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Abstract: This paper presents a front-end architecture for touch screen panel (TSP) readout in
a TSP-integrated, ultrathin flexible display to mitigate severe display noise interference, which
is an uncommon mode caused by the large panel load of the TSP in the flexible display. The
differential sensing method with multireference TSP channels minimized an imbalance of the phase
and amplitude of the coupled-display noise interference. In addition, cascaded time-discrete bandpass
sampling was employed to enhance the touch sensitivity in the sensing block. Moreover, a rated frontend block could be reconfigured to a differential or single-ended sensing structure, which reused the
prefilter capacitors in the differential sensing for offset cancellation in reference capacitance sensing.
To further improve the sensitivity, programmable postfiltering was employed on the reference TSP
channels. Subsequently, the proposed front-end was implemented in a 350 nm process, wherein
it achieved a SNR of 50.5 dB with a scan rate of 200 Hz and attenuated aggravated display noise
interference by more than 6.84 dB as compared to the conventional differential sensing method. The
designed chip occupied an area of 4.8 mm2 and consumed 17.6 mW from a 3 V supply.
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1. Introduction

mi13060942

Recently, the increasingly competitive mobile device markets and the high demand for
a new form factor have enabled the commercialization of foldable mobile devices [1]. Based
on this trend, the design of flexible active-matrix organic light-emitting diode (AMOLED)
displays has garnered considerable interest owing to their high optical transparency, thinness, and light-weight characteristics. As the first step towards the implementation of
a foldable AMOLED, a thin-film transistor (TFT) backplane was mounted on a flexible
substrate material. A polyimide [2] substrate is considered the most suitable candidate in
such emerging technology, because it exhibits conventional glass-like properties and can
withstand bending radii smaller than 5 mm without mechanical breakdown.
The encapsulation layer laminating process is vital for the bending characteristic,
which protects the TFT from oxidation and moisture permeability. In particular, thinfilm encapsulation (TFE) is employed for rigid AMOLEDs instead of glass encapsulation,
because it can reduce the bending radius and relieve the stress caused by folding. For
truly inward and outward bending, the TFE requires to be thinner than 10 µm [3,4].
In the transition from rigid to flexible AMOLED structures, the TSP readout system
becomes more vulnerable to noise interference. Owing to the reduced thickness of
the TFE in the flexible AMOLED, the display noise is largely coupled through the
parasitic capacitors of the TFT, cathode, and TSP in the TSP electrodes during a display
frame update [5,6].
These conditions become more severe as the voltage of the pixel-update signal alters
from high to low, or vice versa, during every horizontal-line update. Generally, this
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phenomenon occurs when the display driver IC (DDI) updates the horizontal zebra pattern,
which contains an alternating block and a white color line [7]. In addition to the reduced
panel thickness, the metal-mesh TSP sensor replaces the indium tin oxide (ITO) sensor
in the flexible display, as it can be flexible and increase the conductivity because of the
reduced resistance. However, the placement of metal-mesh sensors over the organic cells of
RGB is prohibited because of the Moire effect or the interference of light occurring between
the metal-mesh sensor and organic cell that degrades the visibility. Thus, the TSP sensor in
the flexible AMOLED comprises numerous fine-line metal mesh lines with large openings
over the organic cells, which can vary the capacitance only to tens of femtofarads and the
electrode resistance of the TSP up to tens of kilo-ohms upon a finger touch.
Several differential front-end architectures have been proposed to negate the commonmode interference [8–11]. In particular, a column-parallel capacitance difference (∆Cm ) in
the adjacent receiving electrodes is detected by a fully or pseudo-differential readout circuit.
They detect and directly process the ∆Cm formed between adjacent RX electrodes. However,
there has been no consideration of general use environment. A common user scenario such
as multi-finger gaming is described in Figure 1a, where two fingers with large touched area
were placed across the whole TSP region. In a single-ended sensing, capacitance change
(∆CF ) by a finger was sensed correctly, whereas the capacitance difference upon the fingertouches (∆CF s) can be recognized as a common noise and ignored in the differential sensing.
A constant can be used as an integral basis for capacitance reconstruction. However, the
capacitance on TSP is largely fluctuated by temperature variation of mobile devices, making
a significant offset between the constant and measured reference Cm [12]. Subsequently, it
should be reconstituted into a single-ended Cm with a capacitance integral in the horizontal
direction based on time-varying reference capacitance. A conceptual diagram of the
differential TSP sensing in a flexible AMOLED is illustrated in Figure 1b. The TSP driver
transmits an excitation signal to the transmitter electrode, and Cm(m,n) is formed at the
cross-section of the transmitter (TX[m]) and receiver (RX[n]) electrodes. Moreover, the
AMOLED pixels below the TSP electrodes are refreshed every Tsync (=1/fsync ). This is
synchronous to scan signals (Scan[H:1]), whose frequency is calculated as the product
of the display refresh rate and the horizontal resolution (H) of the display. Accordingly,
two criteria should be satisfied to remove the common noise in the differential sensing
architecture. The first criterion is to set a clean reference Cm in an RX electrode. For the
simplicity of explanation, let us consider the Cm s at RX[1] electrode as the reference Cm s.
Thus, the reconstructed Cm_rct(m,n) of the RX[n], which is an integral of ∆Cm(m,k) , can be
expressed as


