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Abstract: The multiple frequency driving method (MFDM) capacitive touch system (CTS), which
drives transmit (TX) electrodes in parallel, has been developed to improve the touch-sensitivity of
large touch screens at high speed. However, when driving multiple TX electrodes at the same time,
TX signals are merged through the touch panel, which results in increasing the peak-to-average
power ratio (PAPR) of combined signals. Due to the high PAPR, the signal is distorted out of the
power amplifier’s linear range, causing a touch malfunction. The MFDM CTS can avoid this problem
by reducing the drive voltage or partially driving the TX electrodes in parallel. However, these
methods cause a significant performance drop with respect to signal-to-noise ratio (SNR) in the
MFDM systems. This paper proposes a stack method which reduces PAPR effectively without the
performance degradation of MFDM and achieves real-time touch sensitivity in large display panels.
The proposed method allocates a suitable phase for each TX electrode to reduce the peak power of
combined signals. Instead of investigating all of the phases for the total number of TX electrodes,
the optimal phase is estimated from the highest frequency to the lowest one and fixed one by one,
which can reduce the required time to find a suitable phase considerably. As a result, it enables
high-speed sensing of multi-touch on a large touch screen and effectively reduces PAPR to secure
high signal-to-noise-ratio (SNR). Through experiments, it was verified that the proposed method in
this paper has an SNR of 39.36 dB, achieving a gain of 19.35 and 5.98 dB compared to the existing
touch system method and the algorithm used in the communication system, respectively.

Keywords: capacitive touch sensing system (CTS); large size touch screen; multiple frequency driving
method (MFDM); multicarrier transmissions; peak-to-average power ratio (PAPR)

1. Introduction

Touch systems are widely used in our society due to the popularization of touch
screen technology in user interfaces [1]. The existing touch interface has been applied to
the point of sale system (POS), which is used in banks” unmanned ATMs, and various
applications, such as smartphones, tablet PCs, and automobiles that can easily be seen
around us. As such, most of the IT devices are equipped with a touch function, which is to
be used as an unrivaled user interface, such as electronic boards, augmented reality (AR)
touch screens [2], and the smart cars in the future. Moreover, as large displays become
popular, the drone control method through the ground control system (GCS) [3] moves
from a method that uses devices, such as joysticks to touch devices that use a large display.
Since drone control must be performed in real-time, the current touch sensitivity is limited
to using touch devices. Therefore, a high-speed touch sensing method is essential for
real-time drone control and large-scale touch screens. Various driving methods for these
high-speed touch sensing technologies have been studied [4-12] in the literature.
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Unlike communication systems, a transmit (TX) electrode in the touch system simply
generates a pulse signal or a sinusoidal signal without modulated data, and a Rx electrode
senses the physical variation of touch nodes for finding the touched point. As shown in
Figure 1a, the current touch screen drives a rectangular wave with a constant frequency
to each TX electrode sequentially during a specific period, or it gives orthogonality to the
TX signals and drives using a parallel driving method. Each method detects the touch
point by integrating the received capacitance value and measures the change [4-8]. The
sequential driving method [4,5] requires that a certain period of each TX is sequentially
driven from TXO0 to TXn in order to scan for one frame. Therefore, the larger the screen,
the lower the touch sensitivity. The parallel driving method (PDM) scans one frame by
driving the TX signal in parallel using orthogonal codes, such as the maximum length [6,7]
and the Walsh-Hadamard sequences [8]. Since the TSP is driven in parallel, the SNR is
higher than the sequential driving method. When using a small number of TX electrodes,
it also can achieve a high frame rate. However, with many TX electrodes, it can cause
performance degradation with respect to the frame rate, because the size of orthogonal
matrix is proportional to the number of TX electrodes. In order to detect a high-speed
touch on many TX electrodes as well as a small number of TX electrodes, each TX electrode
is driven simultaneously using a sinusoidal signal with a specific frequency, which is
shown in Figure 1b. With this method, a multiple frequency driving method (MFDM) as
a frequency domain signal processing method [9-12] has been developed that scans one
frame by driving all of touch nodes at once.
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Figure 1. (a) Sequential driving method and parallel driving method, (b) multiple frequency driving method (MFDM).

