard to be changed for the configura-
tion of the frame rate and SNR, the only configuration term is Mzy. To investigate
the capability of M7y configuration, the timing diagram of the AFE is depicted in Fig.
4.44. MBHM-36 is the TX modulation sequence and RX mod. is the multiplexing
scheme to be discussed in the next section. The reset signal RST is activated at every
edge of RX mod. signal during a unit TX driving period. Then, RST goes down, and
the TX driving signal is applied to the TSP. At this time, the number cycles of TX
driving signal applied to the TSP during low RST is Mry. Therefore, M7y is deter-
mined by the period of RST and fry. Using this relationship, M7y can be defined as
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My = foy [ frsr —1 . Therefore, by scaling the period of RST, the configuration of
the frame rate and SNR can be implemented simply.

Fig. 4.45 shows the configuration of Tzsr and Mzy. In order to double Mry as four,
Trsr is multiplied by the amount of 5/3. Compared to the timing diagram in Fig. 4.44,
both of M7y and M pc are doubled. In this way, the AFE can adjust the frame rate
from 85 Hz to 385 Hz.

The block that controls Tsr is be implemented with digital frame controller. At

this time, the clock phases of MBHM-36, RX Mod. and ADC clock have to be

Trst :

MBHM-36 | i
RX Mod. .' '; | |
RTMT__ T T1LIL
meon —N\ N\ NN\~

Fig. 4.44 Timing diagram of the AFE.
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Fig. 4.45 Configuration of Trsr and Mrx for higher SNR.
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aligned with RST. Therefore, the rising edge of RST plays role of trigger for other
clocks such as MBHM-36 or RX Mod.. As shown in Fig. 4.46(a), the phases of RX
Mod., TX driving signal, RST 4pc, and ADC outputs are aligned to the rising edges of
RST. The frame rate controller is implemented with counter and edge generation
logic as shown in Fig. 4.46(b). Depending on the programmed M7y, the frame rate

controller generates the reset signal RST.

RST

RX Mod.

TX Drv

RSTawo | N1 ML ML,

ine.Ax AN _ AT AT AT
Synchronized to RST

(a)

Frame Rate Controller

frx1+| Counter[*| FF

RST 'y RST
f'J"X MTX
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rsT [ |« [ |
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Fig. 4.46 (a) Timing relationship between RST and other clocks and (b) the implementa-

tion of the frame rate controller.
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4.6.4 RX Modulation

The column-parallel RX architecture [4.1] improves the SNR of the AFE by in-
creasing sensing time of each capacitance node [4.16]. However, in case of large-
size TSP with a number TX and RX channels, the column-parallel structure requires
significantly large area and power consumption. Especially, the 3™-order low-pass
filter, ADC, and its decimation filter occupy considerable area, and they are hard to
be implemented with the column-parallel architecture. Fig. 4.47 shows the estimated
area of each block to be implemented in the RX sensing block with assumption of
the column-parallel architecture. The low-pass filter, ADC, and decimation filter
occupy 75% of the entire RX area, which is much larger than that of other blocks.
Therefore, it is required to share the area-consuming block along with a minimiza-

tion of performance degradation by the sharing scheme.
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There are two ways to share the area-consuming block: multiplexing method and
modulation method. The multiplexing method has been widely used in the large-size
TSP controller [4.4][4.8][4.18][4.38]. Fig. 4.48(a) shows the block diagram of the
multiplexing method. A number of RX sensing channels share the low-pass filter,
ADC and decimation filter with time-interleaving structure. Hence, the RX sensing
time of each node is divided by the multiplexing factor V. Although a sample-and-

hold block can store capacitance signal [4.2], the wide-band noise interference is
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od and (b) modulation method.



Chapter 4. AFE of Tablet TSC with Enhanced Noise Immunity 114

aliased without attenuation by the low-pass filter. For this reason, the adoption of the
sample-and-hold block is excluded in this work.

Another way to share the blocks is the modulation method. In the same manner
with the TX modulation as explored in the previous section, the modulation method
encodes the multiple input signals into single signal. Then, the encoded signal is
processed with only single channel of the low-pass filter, ADC, and decimation filter.
As the modulation code, the orthogonal sequence such as Walsh-Hadamard se-
quence [4.39] is used simply.

To compare the two block-sharing methods, the equivalent noise models of each
method are established as shown in Fig. 4.49. The noise model of the multiplexing
method in Fig. 4.49(a) consists of the direct-converted noise of the differential sens-
ing output m , low-pass filter noise m , and the ADC noise

v’ iwc(f)- The total output noise of the Ngy multiplexing method v*, .\ (f)

v, pirr(f) v Lpr(f) v?, ancl(f)
o] ADC vnrx(f)
A .
(a)
vl oinlf) vl ee(f) v2, anclf)
(o ADC v nrilf)
fx | Mod. Seq. |
Length=Ngy|

(b)
Fig. 4.49 Equivalent noise models of (a) the multiplexing method and (b) the modulation

method.
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can be expressed as follows:

vzn,RX,MUX (= vzn,Diff (H+ vzn,LPF N+ vzn,ADC (). (4.6.12)

When the signal power of the Nzy multiplexing sensing method is  F, , the SNR

can be established given noise bandwidth from BWy; to BWy; as following

SNR — PSig — PSig
I T
BW,, n,RX MUX

P,

Sig

[0 g D4V (N e (DN

N1

(4.6.13)

On the contrary, the total output noise of the modulation method with length of

Nex V2, ey vop(f) 18 expressed as below

Ny

Vzn,RX,MOD (f) =Ny Z vzn,Difj" )
i (4.6.14)

+N gy |:v2n,LPF )+ vzn,ADC (f)}

Compared to the multiplexing method, the modulation method has signal power
which is Npy times larger than that of the multiplexing method in the same manner
with the TX modulation. At this time, it is assumed that the modulation process does
not saturate the output. On the contrary, the noise contributions of the low-pass filter
and ADC are same with those of the multiplexing method except the direct-

converted noise v*, ,.(f). Hence, the SNR of the modulation method is estab-
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lished as

N? P N2 P

SNR,0p = = — BW,Z&
N T
= NZRXPSig
BWy, Nex 3 - —
IBW\" [NRXZV w0 )+ NV 1o () + Ny V7, e ()]df (4.6.15)
P

Sig

NRX

N, Vo
J~BWN2 RY Z wDiff (f) n Vzn,LPF (f) + vzn‘ADC(f)]
BWy, NRX NRX NRX

df

Eq.(4.6.15) implies that the modulation method reduces the noise contribution of
the low-pass filter and ADC by the amount of Nzy compared to the multiplexing
method in Eq.(4.6.13). Therefore, the modulation method can improve the SNR of
the AFE by reducing the noise power of the low-pass filter and ADC, which mini-
mizes the SNR degradation due to sharing the area consuming blocks. Notice that
m and m include the effect of flicker noise and offset. Thus, the
modulation method can also mitigate the low-frequency noise interference by the
factor of Ngy.