n
Cm_rct(m,n) = ∑k=1 ∆Cm(m,k) ≈ Cm(m,n) + N(m,n) + (α − 1) N(m,1)
(1)
where N(m,n) denotes the noise power coupled at Cm(m,n) , α denotes the filter gain of the
prefilter at RX[1], and ∆Cm(m,k) reflects the capacitance difference in Cm(m,k) and Cm(m,k−1) .
Assuming that the prefilter completely suppresses the N(m,1) in Cm(m,1) (α = 0), the noise
power at the Cm(m,n) node can be reduced to the difference in N(m,n) and N(m,1) , both of
which should have equal phase and amplitude for complete noise cancellation. This is
another criterion for a differential sensing scheme.
In prior research [5], we assumed the coupled display noise as a global injection noise
source, because the panel load of a rigid AMOLED is small. However, for a metal-mesh
TSP with reduced TFE thickness in flexible AMOLED, the panel delays the TSP signal with
an attenuation that causes a mismatch in the phase and amplitude of the coupled display
noises. In addition, the method of selecting a reference Cm s for the differential sensing
scheme is yet to be reported.
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the practical considerations in the circuit design are explained in Section 3. Thereafter,
the measurement results of the AFE fabricated in a 350 nm CMOS process are presented
in Section 4, and the conclusions of the current study, along with a brief summary, are
presented in Section 5.
2. Differential Sensing Architecture
2.1. Circuit Model of Display Noise in Flexible AMOLED
The equivalent circuit model of the TSP, AMOLED pixel, and DDI illustrating the
display noise insertion is presented in Figure 2a. During the horizontal-line refresh time
(Scan[n]), the source drivers in the DDI generate RGB update signals. For simplicity,
the update signal (VDAC,R [h]) for the h-th red pixel in the n-th horizontal line (PR [n,h])
is described. In addition, the VDAC,R [h] is generated from a digital-to-analog converter
(DAC) and a unity gain amplifier, which was trapped on PR [n, h] through M1 , M2 , and CS .
Simultaneously, the display noise (ND ) propagated through the DDI parasitic capacitance
(CP_D ) to the cathode plane. For a rigid AMOLED with an encapsulation thickness of
100 µm and a CP_TSP of tens of picofarad, most of the ND s leaked into the cathode plane.
However, in a flexible AMOLED, the CP_TSP of an RX electrode increases to approximately
1 nF. Consequently, such a large CP_TSP introduces considerable display noise into the RX
electrode that is directly coupled to the RX and AFE inputs. Moreover, a portion of the ND
propagates through an array of RCathode and CP_TSP , experiencing a phase delay and gain
attenuation. The propagation of the display noises is depicted in Figure 2b, which implies
that the phase delay is approximately equal to the time constant τ of the panel. As such, the
τ between the RX[i] and RX[j] electrodes can be expressed by the distributed RC model as
τ=

m ( m − 1)
RCathode CP_TSP
2

(2)

where m denotes the number of RX electrodes between the RX[i] and RX[j] electrodes. In
particular, the RX[i] electrode is directly affected by the display noise as it propagates into
the RX[j]. The propagated display noise can be expressed as