1.1. System Owverview of MFDM

Figure 2 is a block diagram of an MFDM CTS [11], which consists of the microcontroller
unit (MCU), the touch screen panel (TSP), and the touch sensing integrated circuit (IC),
which includes the excitation circuits, the readout circuit, and the fast Fourier transform
(FFT) processor. The MFDM system measures the external noise and selects a frequency of
signal for each TX electrodes with low noise. The MCU performs the FFT pre-processing to
measure the external noise in order improve the SNR. Additionally, during driving, the
MCU continues to measure the noise level of frequencies allocated to the TX electrode.
When the noise above the threshold is measured, the TX electrode is reassigned to the
frequency with low noise. When the FFT pre-processing is advanced, the touch sensing IC
does not emit the Egxr to the TSP and sends the Drrr, which is the FFT data to the MCU
at the FFT processor. The value of the Drrr changes because of the process variation of the
TSP and the channel mismatch. It is compensated by using a finite impulse response (FIR)
filter and correlated double sampling (CDS) method, so the external noise is minimized,
and the frequency is selected using the algorithm from [11]. With the frequency received
from the MCU, the excitation circuits of the touch sensing IC generate the signal Egpxr,
which is shown in Equation (1), and it emits the Egxt to the TX electrode of the TSP.

EpxT = COS(ZT[%t) 1

where f; is the FFT bin of the frequency selected by the MCU, L is the FFT length, and t is
the sampling time. The Erxt emitted in parallel for each TX electrode passes through the
touch panel, and it is combined and sent to the readout circuits as a charge signal, which
is the Charges through the RX electrode. After passing the readout circuits, the amplified
Charges completes the FFT, and it is sent to the MCU to obtain touch information that has
touch points. The touch point’s capacitance value decreases when touched, and the FFT
magnitude also decreases, so the touch point can be found even if it is driven in parallel.
These MFDMs can have higher touch sensitivity and SNR as the number of TX electrodes
driven simultaneously increases. However, if the Charge; has a high PAPR [13], the signal
is distorted out of the linear range of the power amplifier, which results in an error in the
touch sensing. In the conventional [9-11], in order to reduce the PAPR, a Charge Overflow
Protection Block (COPB) was added to the Current Conveyor II (CCII) [11] of the readout
circuits, and the input impedance was converted to 4-bit control data (D [3: 0]) in order
to reduce the voltage (drive voltage) of the input signal (Charge;). However, when the
driving voltage is lowered, the SNR decreases, so the noise immunity is weakened. There
is a limit to the amount of increase in the touch screen size because the more the TX signal
is used, the lower the driving voltage is. Additionally, [12] multiplies the TX signal by a
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sinusoid signal having a frequency of f;/2 to shift the frequency of signal for offsetting the
signal one another. After that, the signal is restored via the demodulation process (reverse
work) in the RX stage, and the touch point can be found. However, when the amplitude
of the signal becomes 0 by offsetting process, the original signal can be distorted in the
demodulation process, and the complexity of the touch sensing IC also increases. The
proposed method in this paper improves the SNR compared to the conventional method
by solving the charge overflow without using the COPB of the CCII, which reduces the
driving voltage, and the demodulation process.

MFDM Capacitive Touch System
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Figure 2. Block diagram of MFDM CTS structure [11].