To distinguish from the TX modulation, the modulation method applied to the
RX sensing block is called as RX modulation. Using the RX modulation method, the
area consumption by the shared block will be reduced. However, the reduced area
will be limited because the area of sensing blocks ahead of the low-pass filter is not
reduced through the modulation. In addition, the RX modulation method limits the
input range of the capacitance signal due to the modulation process. Therefore, it is

important to determine an optimal Ngy.
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Fig. 4.50 shows the estimated single-channel RX area versus Nzy. The single-
channel RX include the charge amplifier, band-pass filter, differential sensing ampli-
fier, RX modulation unit, low-pass filter, ADC, and decimation filter. When the up-
per bound of the total RX area is set to 20 mm?’, the required Ngy is larger than one.
Therefore, the RX modulation of length two is sufficient condition to satisfy the RX
area constraint. Notice that the area reduction by the RX modulation decrease signif-
icantly when Ngx is larger than four. This results from the area of the charge ampli-
fier, band-pass filter, and the differential sensing amplifier, which are not scaled by
Nrx. For this reason, it is efficient to choose Nyy between two and four.

Considering the output range of the differential sensing amplifier in normal mode,
the reduction of differential gain is inevitable due to the summation at the modula-
tion process. Then, the normalized signal power will be reduced, resulting in degra-

dation of the SNR.
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O 3.05 : _ : '
< A _
> 2565 sBetter
£ 2.0E5 |
S

1.5E5 | _

—
1.0E5 | : : J : —n
0 2 4 6 8 10 12

Nrx

Fig. 4.50 Estimated single-channel RX area versus Ngx.
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To quantify the effect of RX modulation on the SNR, the normalized SNR versus
Nry is explored theoretically. Assuming that the noise power of m +
m is about half of m, then the normalized SNR can be plotted as
same with Fig. 4.51. With assumption that the intrinsic noise of the RX sensing
block is dominant, the highest normalized SNR can be achieved with Ngyx between
two and three. In addition, the tolerable peak-to-peak noise at the RX modulation
block is reduced as increasing Ngy. Thus, in terms of the noise immunity, it is better
to set Ngy as small as possible. As a result, the optimal Ngy in this work is set as two
considering the required area reduction and noise performance.

Fig. 4.52 shows the block diagram of the RX modulation. Using the derived Ny

of two, the modulation sequence uses Walsh-Hadamard sequence of length two

0 . . 1.6
TN . 1.4 T
; l/' o Optimal Nex
a |\ .*- ’ 8§12
k= ‘"’\ 2
x | % 9 1.0
% 2} 2
- Z 08
@ 9
- =3 0
= -3 5 06
£ s
o O 0.4+
Z 4 =
0.2}
-5 0

Fig. 4.51 Normalized SNR (left) and tolerable peak-to-peak noise amplitude (right) versus

Nrx-
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(HM-2). The two output of the differential sensing block are encoded with HM-2,
and then the encoded signals are added at the analog adder block. The modulated
signal is then passed through the low-pass filter, ADC, and decimation filter. After
that, the digital demodulation block extract the two capacitance signal by decoding
the ADC output with inverse HM-2 sequence.

In the prior work in [4.6], a modulation process was applied to the RX sensing
channel. However, the modulation process in [4.6] occurs ahead of trans-impedance
amplifier by summing multiple charge signals. Thus, it is vulnerable to the noise
interference. The structure in [4.6] used the 2D modulation scheme that the RX
modulation sequence cannot be chosen independently, and this imposes additional
constraints. On the contrary, the proposed RX modulation method encodes the fil-
tered capacitance data, preventing distortion during the modulation process. The
modulation sequence can be chosen independently in disregard of the TX modula-

tion sequence, relaxing the constraint on the design of the RX sensing structure.

Shared blocks
LPF inc. AX

3™-order| a
3 -order_b
_\ Inc.AX

%
n

RXny.— >+Q0— T = 11 """""""
CFA teeeooo ' [1-1] toeeead
Analog Walsh-Hadamard Seq. ngltal .
Modulation of length 2 (HM-2) Demodulation

Fig. 4.52 Block diagram of the RX modulation.
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4.7 Circuit Implementation

Fig. 4.53 shows the overall block diagram of the AFE. The AFE consists on the

TX driving block, RX sensing block, power and reference generator, and digital

block. The AFE supports up to 36 TX channels and 64 RX channels. The detail cir-

cuit implementation of each block will be discussed in the following sections.
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Fig. 4.53 Overall block diagram of the AFE.
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4.7.1 Charge Amplifier and Band-Pass Filter

The pre-filtering differential sensing is conducted by the charge amplifier, band-
pass filter, and capacitive differential amplifier. The implementation of the pre-
filtering differential sensing block is shown in Fig. 4.54. The column-parallel charge
amplifiers are connected to the sensing channels of the TSP. The subsequent band-
pass filter is also column-parallel structure. To increase the linear output range of the
charge amplifier and band-pass filter, the two blocks use higher supply voltage than
those of other sensing blocks. The increased output ranges help prevent the satura-
tion by large noise interference. After that, the capacitive feedback amplifier (CFA)

performs the differential sensing with two adjacent band-pass filter outputs.

--------- CA+BPF J——
' LoD 1.8y
Sen[N] J—»— §§ = Differential Sensing -
: +] i1/ Gain: 2x ~ 60x :
= H H W H
H ‘L :i ' Al '
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{ Amplifier (CA) Multi-Feedback BPFi; 9" S o
; ."T_ 4| |_ g i t': ‘Il{‘ — .ﬁ—)
senit-1] N | HYZ B W
] Wyt ' : ™ :
! p b3 H : Capacitive Feedback |
! l B\ Amplifier (CFA) :

MVDD

Rail-to-rail output
with higher supply

s

Reduced saturation by
noise interference

Fig. 4.54 The implementation of the pre-filtering differential sensing block.
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The circuit implementation of the charge amplifier is shown in Fig. 4.55. The
OTA of the charge amplifier is implemented with rail-to-rail class-AB structure
[4.40]. The OTA supports wide supply range owing to the rail-to-rail input stage and
use of thick-gate MOSFETs. The feedback resistor Ry and capacitor Crz can be

configured digitally. Because Rpz and Crpz determine the cut-off frequency of the
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high-pass filtering of the charge amplifier, the programmable range of Rrz and Crp
are determined with consideration of the cut-off frequency. According to Eq.(3.3.1),
the noise contribution of the OTA is inversely proportional to Crg. Therefore, the
capacitance of Crpcan be increased to larger than 20 pF.