 NBW

VN,n = γVDAC 1 − e−Tsync /τ ∑ sin 2π (2i − 1) f sync

+ tan−1 2π (2i − 1) f sync τ



,

(3)

i =1

where VDAC denotes the amplitude of VDAC [h], γ represents the amplitude reduction ratio
owing to the capacitive divider of CP_D and CP_TSP , and 2π(2NBW − 1)fsync indicates the
noise bandwidth of the AFE. As the VDAC [h] is capacitively coupled, the display noise
includes the derivative of VDAC [h] and its harmonic component. This feature signifies that
the display noise in a flexible AMOLED is uncommon and cannot be eliminated by the
conventional column-parallel differential sensing method.
Figure 3 shows the measured AFE readout signal for 16 × 34 Cm s during 30 TSP frames
where white image is displayed over whole screen. In the white color, the signal levels
of VDAC,R [h], VDAC,G [h], and VDAC,B [h] are distributed in equilibrium, which generates
regular display noise patterns to the TSP at a rate of fsync . Since the fsync is not synchronized
with TSP driving frequency, the fluctuating jitter can be viewed at the AFE readout signal
when an induced noise level is significant. For the simplicity of analysis, the time-varying
jitter (NTV ) of readout signal is normalized to the readout signal of 4 mm conductive
rod (∆S4phi ), which is a minimum allowable touchable area for most commercialized
mobile devices. The Cm(16,1) –Cm(16,3) were located in the leftmost region of the TSP, and
the other arrays of Cm(16,16) –Cm(16,18) and Cm(16,32) –Cm(16,34) were situated in the middle
and rightmost regions of the TSP, respectively. Thus, the phase and amplitude of the
coupled display noises were similar in each group of Cm s, except for the capacitance offset.
However, the phase and amplitude become uncorrelated as the distance between the Cm s
increases in the horizontal direction. Thus, the display noise is not differentially canceled
for a flexible AMOLED display.

Micromachines 2022, 13, x FOR PEER REVIEW
Micromachines 2022, 13, 942

5 of 22

(a)

(b)
Figure
2. (a) Equivalent
circuit model
of DDI,
TSP, and
pixels
and AMOLED
(b) simplified pixels
model
Figure
2. (a) Equivalent
circuit
model
ofAMOLED
DDI, TSP,
and
illustrating
display
noise
injection.
illustrating display noise injection.

and (b

Figure 3 shows the measured AFE readout signal for 16 × 34 Cm
frames where white image is displayed over whole screen. In the white
levels of VDAC,R[h], VDAC,G[h], and VDAC,B[h] are distributed in equilibrium
regular display noise patterns to the TSP at a rate of fsync. Since the fsync is
with TSP driving frequency, the fluctuating jitter can be viewed at the A
when an induced noise level is significant. For the simplicity of analysis,

romachines 2022, 13, x FOR PEER REVIEW
Micromachines 2022, 13, 942

6 of 22

Figure 3. Measured time-varying jitter values at the leftmost, middle, and rightmost area of the TSP
Figure 3. Measured time-varying jitter values at the leftmost, middle,
for 16 × 34 flexible AMOLED display.

and r

for 16 × 34 flexible AMOLED display.