1.2. The PAPR Reduction Method in the Communications System

The PAPR problem of the MFDM also occurs in multicarrier transmissions [13-23],
such as orthogonal frequency division multiplexing (OFDM) [13], discrete multi-tone
(DMT) [14], and universal filtered multi carrier (UFMC) [15,16] in the communications
system. In the communications system, various PAPR reduction studies have been con-
ducted. Among them, the representative techniques in order to reduce the PAPR without
distorting the signal are the coding technique [17,18], selective mapping (SLM) [19,20],
and partial transmit sequence (PTS) [21-23]. Each method shifts the phase of the input
data in order to minimize the PAPR. It will compare how much phase should be shifted
for each input data to have the minimum PAPR. The coding technique searches for the
optimal phase codewords that minimize the PAPR for the entire input data and applies
those codewords. The SLM makes some candidate phase codewords and applies each
codeword to the input data. The SLM then selects the codewords that generate the mini-
mum PAPR. Regarding the PTS, there are too many cases to find the optimal phase of the
entire input data every time, so the input data is divided into several sub-blocks in order to
find the optimal phase for each sub-block to reduce the PAPR. In an MFDM system that
uses a different frequency for each driving and uses many TX electrodes, it is impossible
to find the codewords and the optimal phase each driving due to many computations.
Additionally, utilization of candidate codewords causes a malfunction in touch detection
due to irregular and insufficient PAPR reduction. For these reasons, the PAPR reduction
techniques that is used in the communications system cannot be directly applied to the MFDM
CTS. However, when adding a LUT to the DDS of the MFDM CTS like Figure 3, the PTS
in the communication system can be applied to the MFDM CTS. In this paper, such a
method is referred to as P-PTS. Similar to the PTS, the P-PTS divides the frequency band
into sub-blocks by a block slicer and compares PAPR within the sub-block. Each sub-block
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is multiplied by the phase factor to compare the PAPR, and the phase factor that has the
minimum PAPR is stored in the LUT. When a frequency is selected in the MCU, the phase
factor that corresponds to that frequency is taken from the LUT and the Egxr is generated,
so the PTS with a large amount of computation can be applied to the MFDM CTS. However,
since the MCU selects frequencies in the sub-block units, which is shown in Figure 4, it is
more susceptible to external noise than the conventional MFDMs, which select frequencies
one by one. Additionally, there is a drawback in the P-PTS that the PAPR reduction effect
cannot be seen when selecting the sub-blocks that have the same phase.

Touch Sensing IC

Readout Circuits

CCll ADC

TSP

Excitation Circuits

DDsS
EASS Phase
LPF\ | — |_| ot |}

P2AM DAC

Figure 3. Block diagram of the P-PTS that is used for the communications system.
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Figure 4. P-PTS selects frequencies in subblock units, which have 4 TX signals.

This paper proposes the stack method, which enables high-speed touch sensing by
reducing the PAPR effectively with a small number of computations without degrading the
performance of the MFDM. The remainder of this paper is organized as follows. Section 2
describes the Stack, which is the PAPR reduction algorithm proposed in this paper. In
Section 3, the PAPR reduction algorithm in Section 1 and the proposed algorithm in this
paper are applied to compare the amount of the PAPR reduction. The improvement of the
SNR for the PAPR reduction is verified through experiments. Section 4 summarizes the
results and concludes this paper.

2. The PAPR Reduction Method about Stack

On account of the large display’s popularization, the demand for large touch screens
increases in various fields, such as GCS, electronic blackboards, and smart cars. There is
presently a limit to the applicability of touch systems to large touch screens, so the MFDM
was developed for high-speed sensing. However, it is difficult to use many TX electrodes
because of the high PAPR problem of the MFDM. Therefore, the PAPR reduction is indis-
pensable to increase the number of TX electrodes for high-speed touch sensing. The PAPR
reduction algorithm in a multicarrier transmission system, such as the communications
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systems cannot be applied to a large touch screen using a large amount of TX electrodes
due to the number of calculations. Without testing all of the phases of the TX electrodes
at the same time, the proposed stack method finds sequentially the optimal phases of the
TX electrodes with from the highest frequency to the lowest one. In the proposed method,
the optimal phase of i-th TX electrode can be obtained and set with only considering the
phases of i+1 to (N-1)-th TX ones (the frequency of i-th TX electrode is lower than i+1-th
TX one). Since the PAPR of the TX electrodes is not compared at the same time, not only
the phase coefficient is detected at high speed, but real-time touch detection is possible
even when many TX electrodes are adopted to an MFDM system in which the frequency
changes with every driving.