The band-pass filter is implemented with 2™-order multiple-feedback (MFB)
structure. As shown in Fig. 4.55, the band-pass filter is implemented with single-
OTA structure, which OTA is same with that of the charge amplifier. The center
frequency of the band-pass filter has to be equal to the frequency of the TX driving
signal. Thus, the tunable range of the center frequency includes the frequency range

from 100 to 500 kHz.

4.7.2 Capacitive Differential Amplifier

The capacitive differential amplifier (CDA) performs the differential sensing.
Therefore, it is implemented with fully differential structure. Fig. 4.56 shows the
circuit implementation of CDA. In order to support a programmable gain of Gp,; the
input and feedback configurations are programmable capacitor arrays. Because he
gain Gp,; 1s the capacitance ratio between Cjy and Cgg, the two capacitors are de-
signed as 4-bit programmable capacitor array. The configurable range of Gpy is

from 2 to 60.



Chapter 4. AFE of Tablet TSC with Enhanced Noise Immunity 124

The OTA of CDA is designed as two-stage cascode OTA with rail-to-rail input
stage. The difference between two band-pass filter outputs appears at the peak volt-
age of the input signals. Due to the capacitive configuration and fully differential
structure, the input nodes of inp and inm can be changed in large swing range. For
those reasons, the rail-to-rail input stage is employed. To achieve a constant-g,, input
stage, the g,-controller [4.40] implemented with the current mirror is added to the

input stage.

e - —— P i S e et A
B e e R I b SR N e o B
! ! | La——1 L ! ! b !
: 2cw” e i lommmmomoooooe - i °_||2ch :
i c : Av‘v‘v : o_l ¢ [ :
}
IR o e Wz 8 o | e BN
o ____ __I I_ _____________ 1
BPFIN] —HZ > >
Mixer
BPF[N-1]—\H‘ -+ >
el
T
AAA

——————————————————————————————————————————————————————

nsrc

Fig. 4.56 The circuit implementation of CDA.
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4.7.3 Mixer and RX Modulation

Fig. 4.57 shows the implementation of the mixer and RX modulation block. The
mixer performs the direct conversion from fry to DC and encodes the down-
converted signal with the RX modulation sequence. Then, the encoded signals are
added at the summing amplifier. Therefore, the mixer and summing amplifier con-
ducts the RX modulation. The RX modulated signal is then delivered to the low-pass
filter and ADC.

The mixer multiplies CDA outputs with the reference signal, which frequency is
same with that of the TX driving signal. At this time, the phase of CDA output and
reference signal has to be aligned. However, the driving and sensing channels of the
large-size TSP have parasitic resistance and capacitance. As the TX driving signal
goes through the TSP, the signal is delayed due to the parasitic resistance and capac-
itance. Because the phase delay results in distortion at the mixer, it is important to
match the relational phase between the capacitance signal and the reference signal of

the mixer. Hence, this work adjusts the phase of the reference signal using the 3-bit

RX Modulation 3"-order LPF Incremental AX ADC

AAA
\AAJ

e
I

l'A'A' T 'A'A' o 'A'A'A > ? >
HM-2 Summing MW Passive ADC 3"-order
Amplifier 2™.order MFB-LPF ~ LPF Driver IAZ ADC

Fig. 4.57 Implementation of the mixer and RX modulation block.
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delay line. Fig. 4.58 shows the implementation of the 3-bit delay line, which consists
of delay cells that are implemented with flip flops. The delay lines can adjust the
phase of reference signal for each four RX channels independently. Therefore, the

mixer can convert the frequency of the capacitance signal to DC without the phase

mismatch issue regardless of the parasitic of the TSP.

After the direct-conversion process, the RX modulation sequence based on HM-2
encodes the converted signal. Then, the summing amplifier adds the two encoded
signals. To configure the gain of RX modulation, the summing amplifier is designed
with programmable closed-loop gain. In addition, to provide low-pass filtering for

attenuation of the high-frequency harmonic components of the encoded signal, the

feedback capacitance and resistor form a low-pass filter.
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Fig. 4.58 Circuit implementation of the mixer and summing amplifier.
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4.7.4 Low-Pass Filter

The 3"-order low-pass filter is implemented with 2"-order MFB low-pass filter
and 1%-order passive RC filter. Fig. 4.59 shows the circuit implementation of the
entire low-pass filter. The MFB structure can be easily implemented as fully differ-
ential structure, and the required capacitance of C; is halved compared to that of the
single-ended structure. In addition, the MFB structure requires only one OTA for the
2" order filter, which reduces power consumption and area. For those reasons, this
work employs the 2"-order MFB low-pass filter. The 2"-order MFB filter provides
wide range of tunable cut-off frequency from 30 to 500 kHz. Owing to the wide tun-
ing range, the signal bandwidth can be adjusted properly depending on the noise en-
vironment. The 1%-order RC filter further enhances the high-frequency noise attenu-
ation. The cut-off frequency of the RC filter is higher than that of the 2™-order MFB

filter, but it is sufficient to prevent aliasing at the frequency higher than f/2.
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Fig. 4.59 Circuit implementation of the low-pass filter.
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4.7.5 Incremental AX ADC

Fig. 4.60 shows the block diagram of the 3™-order incremental AL ADC and
Sinc* CIC filter. The AX modulator is implemented with cascaded-integrator-feed-
forward (CIFF) structure. The CIFF structure provides relatively low distortion
[4.42], and the adoption of CIFF structure relaxes the dynamic range constraint of
the RX modulation. Although a cascaded-integrator-feedback (CIFB) structure pro-
vides a signal transfer function of low-pass filter, the effective bandwidth of the low-
pass filtering is impractical to suppress the narrow-band noise interference. Thus,
the adoption of the CIFF structure is more advantageous to achieve a reduction of
the distortion by the RX modulation rather than low-pass filtering by the CIFB

structure.
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Fig. 4.61 Circuit implementation of the 3"-order incremental AX ADC.