2.2. Capacitance Reconstruction in Multidriving, Differential Sensing Architecture

The Cm reconstruction from ∆Cm is illustrated in Figure 4. For simplicity, let us
2.2. Capacitance
Reconstruction
in Multidriving,
Differential
Ar
consider
that Cm(1,1) –Cm(4,4)
are sensed by column-parallel
differential
sensing, andSensing
each
TX electrode is simultaneously driven by 4-length orthogonal sequences. In this case, the
The Cm reconstruction from ∆Cm is illustrated in Figure 4. For
AFE sensed the encoded capacitance difference ∆Cm_e(1,1) –∆Cm_e(1,3) . Thus, the sensed
readout
is one
than
number ofby
RXcolumn-parallel
electrodes. We assumed
that a
sider signal
that (=3)
Cm(1,1)
–Cless
m(4,4)
arethesensed
differential
finger is touched between the Cm(3,2) and Cm(3,3) , wherein the fringing field (∆C) contacts
electrode is simultaneously driven by 4-length orthogonal sequence
the finger and decreases the Cm(3,2) and Cm(3,3) . At this instant, the ∆Cm_e(1,2) becomes
zero,
and positive
∆Cm_e(1,1) and
negative ∆Cm_e(1,3)
are generated.
After
A/D–∆C
conversion,
sensed
the encoded
capacitance
difference
∆C
m_e(1,1)
m_e(1,3). Thu
the decoder demodulated ∆Cm_e(1,1) ~∆Cm_e (1,3) into ∆Cm(1,1) ~∆Cm(4,3) . Simultaneously,
signal (=3) is one less than the number of RX electrodes. We ass
an integral basis or the reference Cm s (Cref(1) –Cref(4) ) was derived to execute the integral
touched
between
Cref(1)
m(3,2)
and
Cm(3,3), wherein
fringing
field (∆
of
∆Cm(1,1) ~∆C
on C
–Cref(4)
. However,
a large noisethe
disturbance
upon
m(4,3) basedthe
Cref(1) –Cref(4) is undesirable, because it acts as a global noise.
andIndecreases
the Cm(3,2) and Cm(3,3). At this instant, the ∆Cm_e(1,2) beco
addition to the required noise suppression on Cref(1) –Cref(4) , we carefully considandofnegative
generated.
After
A/D conversion
∆Cm_e(1,1)
ered
the selection
the reference∆C
RXm_e(1,3)
location,are
as discussed
later. The
root–mean–square
jitters (NTV_RMS ) during 100 TSP frames are presented in Figure 5a, which were measured
ulated ∆Cm_e(1,1)~∆Cm_e (1,3) into ∆Cm(1,1) ~∆Cm(4,3). Simultaneously, an in
following the same approach as that in Figure 3. In contrast, the RMS noise measured
erence aCdifferential-sensing
ms (Cref(1)–Cref(4)
) wasis depicted
derived
to execute
integral
following
manner
in Figure
5b. Here, the
the 16-C
m on the of ∆C
RX[0]
used as an integral
basisnoise
for reconstruction.
Cref(1)electrode
–Cref(4)was
. However,
a large
disturbance upon Cref(1)–Cref(4) is
As shown in Figure 5a, the noise power in the single-ended measurement was apit acts asequipotential
a global noise.
proximately
throughout the TSP area. Furthermore, the variation between
NTV_RMS_MAX and NTV_RMS_MIN was 0.015. On the other hand, the noise power of the
differential sensing increased at specific locations. The NTV_RMS_AVG was 0.021 for the
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(NTV_RMS_AVG, NTV_RMS_MAX) for Cm(1,18)–Cm(16,34) increased to 0.046 and 0.065, respectively, because the signal path of the Cm(1,18)–Cm(16,34) experienced a larger delay. This resulted in an
amplified mismatch of the coupled display noises between the reference Cm and sensing
Cm. Therefore, the location of reference Cm should be carefully selected.
2.3. Proposed MRDS scheme

The phase mismatch of the display noises was minimized by selecting the Cms on an
RX electrode located at the center of the TSP as an integral basis. For simplicity, we as-
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In a practical design, the wsync τ does not exceed 0.009. Accordingly, let us consider
that a TSP with a CP_TSP of 1 nF and Rcathode of 5 Ω, and fsync of 300 kHz can be used.
Notably, this is the worst possible case for a large-sized flexible AMOLED TSP, such as a