Figures 5 and 6 show the algorithm and the block diagram of the proposed stack
method in the MFDM system, respectively. The MCU receives the Drpr from the FFT
processor of the touch sensing IC, and it selects the frequency in the region with less
external noise through the FIR filter and the CDS. Whenever the external noise exceeds
the pre-determined threshold even during driving, the proposed method performs the
process finding re-allocable frequency and its optimum phase for each TX electrode in the
background without affecting the current touch sensing process. The proposed method has
about the latency of tens of milliseconds to decide the frequency and phase candidates for
the TX electrodes at the clock speed of 100 MHz, which is just the experimental environment
of this paper and can be reduced depending on the clock speed. However, since the re-
assignment and re-generation process for the TX electrodes takes less than about 1 ms and
the touch response time requirement is about 8 ms (120 Hz), the proposed algorithm in the
MFDM system does not affect the normal touch sensing process. The selected frequencies
are sorted in the order of the lower band frequency and the phase then is allocated. The
high-band frequency provides many changes in the signal overlapping even if a little phase
shift occurs, but the low-band frequency does not significantly affect the PAPR reduction
by the phase shift compared with the high-frequency band. That is why the phase in
Equation (2) is assigned from the highest band frequency.

Pl =3 (0<j<m) @
Equation (2) means an array P, which 27 is divided by the number of phases n,,.
Among the rearranged frequencies, the first frequency fj is fixed to 0°. After that, the f; fre-
quency generates the Epxr1[0] by shifting the Epxt of Equation (1) by P[0], which is the first
phase stored in the array P. This way, the signal EEXT] (EEXTI [0], EEXTl [1], ey, EEXT] [Tlp,ﬂ )
is generated using P(P[0], P[1],---,P[n, —1]) and f;. A total of n, number of Egxr1 are
created, and Charges1(Charges [0], Charges [1],- - -, Chargesi[n,_1]) is generated by adding
the EpxTi to the signal Epxo that is generated using fj fixed at 0°, which is shown in
Equation (3).

i—2
Charges[j] = ) Eext, + Eext,_ [/l (0<j<np) ®)
n=0

2
PAPR — — L0k 4)
Zf;é Charges|i]
t

From Equation (4), the PAPR is proportional to the square of the signal’s peak. Ac-
cordingly, the peak value of each of the generated number of phases 1, Charge,; signals is
found. Accordingly, the peak value of each of the generated 1, number of Charge,; signals
is found. Charges[j], which produces the smallest peak and fixes the phase that creates
Charges [j], is found at that time to the phase of f1. This process is repeated for 7 number
of frequencies selected by the MCU, and the phase is fixed for each frequency. Using this
method, the phase that produces the smallest peak is fixed to that frequency while stacking
the frequencies one by one from the slow frequency to the high frequency. The PAPR
reduction effect is excellent, because the phase that generates the minimum peak is selected
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Select frequencies

/

while adding the Egpxr signals generated at the frequency selected from the MCU one by
one. Moreover, since the PAPR of all of the TX electrodes is not compared at the same
time, the PAPR comparison calculation amount does not increase exponentially with the
numbers nry and ny, of the TX electrodes. Equation (5) is the PAPR comparison calculation
amount of the Stack, which is significantly smaller than the P-PTS calculation amount.
When the stack method is applied to the MFDM system, it can find phase to reduce the
PAPR effectively in real-time.

npaprR_STACK = (n1x — 1) *x 1y, ®)

Figure 7 shows an example of a Stack that finds the phase of the TX electrode frequency
using n number of TX electrodes and four phases, which include 0°,90°,180", and 270°.
In Step 1, add Egxro, which is phase shifted by 0°, and the signal EpxT1 generated by f;
and phase 0°, 90", 180°, and 270°, respectively. After that, the value of Charges;; made by
combining Erxto and Erpxr is compared. The Charge,; has the smallest value of 1.44 when
moved 180", and 180" is assigned to f;’s phase. Step 2 repeats the process of Step 1 using
the Egx7o and the Epxr; emitted in the previous step. Using this method, it is repeated n
times by the number of TX electrodes in order to search for a combination of frequency
and phases.