Each integrator of the AY modulator is implemented with a discrete-time
switched-capacitor structure. Fig. 4.61 shows the circuit implementation of the ADC.
The sampling frequency of the ADC is set to 2.5 MHz. The sampling capacitor of
the 1°-integrator is set to 800 fF with a consideration of thermal noise effect. The

implemented quantizer is based on the dynamic comparator [4.43].
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4.7.6 Digital Demodulation

The demodulation processes of the TX and RX modulations are performed in the
digital domain. Fig. 4.62 shows the implementation of the TX and RX demodulation
block. First, the decimated data from the ADC are decoded with the inverse HM-2,
which corresponds to the RX demodulation. After that, the number of capacitance
data of each TX modulation sequence is doubled to 64. The capacitance data are
stored in the register in sequence and the TX demodulation is performed simultane-
ously with the inverse MBHM-36. After the completion of all TX demodulations,
total 36 x 64 capacitance data are stored in the frame buffer, which is single frame
of capacitance data of the TSP. The frame data are then delivered to the digital back-

end for thresholding and labeling processes.
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Fig. 4.62 Implementation of the digital demodulators.
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4.7.7 TX Driving Block

Fig. 4.63 illustrates the block diagram of the TX driving block. The relaxation
oscillator generates the system clock of 80 MHz, and the clock divider provides
clocks of multiple frequencies by dividing the system clock. The subsequent fre-
quency multiplexer (FMUX) selects one of the divided frequencies as the frequency
of the TX driving signal. The 6-bit capacitive DAC generates differential sinusoidal
signals of which frequency is same that of the FMUX output. The two differential-
to-single (D2S) converters then make in-phase and out-phase driving signals from
the DAC differential outputs. According to the TX modulation sequences of each
driving channel, the encoders select one of the in-phase and the out-phase signals.

The encoded signals are then fed to the driving channels of the TSP by the rail-to-

rail buffer.
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Fig. 4.63 Block diagram of the TX driving block.
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4.8 Measurement Results

4.8.1 Touch-Screen Panel (TSP)

The TSP used in the measurement is a mutual-capacitive TSP. The numbers of
TX and RX channels of the proposed AFE are 36 and 64, respectively. To verify the
operation of the proposed AFE with entire TX and RX channels, the numbers of
driving and sensing channels of the TSP were also set to 36 and 64, respectively.
The screen size of the TSP was set to 12.2 inches. The electrode pattern of the TSP
was designed with diamond pattern. Considering the size of the TSP and the number
of TX and RX channels, the pattern pitches of the driving and sensing electrodes

were set to smaller than 5 mm.. Fig. 4.64 shows the TSP used in the measurement.
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4.8.2 Measurement Environments

Fig. 4.65 shows the measurement setup of the proposed AFE. The measurement
setup was composed of the 12.2-inch TSP, evaluation board, FPGA, and noise
sources. The 12.2-inch TSP was connected with the evaluation board through the
FPCB cable. As the touch object, metal slugs with a number of diameters were used
in the measurement. The diameters of the metal slugs are from 1 to 30 mm. The fab-
ricated AFE was mounted on the evaluation board. The fabricated AFE was pack-
aged with 208-pin QFN. The evaluation board was connected to the FPGA. The dig-
ital back-end was programmed in the FPGA. The demodulated capacitance data can
be measured through logic analyzer or be delivered to the digital back-end in the

FPGA.

Noise Source
(Agilent 33500B)

Measured
waveform

'Evaluation-Board

Fig. 4.65 The measurement setup of the fabricated AFE.
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4.8.3 Fabricated AFE

Fig. 4.66 shows the die micrograph of the fabricated AFE. The proposed AFE
was fabricated in 0.18-pm embedded flash (e-Flash) CMOS process. The total area
of the fabricated AFE is 45.6 mm®, which includes bypass capacitor and I/O pads.
The active area of the AFE is about 36 mm”. The fabricated AFE includes the TX
driver of 36 channels, the RX sensing block of 64 channels, the supply generation
block, the reference generation block, the digital decimation filter, the digital de-
modulators for both of the TX and RX modulation, and the digital timing controller
for the configurable SNR and frame rate.

The clock generator and sine generator was implemented in the TX block. The

implemented modulation units of 36 channels support configurable TX channels
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Fig. 4.66 Die micrograph of the fabricated AFE.
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from 24 to 36 channels. In the RX sensing block, the CA and BPF of 64 channels
were implemented. Owing to the RX modulation, the numbers of CDA, LPF, and
the ADC was reduced to half of the numbers of CA and BPF. In the same manner
with the TX driving block, the RX sensing block also provides configurable chan-
nels from 48 to 64 channels. The LDOs provides analog 1.8-V supply and digital
1.8-V supply. The reference voltage of the LDO comes from the BGR. All reference
voltages and current biases were generated on the reference generator block.

The decimation filters of 32 channels were implemented in the digital block.
Both of the RX demodulation block and the TX demodulation blocks were included
in the digital block. Therefore, the output of the fabricated AFE is the demodulated
capacitance variations of each node in the TSP. The timing controller for configura-
ble SNR and frame rate was included in the digital controller. For configuration of
the TX and RX sensing block, I2C was implemented. The codebook that stores the

modulation matrix was also included in the digital block.

4.8.4 Operation of the Fabricated AFE

The basic operation of the fabricated AFE was verified before the measurement
of SNR or noise immunity. Fig. 4.67 shows the measured waveforms of the AFE
reset signal (RST), RX modulation control clock (MOD), signal clock (SCLK), and
driving signal (TX). All control signals in the AFE are aligned to the RST. The
SCLK is divided clock from the system clock of 80 MHz, and it is the frequency of

the TX driving signal.



Chapter 4. AFE of Tablet TSC with Enhanced Noise Immunity 136

N T

|
RST wmaml v =

Pt

m v - : st

mmmmmmmummmmmw TR
o A f”WNM i

_ Fn=500kHz -
ch1 SOy ch2 S0y M 10-0“3 2]5‘:315’? Orsdot

Fig. 4.67 Measured waveforms of the RST, MOD, SCLK, and driving signal.
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Fig. 4.68 shows the measured waveforms of the TX driving signals of four chan-
nels. The amplitude of the TX driving signal was set to 3 V,,,, and the frequency was
set to 250 kHz. The four driving channels, which were not adjacent, show the phase-
modulated driving signals according to the modulation matrix.