tablet or note PC applications, wherein the wsync τ reaches 0.0094. As such, the overall SNR
was lower than that of the reference RX. In this design, the number of RX in the MRDS
scheme was set to 2 to achieve a reasonable tradeoff. For a TSP with CP_TSP of 500 pF,
Rcathode of 10 Ω, and fsync of 76.8 kHz, the wsync τ was calculated as 2.4 × 10−3 , wherein the
noise powers were approximately 0.5 and 0.13 for reference RX[0] and the two references
of RX[10] and RX[30], respectively. Therefore, the MRDS scheme was effective if the noise
power at the reference RX electrode exceeded 0.13.
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feedback amplifiers at multiple RX stages for implementing differential sensing and
noise filtering. This allows the utilization of more RX channels than the TX channels in
the TSP and the corresponding front-end blocks to be integrated into the designed chip.
Thus, it can increase the allowable sensing time per ∆Cm to improve the signal-to-noise
ratio (SNR). Second, the MRDS scheme is an extremely flexible method in which the
location and number of reference RX can be selected according to the R-C load of the TSP.
Accordingly, various TSP sizes can be supported by increasing the power dissipation
only during the Cref -sensing phase.
However, the proposed front-end architecture poses certain limitations—one of them
is insufficient noise filtering that causes residual noise interferences in the signal path,
which is a simple first-order C-T BPF. In addition, the CDS features first-order movingaverage BPF. To enhance the noise suppression, the FIR filtering was applied to the output
of the Cref reconstruction at the TSP frame rate (fTSP ). Thus, the effect of the MRDS scheme
was evaluated considering the worst possible scenario in which a high-definition (HD)
flexible AMOLED display with 1280 × 720 resolution and 60 Hz update rate was used.
3.2. Analog Front-End Circuit
The configurations of the proposed CA and timing diagram of 3-to-2 multiplexer for
both ∆Cm - and Cref -sensing are presented in Figures 8 and 9, respectively. As illustrated
in Figure 9, the entire TSP operation cycle can be divided into ∆Cm -sensing (TDIFF ) and
Cref -sensing (TREF ), digital signal processing (DSP) such as interpolation and coordinate
filtering, and idle time. During TDIFF , the 3-to-2 multiplexer connected the two adjacent
RX electrodes to the (+) and (−) inputs of the CA. In particular, the TDIFF comprised two
detection phases for high SODD and SREF [17:1] (Figure 8a), Rx[3] and Rx[2] electrodes were
connected to (+) and (−) inputs of the 1st CA (VIN1+ , VIN1- ) to output encoded capacitance
difference (Crd ) placed in Rx[3] and Rx[2] electrodes whereas Rx[2] and Rx[1] electrodes
were connected in case of high SEVEN . Consequently, the number of AFEs blocks was half
of that of RX electrodes. More specifically, four of the 16 TX electrodes were simultaneously
driven by 4-length encoded Baker (4-LBK) sequences [16]. The 4-LBK exhibited perfect
orthogonality and increased the sensing period by four times as compared to that of the
sequential driving, thereby increasing the SNR by 6 dB. Owing to the differential sensing,
the base capacitance that remained unchanged by finger touch was differentially negated
as well. Thus, the cancellation technique is not required for ∆Cm -sensing. Additionally, a
D-S conversion was performed in the CA, comprising a single-ended output op-amp and
an array of capacitors and resistors in the feedback path (CIN , RIN ) and VIN+ (CIP , RIP ). For
positive Cm -sensing passing through VDRV and from VIN+ to VCA_ O , the RIP and CIP were
placed in parallel positions between the VIN+ and the ground of the system (VG ). Therefore,
the positive Cm -signal transfer function with the application of the 4-LBK encoding can be
expressed as
GCA+ (s) =