 J
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Figure 5. The MFDM algorithm [11] with stack.
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Figure 6. Block diagram of the proposed stack method in the MFDM system.
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3. Experimental Result

The P-PTS and the stack were applied to the experimental environment in Table 1
in order to calculate and compare the PAPR values. Coupling occurs in the low band
frequency, and the high band frequency is noisy, so the frequency in the band from 150 to
1 MHz is used. The number of usable frequencies is 288 when considering the 3 MHz
ADC and the 1024 FFT points, and the PAPR was calculated when 64 TX electrodes were
used. In the stack case, the operating speed was measured at a 100 MHz clock on the
zynq-7020 board to verify that the optimum phase was found for real-time. The P-PTS
divides 288 frequencies into 144, 64, and 36 sub-blocks by grouping the sbrx into 2, 4, and
8 number of TX electrodes per sub-block. The P-PTS divides 288 frequencies into sbry (2,
4, 8) to create 144, 64, and 36 sub-blocks, respectively. The sbrx means the number of TX
electrodes for each sub-block. In order to allocate the frequencies to 64 TX electrodes, in
the case of the P-PTS 2 (P-PTS when sbry is 2), 32 sub-blocks should be selected out of 144
sub-blocks. When selecting 32 sub-blocks out of 144 sub-blocks, it is impossible to complete
the enumeration for about 10?2 signal candidates for the PAPR comparison. Similarly, in
the P-PTS 4 and the P-PTS 8, too many signal candidates could not be enumerated entirely,
so 10 million simulations were performed. The maximum PAPR and the average PAPR
were calculated during the 10 million simulations. At this time, the PAPR does not decrease
when the sub-blocks, which all have the same phase, are selected, so this case was excluded
and measured. Similar to the P-PTS, the stack cannot perform a complete the enumeration,
so it was simulated 10 million times. Using the 10 million simulations results, the touch
panel was modeled using a MATLAB Simulink and the PAPR reduction and the touch
points were verified. Additionally, the 42-inch MFDM CTS was implemented and verified
using real-time sensing.

Table 1. Environment of the experiment.

Lists Values
ADC sampling rates 3MHZ
FFT points 1024
Bandwidth 150 KHz ~ 1 MHz
Number of TX 64
Clock 100 MHz
Number of simulations 100,000,000

Figure 8 is a graph that compares the maximum PAPR of 10 million simulations of
the P-PTS and the Stack. The maximum PAPR was measured for each case by applying
2(0°,1807),3(0°,120°,240°), 4(0°,90°, 1807, 2707), 5(0°, 72°, 144", 216, 288°), 6(0", 60, 120°,
1800, 2400, 3000) np. The P-PTS 2 has an unstable maximum PAPR based on the np, but the
P-PTS 4 and the P-PTS 8 show a tendency that the maximum PAPR decreases as the 1,
increases. However, in the P-PTS 4, the amount of the PAPR reduction is small from the 1,
of 6, and in the case of the P-PTS 8, the amount of the PAPR reduction according to the n p
is insufficient. Therefore, increasing the sbrx rather than increasing the 1, is effective to
reduce the PAPR in P-PTS. Additionally, it has a more stable maximum PAPR as the sbrx
increases. However, the MFDM CTS selects the frequency of the sub-block units with less
external noise, which is shown in Figure 5. As the sbry increases, the sub-block becomes
more massive and is more affected by the external noise, so the SNRs performance drops.

The stack has a higher PAPR than P-PTS 4 and P-PTS 8 when two phases are used,
but it has a lower PAPR than P-PTS even when four phases are used. Moreover, as np is
increased, the maximum PAPR (PAPR;) and the average PAPR (PAPR;) decrease, which
shows a better performance than the P-PTS. Table 2 shows the results of the Stack measuring
the maximum PAPR, the average PAPR, and the operating time () by applying up to 128 n,,.
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PAPR, and PAPR;, decrease proportional to 1,, while t increases with 1,. Therefore, in
order to find the effective value of 1, a PAPR-time performance (PAPR-T) is defined by

PAPR — T = PAPR,; x PAPR,, =t 6)
90
& P-PTS 2
L P-PTS 4| |
8o —S—P-PTS 8
—&— Stack
70T
o 60 - N
5 AN
50
& AN
= N
e No—
) SN -
~ ]
= o S
10 :
2 3 4 5 6

Number of Phase

Figure 8. P-PTS and stack’s maximum PAPR when using 2, 3, 4, 5, and 6 phases.