Fig. 4.69 shows the measured waveform of the RX sensing blocks. The frequen-
cy of the TX driving signal is 250 kHz. Through the CA and BPF, low-frequency
noise is effectively attenuated. The waveforms of the CDA (DA) show the differ-
ence between the untouched signal and touched signal. When the probed RX chan-

nel is untouched, the differential output of DA-II is almost zero. When the probed
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RX channel is touched, the output of the DA-II is encoded with the RX modulation
sequence. The spikes shown in the DA-II outputs are the result of down-conversion
by the mixer, resulting in signals of which frequencies are DC and 27, o - The high
frequency signal of 2 fsig is attenuated by the following low-pass filter. Therefore,
the ADC receives only the DC capacitance signal that is encoded with the RX
modulation sequence.

Fig. 4.70 shows the reconstructed raw capacitance data in 3D image. To verify
the multi-touch detection of up to 10 touches, two hands were touched the TSP sim-
ultaneously. Each node of the reconstructed capacitance represents the mutual-
capacitance variation of corresponding TSP node. All 2304 nodes from 36 TX chan-
nels and 64 RX channels were reconstructed in order to verify the capability of TSP

entire detection.

Left Hand Right Hand

(36,64) RX (36,1)

Fig. 4.70 The 3D raw capacitance image after reconstruction.
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4.8.5 SNR Measurement

Using the SNR derived in Eq.(2.3.4), the SNR of the fabricated AFE was meas-
ured. The frame rate was set to 120 Hz, which is normal operation mode. The touch
object was located in the center of the TSP. Fig. 4.71 shows the measured signal dif-
ference (top) and noise (bottom) by finger touch. To evaluate the SNR of the AFE,
the capacitance difference between touched and untouched cases was measured,
which corresponds to Signalp; Then, in the presence of the touch input, the stand-
ard deviation of the capacitance signal during 100 frames was also measured. This

corresponds to Noiser,,.;. As a result, the measured SNR was 54 dB.

4.8.6 Configurable SNR and Frame Rate

The fabricated AFE employs the on-chip controller of the SNR and frame rate.
The configurable ranges of the SNR and frame rate are determined by the number of

TX driving signal cycles. The on-chip frame controller can adjust frame rate from 85

Finger Finger
X10* Signalpis i Noiseroycn
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Fig. 4.71 The SNR measurement with finger touch.
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to 385 Hz considering the practical range of the frame rate and SNR. Fig. 4.72

shows the measured waveforms of the reconfigured TX driving cycles to adjust the

SNR and frame rate.

Using the TX driving signal of 500 kHz, frame rate of 120 Hz was achieved with

56 cycles (left figure). On the other hand, frame rate of 240 Hz was achieved with

28 cycles (right figure). In the same manner, the on-chip frame controller scales the

frame rate from 85 to 385 Hz depending on the TSC requirements or noise environ-

ments.
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Fig. 4.72 The measured waveforms of the reconfigured cycles to adjust SNR and frame
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Fig. 4.73 shows the measured SNR by adjusting the frame rate. As the touch ob-
ject, small diameter touch objects were used: 1-mm, 3-mm, and 5-mm diameter
touch objects. As increasing the frame rate, the measured SNRs are decreased due to
the reduced sampling cycles and widen filtering bandwidth. On the contrary, as de-
creasing the frame rate, the measured SNR are improved owing to the enhanced
noise filtering. At the frame rate of 120 Hz, the measured SNRs with 1-mm diameter

and 5-mm diameter touch objects were 41 dB and 51 dB, respectively.

4.8.7 Noise Immunity

The noise immunity of the AFE is the most important specification, but no previ-
ous work had investigated the noise immunity quantitatively. In the industry, each
company uses their own methods to evaluate the noise immunity of the TSC [4.27].
However, the noise immunity of the AFE has not explored in the industry, too.
Measurement standards or specifications have not been defined yet. Therefore, it is
required to define a new method that quantifies the noise immunity of the AFE. Ac-
cording to the measurement method of the noise immunity of the entire TSC in
[4.27], the noise immunity is defined as the occurrence of false touch by the external
noise interference. Thus, in order to define the noise immunity of the AFE, two con-
ditions on noise injection method and criteria of false touch have to be established.

In case of the noise injection method, a pulse signal or sinusoidal signal is inject-
ed through metal slug, and the amplitude and frequency of the injected signal are
swept to investigate the immunity. In this work, a sinusoidal signal was used to

quantify the noise immunity at each noise frequency. Considering the noise frequen-
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rator

Fig. 4.74 The measurement setup for the noise immunity test.

cy in the real touch environment, the frequency of the injected signal was swept
from 1 kHz to 1 MHz. The amplitude of the signal was swept from 0.1 to 20V,,,. The
total noise interference injected to the TSP is proportional to the size of the metal
slug. In order to conduct a strict noise test, a 12-mm diameter metal slug was used as
finger model, which is larger than general finger model with diameter of 6 or 8§ mm.
Thus, the noise injection method used in this immunity test is much harsh condition
than the real touch environment as shown in Fig. 4.74.

The false touch in the TSC can be defined as touch detection without real touch.
The detection error usually occurs due to the noise interference. Therefore, the exist-
ence of the false touch means that the TSC fails to detect the touch input correctly in
the noisy interference. In other words, the false touch detection can be regarded as
the noise immunity. The noise immunity test in [4.27] also uses the false touch de-
tection as the criterion. However, the AFE just provides the capacitance data of each
node in the TSP. The false touch detection requires the digital back-end and coordi-

nates extraction algorithms, but it cannot evaluate the performance of AFE accurate-

s - i)
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ly due to the dependence on the digital algorithms.
Hence, new criteria for determination of the false touch are required to the AFE.

The fundamental sources of the false touch can be summarized in large variation in

touch signal Signal by and significant noise interference Noise,,,, . If the varia-
tion of the touch signal exceeds the threshold of labeling process, untouched node

can be as touched node and vice versa. Therefore, to prevent the false touch detec-

tion, the variation of Signal,,, have not to exceed the threshold value at the label-
ing process. There is no standard procedure to determine the threshold value at the

labeling process, but the threshold is usually set depending on the noise-free touch

signal Signal by - Fig. 4.75 shows the thresholding procedure in the digital back-

end. Usually, the threshold value that determines the touch or untouch event is set to

half of Signal may be tolerable up to

. In this case, the variation of Signal

Diff Diff

half of Signal,, . Some works like [4.28] use a hysteresis that makes a gap be-

iff

o Nrowen = Orouch
Signalrouch- e

8 |uT-to-Tthreshold| | 0.75 X Signalpy
£
8 0.5 X Signalp;s
Q L I e
3
§ | Tto-UTthreshold || | 0.25 X Signalpix
D
Q
- SjgnalUnrouch
Frame

Fig. 4.75 Tllustration of the thresholding procedure to determine touch and untouch

events in [4.28].
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tween touch-to-untouch (T-to-UT) threshold and untouch-to-touch (UT-to-T)

threshold. In this case, the variation of Signal,,, can be tolerable with wide range,

but the initial thresholds of touched and untouched events are still narrow as 75% of
Signal by for touched events and 25 % of Signal pyy for untouched events [4.28].