×

sVDRV ∑4i=1 ai Cm(i,N ) R IP
(1+s ∑4i=1 ai Cm(i,N ) R I )(1+sC IP R IP )+s ∑4i=1 ai Cm(i,N ) R IP

(1+s ∑4i=1 ai Cm(i,N ) R I )(1+sC I N R I N )+s ∑4i=1 ai Cm(i,N ) R I N

(1+s ∑4i=1 ai Cm(i,N ) R I )(1+sCI N R I N )
∼
=

(6)

sVDRV ∑4i=1 ak Cm(i,N ) R IP

(1+sC I N R I N )(1+s ∑4i=1 ai Cm(i,N +1) R I )

where ai denotes the coefficient of 4-LBK, and Cm(i,N) represents the mutual capacitance
at the cross-section of the TX[i] and RX[N] electrodes. Upon matching the sizes of the RIP
and CIP with those of the RIN and CIN , the transfer function became equal to that of the
negative Cm -sensing path, except for the sign passing through VDRV from VIN- to VCA_O .
Thus, the differential Cm (∆Cm ) sensing can be achieved.
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Cm. Based on the post-layout simulation, its unity gain bandwidth was marginally set at
30 times (15 MHz) than that of the usable fDRV with 70-dB DC gain.
During TREF for Cref-sensing, the proposed CA was tuned to a single-ended sensing
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During TREF for Cref -sensing, the proposed CA was tuned to a single-ended sensing
circuit [17] in which VIN+ was shorted to VG . As the time-varying noise on Cref can act as a
global-injection noise source, a more stringent noise immunity was imposed on the Cref sensing. Herein, we used the 16-LBK that simultaneously stimulated all the TX electrodes
and increased its in-band spreading gain to 12 dB. However, the 16-LBK is limited by a
poor dynamic range at the CA, which yields a code summation equal to 4. In addition, a
majority of the summed signal was occupied by the base capacitance, which did not alter
upon a finger touch and was required to be removed. The CIP at VIN+ during ∆Cm -sensing
was reused to negate the Cref offset, where the upper side of the CIP was connected to VIN-,
and the lower side was driven by a negative VDRV . Therefore, the base capacitance of the
Cref could be canceled without any additional circuits.
The BPF of reconfigurable CA was followed by D-T bandpass sampling of the CDS,
which is illustrated using a simplified noise model in Figure 10. In the CDS, the CA output
VCA,O of fDRV was down-converted to DC, which reflects the difference between the VCDS,OP
and VCDS,ON . Moreover, the ∆Cm -proportional charge was tracked onto CINT,CDS with the
dynamic switching of SIP and SIN . On the contrary, the interference was attenuated by
windowed integrating prefilter [18], which operated based on the integrate-and-hold (I/H)
function of the SIP , SIN , and D-T CDS. The gain (GCDS ) was determined by the capacitance
ratio of C
/C
and the GCDS in a passband region, which was not PVT-sensitive.
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After sinc-windowed integration of the I/H circuit, the interference was further
suppressed by two steps: D-T analog FIR (AFIR) filtering in which the coefficients of +1
and −1 were expressed by the alternating closings of SIP and SIN , and a pseudorandom
spread of MCD sequences at the rate fDRV /NAFIR , where NAFIR denotes the number of
closings of SIP and SIN . During the ∆Cm -sensing phase, the code length (NLBK ) of the
4-LBK sequence was 4, which decimated the scan rate of ∆Cm down to fDRV /(4NAFIR ).
As 16 TX electrodes were considered, the TDIFF (Figure 9) is equal to 2fDRV /NAFIR .
Notwithstanding, a more stringent noise suppression is required for Cref to facilitate
the noise requirement of the AFE, because the SNR for reconstructed Cm is eventually
limited to that of Cref , assuming that the common noises are canceled by differential
sensing. The SNR enhancement method for Cref using 4-tap digital FIR (DFIR) filtering
in the z-domain is portrayed in Figure 11, wherein the mutual capacitances on the
RX[j] and RX[k] electrodes were assumed as Cref s and decoded into Cref,j(1) –Cref,j(16) and
Cref,k(1) –Cref,k(16) , respectively. In addition, Refk [n] and Refj [n] describe the n-th frame
of the Cref,j(1) –Cref,j(16) and Cref,k(1) –Cref,k(16) . In addition, the latest four Refk [n:n − 3]
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The aggregation of these transfer functions for Cref and ∆Cms sensing is depicted in
13. It is simulated with an NAFIR of 30, 𝛾 of 1, and a DFIR length of 6. The I/H op
significantly influences the transfer function roll-off around the 2fDRV. Consequen
in-band depth was enhanced by 9 dB, implying that the achievable SNR
14 of 22was lim
the transfer function for Cref.
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In Equation (7), the four components can be distinguished as gain, sinc-windowed prefilter, cumulative integration in the analog domain, and FIR filter in the digital domain. The
aggregation of these transfer functions for Cref and ∆Cm s sensing is depicted in Figure 13.
It is simulated with an NAFIR of 30, γ of 1, and a DFIR length of 6. The I/H operation
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For the general-purpose I/O configuration, controlling the Pd_en transforms the pin
into an open-drain driver with an external pull-up resistor. In addition, small series resistors
(R1-R4) are inserted in the signal path of each configuration to prevent a short circuit at the
output of the pad. For high Drv_en and low Str_en, the stimulation power of the excitation
signal could be controlled by Str_ctr<3:0>, depending on the application. However, the
selection of the D1 as the output buffer can reduce the TX power without disturbing the
frequency bands of the digital communication standard for cellular phones. The rising and
declining slopes of the control signal for the TX excitation were controlled by the pre-driver,
which controlled the width/length ratio of the transistors in the pre-driver as well. Overall,
the integration minimized the EMI power produced in the signal path from the Drv[n] to
the pad output.
4. Measurement Results
The measurement environment is illustrated in Figure 15a, which portrays the prototype IC mounted on a flexible connector module occupying a chip area of 4.8 mm2 ,
which includes proposed CA, CDS, 3-to-2 Mux, SAR ADC and digital logic. The AFE was
tested with a 6.7-inch flexible AMOLED with 16 TX × 34 RX TSP sensors. It consists of
0.5 mm bendable polyester (PET) film as a cover glass, polarizer, metal-mesh TSP TX and
RX electrodes in the 3rd layer (L3), 15 µm thin-film encapsulation glass to protect the thin
film transistor (TFT) and RGB pixel from oxidation and moisture permeability, and the TFT
circuit in the 1st layer (L1). The display update rate was set to 60 Hz with a 1280 × 720 res-
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olution HD display, exhibiting an fSYNC of 76.2 kHz. In addition, a microscope photograph
of the TSP TX and RX electrodes (in the L3) were present in Figure 15a and described in
Figure 15b, which contained a wide array of fine-line diamond grid metal-mesh patterns
with numerous openings, where the RGB pixels (in L1) were placed in a pixel pitch of
50 µm. A mutual capacitance node (Cm,p ) was generated by cutting the metal lines at the
border of the TX and RX electrodes. A number of Cm,p s form single mutual capacitance
(Cm(1TX/1RX) ) between the TX and RX electrodes. Additionally, the TSP patterns were
opened within a TX or RX electrode. This fractal structure increased the fringing field
between the finger and TSP electrodes in presence of a finger touch. The measured RX
CP_TSP of the 6.7-in TSP is illustrated in Figure 16. The CP_TSP was measured with the
fDRV of 10 kHz to remove a signal reduction effect from large TSP electrode resistance and
CP_TSP . The display driving was turned off only for identifying the CP_TSP without any
display noise disturbance. The measured RX CP_TSP ranged from 470–549 pF. As CP_TSP is
generated between the TSP electrode and cathode plane, the minimum CP_TSP occurred at
Micromachines 2022, 13, x FOR PEER REVIEW
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Figure 17. Measured time-varying outputs of differential and single-ended configured CA (a) without,
and (b) with noisy display-update.