Table 2. Result of proposed the stack method.

Method
Stack
Number of Phases (1) 8 16 32 64 128
Average PAPR (PAPR;) 7.90 7.33 6.98 6.76 6.65
Maximum PAPR (PAPR;;) 16.35 13.11 12.05 11.19 10.49
Time (t) 0.0299 0.0504 0.0990 0.1939 0.3830
PAPR-time performance 386 484 8.33 14.67 26.72

(PAPR, x PAPRy; * t)

In the evaluation for various ny, the value of 1, is selected with which a PAPR-time
performance (PAPR-T) does not change abruptly.

Table 3 compares the computational complexities of the P-PTS and stack methods.
The computational complexity means that how many times compare operations are need
for finding the optimal phase in each algorithm. The stack method can find the optimal
phase 9 times faster than P-PTS. In addition to that, both the maximum and the average
values of PAPR also be reduced by about 40% than P-PTS.

Table 3. Comparison the P-PTS and the stack method.

Simulation Computational
Method Parameters Complexity (Times) MaxPAPR ~ AvgPAPR
NTX_Total = 288, -
— — otal
P-PTS nrx =64, np =2, 1p*7Tx % %TTX’ 9216 21.90 11.62
SbTX =8
NTX_Total = 288,
Stack (proposed) - (ntx —1) xny 1008 13.11 7.33

nrx = 64,1, =16

As shown in Figure 9, the algorithm was verified with a 64 x 64 capacitive touch
screen panel model using MATLAB and Simulink, which reflected the characteristics of
the panel’s actual passive elements. The resistance was set to 2.5C). The capacitance of
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the untouched and touched panel were set to 1.5 and 1.2 pF, respectively. The maximum
number of multi-touch points was 10. Considering the experimental environment, external
noise, sensing, and PAPR reduction, the P-PTS 8 phase 2 and the stack phase 16 is suitable
for the MFDM CTS. Therefore, the combination of the frequency and the phase was applied
when the maximum PAPR of the P-PTS 8 phase 2 and the stack phase 16 occurred. The
improved SNR was measured by amplifying the average power as much as the reduced
PAPR in each method. The experiment verified the five multi-touch point touch sensing,
which assumed that the touch was made by reducing the five touch panels’ capacitances.

\\ \\ Touched call

Figure 9. 64 x 64 capacitive touch screen panel implemented using MATLAB Simulink.

Figures 10-13 show the RX signals and the RX signals FFT when applying a combi-
nation of the frequency and the phase when the maximum PAPR of the P-PTS 8 phase
2, and the stack phase 16 occurs on the 64 x 64 capacitive touch screen panel, which is
shpwn in Figure 9. The RX signals indicated the signal magnitude from —1.32 Vt0 1.32 V
according to the power amplifier’s output range. Figure 10 shows the RX signal with no
average power. These are the RX signals where the conventional, the PTS Block 8 phase
2, and the stack phase 16 are applied, respectively. In the conventional method, the value
of 0 for the RX signal has a high peak of 0.7851. The peaks of the P-PTS and the stack are
0.465 and 0.3534, and the stack has the lowest peak. The stack peak is 54.99% lower than
the conventional. Figure 11 shows that the peak values of the RX signals in Figure 10 were
amplified, so it does not exceed the linear range of the power amplifier. The stack has more
PAPR reduction than the conventional and the P-PTS, so a lot of amplification is possible.
The stack has a high SNR at 39.36 dB. On the other hand, the conventional and the PTS have
low SNRs, which are 20.01 and 33.38 dB, compared to the stack. Figure 12 confirms in the
frequency domain that the signal distortion does not occur even if the signal is amplified by
applying the stack. It shows that all five multi-touch are sensed correctly. Figure 13 shows
the FFT when the conventional RX signal and the P-PTS RX signal’s average power are
amplified the same as the stack. In both cases, the RX signal exceeds the power amplifier’s
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linear range, which causes signal distortion. It causes harmonics in the frequency domain,
which makes it difficult to determine the touch point. Additionally, a touch malfunction
can occur with only a small amount of noise.