Considering the above implementations of the thresholding procedure, the ac-
ceptable variation range of Signal piyy 18 set to 20 % from its nominal value as
shown in Fig. 4.76. The 20 % of Signal pip 18 very strict tolerance among the de-
scribed methods. If the variation of Signal ,, is larger than 20 % of this nominal
value, then the touch detection is regarded to fail at the given noise frequency and
amplitude. By limiting the acceptable range of Signal by Variation, the false touch
detection by thresholding error at the labeling process can be predicted with only the

AFE. Furthermore, the criterion on Signal,, also compensate the SNR limitation

in the noisy environment. If the significant noise interference distorts the AFE, both

1.2X ngnafg,-ﬁ

Signalpis

Digital Capacitance

30015,c, < Signalpis

=
Lg

Frame

Fig. 4.76 The criteria on the noise immunity of the AFE.
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of Signal Diff and Noise,,,, can be increased, resulting in a constant SNR. Thus,
even if the SNR is maintained (or increased), false touch detection can occur in the

noisy environment. The use of only SNR cannot make up for the problem, but the
criterion on  Signal,,; can cover the fallacy of SNR.

Even though the variation Signal 1s less than 20%, the false touch can occur

Diff

if the noise of the capacitance signal is too large to calculate the exact touch coordi-

nate. For this reason, another criterion is required to define the false touch detection.

Owing to the criterion on Signal,, ., the SNR can be used as representative of the

Diff >

noise performance at given Signal Therefore, another criterion for the false

Diff
touch detection is defined in terms of the SNR.
In order to determine a criterion on SNR that decides the false touch detection,

let us assume that the capacitance data of the TSP show a normal distribution as de-

scribed in [4.28]. Then, the noise of the SNR is regarded as standard deviation

Electrode pitch ~ 5mm
A ; Peak (Signalpi)
Cap[n} Ry Imerpo!ated
Capln+1] uch coordinate
p h+ e, T T PP 1 i — r ..... e TR ——

Cap[n-1] - ’? ..........

Chln-1] h[nj Ch[n+1]

[
.

X[n-1] X[n] X[n+1]

Fig. 4.77 The linear interpolation algorithms to calculate the touch coordinate in [4.29].
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(0Touen) Of the normal distribution. Let us explore the touch coordinate calculation
[4.29]. There are many algorithms to calculate the touch coordinate. Among the cal-
culation algorithms, a linear interpolation method is the most basic way to extract
the coordinate [4.29]. At this time, the required specifications of the accuracy and
precision of the TSC are usually less than 1 mm, respectively. Thus, based on the
linear interpolation as described in [4.29] and the specification on the precision and
accuracy, the required SNR boundary can be derived. Fig. 4.77 shows the linear in-
terpolation algorithm. When the electrode pitch is about 5 mm, the interpolated

touch coordinate can be calculated as following:

| Smm X(Cap[nJrl]—CaP["—l]j’ (4.6.16)

Cap[n]

where Cap[n] is the sensed capacitance of Ch[n] and X[n] is the coordinate
of Ch[n]. Using the 1-mm specification as described above, the false touch detec-

tion can be defined as AX

roucr > lmm . Then, let us assume that the Cap[n—1]

and Cap[n+1] can be varied up to 66141, Which includes almost peak-to-peak
variation of capacitance data. Thus, the worst deviation within the acceptable preci-

sion and accuracy can be formulated as

65, . —(-6
AX e :2.5mm><( s~ GT"“"”)J<1mm. (4.6.17)
Cap[n]

At this time, Cap[n] is the peak value of the sensed capacitance, and it is same
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with  Signal, ,, . Therefore, Eq.(4.6.17) delivers the relationship between

Signal, , and Groy as following:

3OCTTom‘h < SignalT—UT . (46 1 8)

Hence, the acceptable range of the variation of capacitance data can be set to

1/30 times of Signal, and this criterion guarantees the operation of TSC with

_ur>
the significant noise interference. As a result, the required SNR for decision of false
touch detection with only AFE can be set to 30:1 using the relationship in
Eq.(4.6.18). According to [4.27], the lower bound of SNR that prevent false touch
detection by the noise interference is defined as 5:1 with peak-to-peak noise. In
terms of the RMS noise, the equivalent SNR is about 30:1 ~ 35:1 because the peak-
to-peak noise is usually larger than the RMS noise about six or seven times. In addi-
tion, many low-end TSC products in industry show the SNR of 30:1 without any
noise injection. Therefore, it is reasonable to claim that the SNR of 30:1 is sufficient
condition to provide correct touch detection, which is in accord with the result in the

above derivation. In summary, the occurrence of false touch detection by the inject-

ed noise interference is defined as following criteria:

Criterion 1:

Signal — Signal
ASignal,,, = R rura 8 rorl x100% > 20%.
' Signal,
(4.6.19)
Criterion 2:
SNR =8l ir 3

O-Touch



Chapter 4. AFE of Tablet TSC with Enhanced Noise Immunity 148

Using the two criteria, the noise immunity of the fabricated AFE was measured.
For reference, most of the digital back-ends employ an additional digital filtering
block to attenuate the noise interference, but this work evaluate the noise immunity
of the AFE without any digital filtering except the decimation filter of the ADC.

