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Abstract— This paper presents a readout method and circuit
for large, capacitive-type touch-screen panels (TSPs). Despite
the considerable amount of RC time delay of large-area TSPs,
the proposed readout method with a receiver (Rx) input series-
capacitor improves the settling speed of signals transferred from
the transmitter (Tx) to the Rx, by reducing the RC time delay.
Combined with the Rx input series-capacitor, a capacitive-input
fully differential filtered charge integrator effectively cancels out
the display noise and reduces the self-noise in capacitive-type
TSPs. The proposed Rx circuit was implemented using 0.35-um
CMOS. Using a 65-in metal-mesh TSP with 169 Tx and 97 Rx
electrodes mounted on a liquid-crystal display for testing, the
proposed readout method achieved 65% reduction of signal
settling time within an accuracy of >3t for the longest signal
path of the TSP. Using the RC time delay reduction technique, the
Tx driving frequency could be boosted by as much as 400 kHz,
and the measured signal-to-noise ratio of 43.5 dB was obtained
for finger touch at a 120-Hz scan rate, resulting in a figure-
of-merit of 0.26 nJ/node, while the overall power consumption
was 76 mW.

Index Terms— Capacitive sensor, CMOS readout integrated
circuit (ROIC), filtered fully differential sensing, frame rate,
input series capacitor, noise immunity, RC delay, signal-to-noise
ratio (SNR), touch screen panel (TSP), Tx frequency.

I. INTRODUCTION

S TOUCH interfaces are becoming increasingly
desired for displays, the application of capacitive-type
touch-screen panels (TSPs) and their readout integrated

circuits (ROICs) has expanded to various types of
displays [1]-[15]. Following this trend, capacitive-type
Manuscript received February 7, 2016; revised March 31, 2016,

June 10, 2016, and August 11, 2016; accepted October 14, 2016. Date of
publication November 18, 2016; date of current version January 30, 2017.
This paper was approved by Associate Editor Ken Suyama. This work was
supported in part by Joint Digital and Analog Technology Company and in
part by the National Research Foundation of Korea (NRF) grant funded by
the Korea government (MSIP) (CAFDC 4-4, NRF-2007-0056090).

S.-H. Park, J.-S. Bang, and G.-H. Cho are with the Department of Elec-
trical Engineering, Korea Advanced Institute of Science and Technology,
Daejeon 34141, South Korea.

H.-S. Kim is with the Department of Display Engineering, Dankook
University, Cheonan 31116, South Korea (e-mail: hs.kim@dankook.ac.kr).

G.-H. Cho is with Joint Digital and Analog Technology Company,
Daejeon 34141, South Korea.

Color versions of one or more of the figures in this paper are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/JSSC.2016.2621020

touch screens for large displays have recently attracted
growing interest [7], [8]. However, there are several issues
to overcome in the application of large displays, which
are not apparent in mobile displays. As the size of TSPs
increases, the number of sensing channels needs to be
increased. Accordingly, the assigned sensing time for each
individual channel needs to be reduced. Since the number
of signal integrations decreases within a given scan rate,
120 or 240 Hz, the accumulated signal strength is prone to
become weakened, resulting in signal-to-noise ratio (SNR)
degradation. To overcome such SNR degradation, parallel
drive schemes [6]-[11] can be utilized. However, these
schemes can suffer from an overcharge saturation problem
at the charge amplifier (CA) output, where many concurrent
touches on a single receiver (Rx) line occur. Therefore,
sensing speed improvement, i.e., processing touch signal at
a faster rate by means of transmitter (Tx) driving frequency
increment, would also be a good solution to address the
drawback of parallel drive schemes.

Unfortunately, as the size of TSPs increases, the RC time
delay of TSPs also increases, hindering the increment of the
sensing speed for each sensing channel. In a capacitive-type
TSP, as shown in the top part of Fig. 1, a drive signal is
transferred from the Tx to the Rx via horizontally orthogonal
but vertically isolated Tx and Rx electrodes, and a mutual
capacitance is formed between the two electrodes; when the
screen is touched, the value of the mutual capacitance varies,
and the signal received at the Rx varies accordingly. The
signal path from a Tx electrode to an Rx electrode can be
modeled with a distributed parasitic RC network, as shown
in the bottom part of Fig. 1. As the size of the touch screen
and the number of channels increase, the total values of the
parasitic capacitance and resistance on the signal path increase,
which significantly increases the RC time delay and reduces
the signal settling accuracy. If the Tx driving frequency ( frx)
is maintained or increased without any consideration of the
increased RC time delay, the charge transferred to the Rx can
be lost, resulting in the degradation of SNR and a severely
nonuniform touch profile across the panel. In contrast, if
frx 1s set to be relaxed to satisfy sufficient signal settling
accuracy (>37), the readout operating at a frequency below
150 kHz can be seriously interrupted by external TSP noises,
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Fig. 1.  Capacitive-type TSP structure (top), and the approximate circuit
model of the signal path with RC time delay problem for large size TSP
(bottom).

including lamp noise with a frequency of 40 to 50 kHz
[31, [9], [12] and display noise with a fundamental fre-
quency of tens of kilohertz [3], [8], [9], [13]. Therefore,
the relaxation of frx leads to further degradation of SNR
performance.