To prevent the AFE saturation in harsh noisy conditions, one-third of the dynamic
range was used for the capacitance signal, and the single-ended CA output swing was
1.06-V with an fDRV of 340 kHz. Moreover, the coded-summed signal swing of ∆Cm s was
510 mV. In this case, the noise amplitude is reduced from 0.88 to 0.28 V, which was further
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attenuated by the band-pass FIR filtering of the CDS and the spreading
measured power spectral density (PSD) depicted in Figure 17b is furt
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FIR filtering of the
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the aspreading
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The Scan
Figure 18.
Asband-pass
the pixel-charging
signal
was
squareofwave
during
measured power spectral density (PSD) depicted in Figure 17b is further illustrated in
noise contained several odd-harmonic components of fsync. According to t
Figure 18. As the pixel-charging signal was a square wave during Scan[1:H], the display
the contained
noise amplitude
was reduced
by 10.2
dB
in comparison
to that of sing
noise
several odd-harmonic
components
of fsync
. According
to the measurement,
the
noise
amplitude
was
reduced
by
10.2
dB
in
comparison
to
that
of
single-ended
sensing,
and the noise-immunity performance converged to that of the
Crefs.
and the noise-immunity performance converged to that of the Cref s.
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The effectiveness of the MRDS scheme was validated by measuring the time-varying
raw capacitances
using a conventional
differential
sensing was
method
(Figure 19a)
the
The effectiveness
of the MRDS
scheme
validated
byand
measuring
MRDS scheme (Figure 19b). These measurements were conducted over a 100-TSP frame
raw capacitances using a conventional differential sensing method (Fig
and RMS-averaged over the entire TSP.
MRDS
scheme
(Figure
measurements
were
conducted
Accordingly,
the RX[17]
was19b).
selectedThese
for the conventional
differential
scheme,
whereas over
the
RX[9]
and RX[26] electrodes
the MRDS scheme. In addition, the TSP
and
RMS-averaged
overwere
theselected
entireforTSP.
must be driven on the exact instant in the display frame for quantitative analysis. Thus,
the initiation of the TSP driving is synchronized with the vertical porch of the DDI at all
instances, where two TSP frames form a single display frame of 60 Hz.
This indicated that the Cm(m,n) in a specific location is affected by the same display
noise for every measurement in all cases. In both the measurements, the noise amplitude
gradually increased with the distance between the reference and sensing electrodes owing
to the imbalance of the coupled display noises. However, the phase delay was effectively
reduced in the MRDS scheme, producing a maximum m of 8. With a signal variation of
approximately 400 upon the touch of a 4 mm-diameter conductive rod, the maximum noise
amplitude located at the rightmost area of the TSP reduced from 97 to 44, thereby increasing
the SNR by 6.84 dB. The SNR plot displaying the external noise insertion from a radiation
plate under the panel is presented in Figure 20, which ranged from DC to 800 kHz with
a 1-kHz step. To verify the Cref -SNR improvement with the 16-LBK and DFIR schemes,
the SNR was measured for both the single-ended sensing and MRDS schemes without the
display noise coupling. As the noises from a radiation plate were uniformly distributed
without experiencing a delay, the overall SNR was equal to the SNR of Cref and increased it
by 7 dB in comparison to single-ended sensing.
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Furthermore, the performance summary of the proposed method was compared
with those reported in prior research adopting differential sensing, as listed in Table 1.
The comparative analysis revealed that the proposed AFE required the lowest power
consumption per number of Cm channels, and the SNR directly relied on the panel structure
and performance of the AFE. In a flexible AMOLED containing a metal-mesh sensor, TFE,
and cathode plane, the strongest fringing field of Cm is transmitted into the TP_TSP owing
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Table 1. Performance summary and Comparison to Previous Works.