Fig. 4.78 shows the measured SNR when the sinusoidal signal was injected
through the metal slug of 12-mm diameter. The frequency of the injected signal was
swept from 1 kHz to 1 MHz. The amplitude of the injected signal was swept from
0.01 to 20 V,,,. At this time, the frequency of the TX driving signal is 250 kHz. The
measured SNR shows that the fabricated AFE sustains up to 20-V,, noise injection
without the SNR degradation in the frequency range from 1 to 100 kHz. As men-
tioned in the previous chapter, the frequency range from 1 to 100 kHz is the most

noisy band. At the frequency of the 250 kHz, which is the frequency of the TX driv-

SNR [dB]

0 100 200 300 400 500 600 700 800 900 1000
Noise Frequency [kHz]

Fig. 4.78 The measured SNR versus the frequency and amplitude of the injected noise

(sinusoidal signal)



Chapter 4. AFE of Tablet TSC with Enhanced Noise Immunity 149

10’
&
=
3]
T10°
=]
=
E. ¥~ 500mV,, @ frx = 250kHz
ﬁ 10°!
0
Q
4
109 ‘H A StoucH noise, 20% |
e |ECG2684

0 100 200 300 400 500 600 700 800 900 1000
Noise Frequency [kHz]

Fig. 4.79 The measured noise amplitude that satisfies the criterion on the variation of

the capacitance signal depending on the frequency of the injected signal.
ing signal, the measured SNR is reduced significantly because the noise interference
cannot be attenuated sufficiently. At the frequency of 750 kHz, the measured SNR is
also reduced significantly. As explored in the previous section, the down-conversion
process at the mixer odd harmonic components of the modulated signal. Thus, the
3"_order harmonic frequency of the TX driving signal is also folded into the signal
band. However, the noise interference with frequency higher than 500 kHz is negli-
gible compared to the frequency lower than 500 kHz. Thus, the odd harmonic fold-
ing problem at the down-conversion process does not affect the entire noise immuni-
ty of the AFE.

Fig. 4.79 shows the measured noise amplitude that satisfies the criterion on the

variation of the capacitance signal. The noise injection is same with that of the SNR

measurement. The acceptable noise amplitude that satisfies the criterion of the signal
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variation is 20 V,,, against the noise frequency lower than 100 kHz. Hence, the fab-
ricated AFE fulfills the two criteria of the signal variation and SNR with respect to
the noise frequency lower than 100 kHz and amplitude of up to 20 V,,,. The frequen-
cy range from 100 to 400 kHz, the acceptable noise amplitude is reduced to 500
mVpp. In the same manner with the SNR measurement, the acceptable noise ampli-
tude at the 3™-order harmonic frequency is also reduced due to the folded harmonic
components. Compared to the IEC62684 standard, the smallest noise amplitude is
still larger than the specified noise amplitude in the standard [4.3], which implies
sufficient immunity of the fabricated AFE even in the worst case.

To quantify the immunity of the AFE against the noise interference, two figure-
of-merits are newly defined: noise tolerance and noise immunity. The noise toler-
ance is defined as the minimum noise amplitude that satisfies both of the criteria on
the occurrence of the false touch detection. In other words, the noise tolerance
means the maximum noise amplitude that provides normal touch detection by the
AFE. The nose tolerance was measured for each TX driving frequency concerning
the frequency of the injected noise. Fig. 4.80 shows the measured noise tolerance of
the TX driving frequency of 250 kHz. At the frequency lower than 100 kHz, the
measure noise tolerance is 20 V,,,. At the frequency of 250 kHz, which is the fre-
quency of the TX driving signal, the noise tolerance is reduced to 500 mV,, due to
the criterion on the signal variation as shown in Fig. 4.79. Although the noise toler-
ance is reduced, it is still better than that of IEC62684 specification. At the frequen-

cy of 750 kHz, which is the 3™-order harmonic frequency of the TX driving signal,
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Fig. 4.80 The measured noise tolerance with the TX driving frequency of 250 kHz.
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Fig. 4.81 The measured noise tolerance with the TX driving frequency of 500 kHz.
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the noise tolerance is also reduced to 1 V,,,. This results from the down-conversion
process as explained above.

In the same manner with the noise tolerance of 250-kHz TX driving frequency,
the noise tolerance of 500-kHz TX driving frequency was measured as depicted in
Fig. 4.81. Likewise, the noise tolerance at the frequency lower than 100 kHz is 20
Vyp- When the frequency of the injected noise and TX driving signal is same, the
noise tolerance is reduced to 500 mVpp, which is still larger than that of IEC62684
specification.

In summary, the noise tolerance indicates the maximum noise amplitude at the
given frequency without any assistance of the digital back-end. The fabricated AFE
supports a number of TX driving frequencies, and the noise tolerance of each TX
driving frequency shows the immunity to the external noise interference. Within the
noise tolerance amplitude, the AFE can detect the touch input without malfunction
such as the false touch detection. Both of the noise tolerances of the TX driving fre-
quencies of 250 and 500 kHz are maintained with 20 V,,, at the frequency lower than
100 kHz. Therefore, the fabricated AFE can operate in the presence of the severe
noise interference such as lamp or display noise. The fabricated AFE also maintains
the high noise tolerance larger than 10 V,, even at the frequency higher than 100
kHz except the TX driving frequencies.

In the TSC, which consists of the AFE and DBE, the frequency hopping tech-
nique is usually employed to avoid the noisy frequency [4.45]. Thus, it is more real-
istic to use a figure-of-merit that takes into account of the noisy frequency avoidance
technique by the DBE. Assuming the frequency hopping technique, a noise immuni-

ty of the AFE is defined as the maximum noise tolerance at each noise frequency
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with the assistance of the DBE. When the frequency hopping technique is employed
in the TSC, the noise immunity can be improved as increasing the number of availa-
ble TX driving frequencies. Therefore, to minimize the effect of the DBE assistance,
only two frequencies of 250 and 500 kHz among a number of TX driving frequen-
cies from 100 to 500 kHz were used in the measurement of the noise immunity.

Fig. 4.82 shows the measured noise immunity of the fabricated AFE with the TX
frequencies of 250 and 500 kHz. Even if the frequency of the injected noise is over-
lapped with the frequency of the TX driving signal, the noise immunity of the AFE
can be maintained through the frequency hopping technique that changes the TX
driving frequency away from the noise frequency. Because both of the noise toler-

ances of 250 and 500 kHz TX driving frequencies were 20 V,,,, the measured noise
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Fig. 4.82 The measured noise immunity with 250 and 500 kHz TX frequencies.
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immunity was also 20 V,, at the noise frequency lower than 100 kHz. In addition,
20-V,, noise immunity was also achieved at the frequency higher than 500 kHz. The
worst noise immunity of 10 V,, was measured at the noise frequency of 375 kHz. As
a result, the fabricated AFE can provide 20-V,, noise immunity in the noisiest band
from 1 to 100 kHz. The AFE also achieves noise immunity larger than 10 V,,, in the
entire noise frequency band from 1 kHz to 1 MHz.