In this paper, we present a new readout-circuitwise solution
to the RC time delay reduction on the TSP signal path by
simply inserting a series-capacitor at the input of Rx. By virtue
of the reduced RC time delay, frx can be boosted (enhanced
sensing speed), and the highly accumulated readout signal is
thus considerably strengthened, leading to SNR improvement.
Moreover, several circuit design techniques for enhanced noise
immunity are utilized in this paper. A prototype chip was
fabricated in a 0.35-um BCDMOS process, with the Rx
circuits implemented using 0.35-ugm CMOS, and verified with
a 65-in 169 x 97 metal-mesh TSP.

II. EFFECT OF TX DRIVING FREQUENCY ON SNR IN A
TOUCH SENSING SYSTEM EMPLOYING
INTEGRATION PROCESS

For accurate and precise touch-position sensing in a
capacitive-type TSP, high SNR is a critical factor that needs
to be achieved. In this section, the effect of the frx increment
on SNR will be investigated in detail. In the analysis of this
section, a typical capacitive-type touch system that employs a
charge-integration process is considered.

Fig. 2 shows a simplified equivalent model of a typical
capacitive-type touch system. Here, a circuit model with
parasitic resistances (R; and Rj), capacitances (C1 and C»),
and mutual capacitance (Cy,) is used to represent an arbitrary
signal path on the TSP. The operation of the readout of a touch
position may be summarized as follows. First, the Tx signal
(V1x) is applied to the TSP from the Tx. Then, a modula-
tion signal carrying the information of C,, is generated and
transferred to the Rx. In the Rx, the transferred charge signal
is processed by the CA and then demodulated by a signal
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Fig. 2. Simplified equivalent model of a typical capacitive-type touch system
with external noise sources.

synchronized with Vrx. The demodulated signal is then filtered
to acquire a noise-rejected touch signal. As shown in the right-
hand side of Fig. 2, Nj;-times summation (integration) of
demodulated signal is performed for the noise rejection [3],
(51, [6], [13].

In terms of noise in a capacitive-type touch system, there are
two types of externally injected noise that severely deteriorates
the SNR performance, referred to as self-noise and display
noise [3]. Self-noise represents electrical noise injected into
the TSP via capacitive coupling C,, between the touch object,
i.e., a finger, and the TSP. The power line (60 Hz) and lamp
(40 ~ 50 kHz) are the dominant noise sources [3], [9], [12].
On the other hand, display noise is injected into the TSP
from the display device, which lies beneath the TSP; the
display noise has a peak component at high frequencies, while
the fundamental frequency of the noise ranges up to tens of
kilohertz [3], [8], [9], [13].

With self-noise and display noise taken into consideration,
the SNR (power ratio term) of the capacitive-type touch system
shown in Fig. 2 could be expressed as

SNR
_ Psig
-
_ V’Tz‘x ) Ggig ’ Nt%zt
TV (V2 (f) - GEAVE(S) - GR) - H( - 27 - )2 df

(1

where Pgi; = normalized output-referred signal power, P, =
normalized output-referred noise power, Ngw = noise band-
width, Gsig = signal gain, Vs, = self-noise, G, = self-noise
gain, Vg, = display noise, G4, = display noise gain, and
H (j2xn f) = signal transfer function of the stage after the CA
including the demodulator and the integrator. In deriving the
equation for SNR, polarity change conducted at every other
half cycle of demodulation has been considered. Meanwhile,
in deriving the equation for H(s), we utilized the fact that the
final output for the input noise n(¢) is given by

Nint

Out(t)=>" (=DF-(u(t—k-T) = n(t — (k — 1)T))|T:ﬁ-

k=1
)

Since the output result is an algebraic combination of delayed
n(t)s, with unit delay (1/2 - frx), the transfer function of H (s)
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Fig. 3. (a) Example magnitude plots of transfer function H (s) of Fig. 2 for

two different frx values. (b) Calculated plots of SNR variation under two
rough assumptions on external noise profile when increase in frx—each with
reference to each case when fryx = 160 kHz (Nj,; = 16).

can be given by

Nin:
H(s) = C1YE . (o D)
®) g( e e
_s —s-Nip¢ =5-(Njp ¢ +1)
1 —_ ez'fo — e 2 f1x + e 2-f1x
= = . 3)
14 e?/1x

The maximum value of |H (s)| is obtained when the frequency
of the input is equal to frx. Fig. 3(a) shows two example
plots of |H(s)| when frx = 160 kHz (Nj,; = 16) and
Jfrx = 320 kHz (N;,; = 32). Incorporating (3), (1) can then
be rewritten as (4), shown at the bottom of this page.