[8]
[10]
[21]
Furthermore,[7] the performance
summary
of the[22]proposed
0.35 µm (AFE)
0.18 µm
0.35 µm
90 nm
0.35 µm
0.18 µm
0.13 µm (Digital)
with
those reported
in TXprior
research
adopting
differential
sens
TX 16 × RX 34
TX 36 × RX 64
12 × RX 8
TX 28 × RX 16
TX 29 × RX 53
TX 78 × RX 138
200 Hz
85~385 Hz
200 Hz
200 Hz
140 Hz
240 Hz
The17.6
comparative
the proposed
AFE
requir
mW
67.7analysis
mW
6.26revealed
mW
24.6that
mW
19 mW
559.9
mW
22.8 µW
29.3 µW
65.2 µW
54.9 µW
12.3 µW
52 µW
4.8 mm
36 mm
15.9 mm
mm SNR 71.2
mm
sumption
per number
of2.2Cmmm channels,
and 20the
directly
relie
Flexible
50.5 dB
AMOLED
54 dB
60 dB
60 dB
12.6 dB
56.6 dB
performance
of the AFE.
In a flexible
AMOLED
containing
a
Rigidand
AMOLED
59 dB
6.7” Metal Mesh Flexible
5” On-cell ITO
32” Metal Mesh
12.2” ITO LCD
4.3” ITO
13.3” ITO
AMOLED
andAMOLED
cathode plane,
the strongest
fringing
field
of CmLCD
is transmit
2.31
2.11
0.717
4.36
399
23.2
Column
Column
Column
Multi-reference
Column Parallel
to thereconstruction
reduced thickness
(15 µm)Column
of Parallel
the TFE.
Therefore,
the SNR
Parallel
Parallel
Parallel
16-lengh Barker
36-length HM
255-length MLS
enhanced
by using a standalone metal-mesh TSP sensor witho
(1) FoM = Chip area × Power/(SNR · # of node · scan rate) (2) HM = Hadamard matrix (HM) multi-driving
sequence, (3) MLS = Maximum length multi-driving sequence.
layer
or rigid AMOLED with increased TFE thickness. The proto
5. Conclusions
ble
energy along with an area efficiency figure of merit of the tou
Present Study

Process
Electrodes
Scan rate
Power Consumption (PC)
PC/Electrode
Chip area
SNR
Panel Size/
TSP Type
FoM (1) (pJ/step)
TSP Capacitance
Sensing method
In-band spreading sequence

Process

Electrodes
Scan rate
r Consumption
(PC)
C/Electrode
Chip area
SNR

2

2

2

2

2

2

(2)

(3)

This study proposes a noise-immune touch readout AFE for a flexible AMOLED
display, wherein a multireference differential sensing scheme was applied to minimize
Table
1. Performance
and Comparison
to Previous
the mismatch
of the coupledsummary
noise interferences
in a bandwidth-limited
TSP. TheWorks.
proposed charge amplifier can be reconfigured as either pseudodifferential or single-ended
sensing,
and the bandpass noise
Present
Study
[7] filtering was applied
[8]to prevent both external
[10]noise and
noise-folding from the correlated double sampling stage. In addition, a panel excitation
circuit
was integrated onto the pad to minimize the radiated EMI, which can be used for
0.35 µm
(AFE)
0.18
µm the proposed
0.35AFE
µmwas implemented
90 nm
0.3
sensing purposes as well.
Thereafter,
in a 350 nm
0.13 µmCMOS
(Digital)
process and tested with a 6.7 in HD flexible AMOLED panel with 16 TX and 34 RX
electrodes.
SNR×with
TX 16 × RX 34The developed
TX 36AFE
× achieved
RX 64a 50.5
TXdB12
RX17.6
8 mW
TXpower
28 ×consumption.
RX 16 TX 29
In conclusion, the proposed device achieved a high SNR and low operation power in addito the improved noise
immunity
of flexible
200tion
Hz
85~385
Hz against severe
200display
Hz noise interference
200 Hz
14
AMOLED displays.
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