In order to investigate the noise immunity with severe condition, noise immuni-
ties with larger touch object with diameter of 30 mm and high frame rate of 315 Hz
were also measured. As increasing the size of touch object, the noise interference
through the touch object becomes worse due to the increased coupling capacitance.
Thus, the noise immunity with large touch object is important to cope with thumb or
palm touch cases. Fig. 4.83 shows the measured noise immunity with 30-mm metal
slug, which corresponds to the diameter of thumb. The noise immunity at the fre-
quency lower than 100 kHz was maintained with 20 V. In the worst case, the
measured noise immunity was 5 V,,, at the 375 kHz. Compared to the measurement
in Fig. 4.82, the worst noise immunity drops to 5 V,,,, which is half of the normal
condition. This coincides with the assumption that the noise interference is propor-
tional to the size of the touch object. Although the noise immunity decreased, it is
still higher than that of IEC62684 specification.

Fig. 4.84 shows the measured noise immunity with frame rate of 315 Hz. As ex-
plored in the previous section, the noise filtering at the AFE is inversely proportional
to the frame rate. Thus, the attenuation of the noise interference decreased as in-
creasing the frame rate. For this reason, the noise immunity at the high frame rate

becomes worse. The measured noise immunity at the frequency lower than 100 kHz



Chapter 4. AFE of Tablet TSC with Enhanced Noise Immunity 155

was maintained with 20 V,,,. However, the worst noise immunity decreased to 1 V,,
at the frequency higher than 400 kHz. With same frame rate, the number of sensing
cycles of 500-kHz TX frequency is larger than that of 250-kHz TX frequency, and
the noise attenuation of 500-kHz TX frequency is better than that of 250-kHz TX
frequency. The noise immunity near the frequency of 500 kHz is mainly determined
by the noise tolerance with 250-kHz TX frequency. In addition, the noise tolerance
of 500-kHz TX frequency would be lower than that of 250-kHz TX frequency at the
noise frequency near 500 kHz. As a result, the lowest noise immunity occurs at the
frequency near 500 kHz. For this reason, Fig. 4.84 shows the lowest noise immunity
of 1 V,, near the frequency of 500 kHz. Nevertheless, the noise immunity is still

higher than IEC62684 specification at least 20 times.
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4.8.8 Comparison with Other Works

Fig. 4.85 shows the comparison with other work [4.2][4.4][4.7][4.20][4.44]. The
proposed AFE supports up to 36 TX channels and 64 RX channels. The configurable
range of the frame rate is from 85 to 385 Hz. With a finger touch, the proposed AFE
provides 54-dB SNR with 120-Hz frame rate. In case of 1-mm diameter touch object
such as passive as stylus pen, the achieved SNR is 41 dB at 120-Hz frame rate.
Compared to the other works, the noise immunity of the AFE is quantified for the
first time, and the achieved nose immunity is up to 20 V,,,, which is sufficiently high
to be immune against the charger or display noise. The supply of the AFE covers the
practical range from 2.7 to 3.3 V. The total power consumption is 94.5 mW with a

3.3-V supply. The active area of the fabricated AFE is 36 mm”.

This Work ISSCC'13 | ISSCC'13 | ISSCC'14 | ISSCC'15 | ISSCC'15
Is Vior! Yang Shin Hamaguchi Park Hamaguchi
Process 0.18uym 0.35um 0.18um 0.18pum 0.18um 85nm
Channel TX : 36 TX:27 TX:30 TX: 78 TX: 48 TX: 35
RX : 64 RX : 43 RX: 24 RX: 138 RX: 32 RX: 57
Frame Rate 85~385Hz 120Hz 240Hz 240Hz 120Hz 240Hz
Finger 54dB 39dB 55dB 56.6dB 62dB -
SNR 1mm
Diamster 41dB - 35dB 37.4dB 49dB 38dB
1kHz
~100kHz 20V,
Noise 100kHz
Immunity ~400kHz 10VPP - - - - -
400kHz
~1MHz 20V
Supply 2.7~3.3V - 2.5~3.3V 1.8/13.3V - 1.2/13.3V
Power 94.5mwW 18.7mwW 52.8mW | 559.9mW 30mw -
Area 36mm’ 10.4mm? | 14.9mm® | 71.2mn? | 14.7mm* | 12.5mm?

Fig. 4.85 Comparison with other works.
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Chapter 5

Conclusion

In this thesis, the AFEs with highly enhanced noise immunity and configurable
SNR and frame rate are proposed. First, the AFE for mobile TSC provides configu-
rable SNR and frame rate. The employed incremental AX ADC provides over-
sampling and averaging effect, and it enables the configurable noise power of the
AFE. The relationship between the SNR and frame rate is derived using the configu-
rable noise power. Hence, the AFE controls the number of sampling cycles per con-
version at the ADC, achieving the configurable SNR and frame rate. The test chip is
fabricated in a 0.18-um CMOS process. In the measurements with TSP of 12 X 8
channels, the fabricated AFE achieves an SNR from 40 to 67 dB and a frame rate
from 50 Hz to 6.4 kHz. The fabricated AFE consumes 6.26 mW with a 3.3-V supply.

The AFE for tablet TSC provides highly enhanced noise immunity and the con-
figurable SNR and frame rate. The multi-driving TX structure using the MBHM-36

improves the SNR and noise immunity of the AFE. The effect of the multi-driving
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TX structure to the noise immunity of the AFE is investigated, and this work fully
exploits the advantage of the multi-driving TX structure to achieve highly enhanced
noise immunity. The proposed MBHM-36 resolves the offset and phase delay issues.
In addition, the AFE achieves improved noise immunity by supporting a number of
TX driving frequencies that enables the frequency hopping technique. The RX sens-
ing block employs the pre-filtering differential sensing method to reject the com-
mon-mode noise with preventing the saturation by touch-injection noise. Using the
pre-filtering differential sensing method, the AFE acquires noise immunity against
both of the common-mode noise and touch-injection noise. The optimal high-order
noise filtering structure is explored which suppresses the noise interference effec-
tively. The employed RX modulation applied to the area-consuming RX blocks ena-
bles the column-parallel sensing structure without significant SNR degradation and
power consumption. The AFE for the tablet TSC also provides configurable SNR
and frame rate with on-chip frame-rate controller. The test chip is fabricated in a
0.18-um CMOS process and occupies a 36-mm” active area. A 12.2-inch TSP with
36 TX channels and 64 RX channels was used in the measurement. The test chip
achieves a 54-dB SNR and 120-Hz frame rate with a finger touch. The frame rate is
able to be adjusted from 85 to 385 Hz. The test chip achieves up to 20-V,, noise

immunity. The test chip consumes 94.5 mW from a 3.3-V supply.
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