7 Conventional RX Signal P-PTS & RX Signal e Stack RX Signal
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Figure 10. RX signals without amplifying average power.
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Figure 11. RX signal with an amplified average power that was not to exceed the linear range of the power amplifier.
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Figure 13. Hazard on the FFT of the conventional RX signal and partial transmit sequence (PTS) RX
signal when amplified equally as Stack.

Figure 14 shows the proposed algorithm test environment on an actual 42-inch touch
panel. When ten touches were made on the touch panel, the touch panel’s multi-touch
points were outputted to the monitor in real-time, and it was verified that the touch points
were correctly detected. Figure 15 shows the ADC data of the RX signal when it was
experimented in the experimental environment of Figure 14. Figure 15a is the ADC data of
the RX signal generated when the conventional MFDM CTS is touched, and Figure 15b is
the ADC data of the RX signal verified by applying the provided stack phase 2. From the
results of Figure 15b, it was verified that the peak decreased when the proposed method
was used in the actual MFDM CTS. The touch point at this time was outputted to the
monitor in real-time and verified.

Figure 14. Experimental environment for real-time sensing of 10 multi-touch on a 42-inch MFDM capacitive touch system

(CTS) and output to a monitor.



Sensors 2021, 21, 429

14 of 16

Magpnitude

0 100 200 300 400 500 600 700 800 900 1000
Time[ms]

(a)

40007

3000

! |l||' "‘| & ||" |||.| P |‘| '||| llll\'l'

N
o
o
o

Magnitude

1000

0 100 200 300 400 500 600 700 800 900 1000
Time[ms]

(b)

Figure 15. (a) The conventional CTS sequential driving method, and (b) the concurrent driv-

ing method.

4. Conclusions

The PAPR reduction method that was used in the existing MFDM CTS lowers the
driving voltage or partially drives the TX electrodes in parallel, which thereby degrades the
MFDM performance. In addition, the PAPR reduction method used in the communications
systems cannot perform real-time sensing due to a large number of computations when
applied to the MFDM CTS with variable frequency. This paper proposed a real-time touch
sensitive method that reduces the high PAPR that occurs when the MFDM, which is a
frequency domain signal processing method, is applied to the CTS without degrading
the MFDM performance. In order to verify the performance of the proposed method, the
highest PAPR and the average PAPR among them were found by conducting 10 million
simulations for each number of phases. As a result, the PAPR was reduced and the
performance improved as the number of phases increased. However, when the number
of phases increases above a certain level, the increase in operating time is larger than
the reduction in the PAPR. Therefore, the SNR was measured by applying stack phase
16 to the 64 x 64 capacitive touch screen panel that was implemented using MATLAB
Simulink in this paper. The SNR of the conventional method is 20.01 dB, and the SNR of
the P-PTS that utilizes the PTS, which is a technique to reduce the PAPR in communications
systems, is 33.38 dB. The SNR of the proposed method is 39.36 dB, which is an advantage
of 19.35 dB over the conventional method and 5.98 dB over P-PTS. The PAPR comparison
calculation amount that increases exponentially is effectively reduced without changing
the structure, and real-time driving is possible. The real-time sensing of 10 multi-touch and
the PAPR reduction was verified by outputting it to a monitor by applying the proposed
method to the actual 42-inch MFDM CTS. It was confirmed that the proposed method
through these performance verifications is capable of high-speed touch sensing even on
large touch screens that are 80-inch or higher classes. The future research will reduce the
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PAPR comparison process through structural modification of the MFDM CTS to further
improve the touch sensitivity.
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