Since self-noise and display noise could not be exactly
defined, the following two rough assumptions are made for
simplicity of analysis:

Valf) - G+ Vin(H) - Gay
= k1 (k1 constant, f < 100 kHz)
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In the first assumption, we considered only the dominant and
fundamental frequency of the two noises. On the other hand, in
the second assumption, we assumed that the noise is randomly
distributed across the whole frequency range. In practice, the
actual noise profile would resemble a mixture of the two
noise profiles indicated by (5) and (6), where noise is more
concentrated in the lower frequency region and less in the
higher region.

Applying (5) and (6), the SNR of (4) could be expressed
with a decibel scale

SNRinaB
~10. 14@)
kl
N2
4101 int
8 flOOk 2(17cos(7r~ﬁ))(l*COS(Mm'ﬂ'ﬁ)) df
0 1+cos(7r-%)
)
SNR;n 4B
V2 . G2
~ 10 - log(%)
N2
4101 int
o8 flOM 2(1fcos(mﬁ))-(l*ws(/\’mz'ﬂ'%)) df
0 1+cos(7r-fo)
(3)

In (8), Ngw was set as 10 MHz, which is a sufficient value
with consideration of the possible band limit due to either the
circuits in the Rx or the RC-7 of the signal path on the panel.
As indicated in (7) and (8), the first terms of the equations
are independent of frx and Nj,;, while the second terms
represent the value depending on frx and N, . By utilizing
the above analysis, Fig. 3(b) shows the calculated plots of
SNR variation versus fryx for the two cases. The SNR values
when frx is 160 kHz and N;;; is 16 for each case were taken
as references for these plots. In the equations, the factor of
Nins is proportional to frx, because further summation could
be performed if frx is increased in a given time allocated for
each sensing node. In Fig. 3(b), it can be observed that the
SNR curve for (7) increases by approximately 12 dB as frx is
doubled; this implies that, in addition to the increased signal
strength indicated by the term Nl.zm in (7), which would only
result in +6 dB/octave, reduction of external noise also occurs

2: 0 (Ot;l e fre;]uency r;lnge) ) when frx is increased. On the other hand, the SNR curve
Vo () - G + Vin(f) - G for (8) increases by approximately 3 dB/octave. Considering
= k2 (k2 constant, all frequency range). (6) the actual noise profile, a realistic SNR curve would likely be

2 2 2
SNR — Vig: Gsig ) Nint )

—cos(z--L-))-(1=cos ,‘,,,-7r-L
B (Vs%(f)oG§n+an(f>~G§n)~2(1 e ol ) o

1+cos(n-ﬁ)
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Fig. 4. (a) Current paths of the conventional case without Cj, and proposed
case with Cj, in simple RC panel model. (b) Thévenin equivalent circuit of (a).
(c) Simplified thévenin equivalent circuit of conventional and proposed case
and their signal settling profile.

located between the two curves for (7) and (8). In this analysis,
internal circuit noises were not considered. Nevertheless, the
analysis given in this section provides a useful insight for
understanding the relationship between frx and SNR in a
capacitive-type touch system. Based on the analysis results
in this section, in this paper, we focused on increasing frx
to improve the SNR by RC time delay reduction through a
straightforward circuit design technique.

III. PROPOSED METHOD—PLACEMENT OF RX INPUT
SERIES-CAPACITOR FOR TX DRIVING FREQUENCY
INCREMENT

A. Principle and Analysis

An increment of frx can be achieved by effective reduction
of the RC time delay of TSPs with the placement of a series-
capacitor (Cj,) at the front of the Rx readout circuit before the
CA. The principle of the proposed RC time delay reduction
method is shown in Fig. 4. In Fig. 4(a), two current paths
are observed: the upper case shows the conventional path and
the lower case shows the path of Cj, at the input of the Rx
readout circuit. In the figure, a simplified circuit model with
the parasitic resistance (R,1x) and capacitance (Cp1x) of a Tx
electrode and the parasitic resistance (R,rx) and capacitance
(Cprx) of an Rx electrode and mutual capacitance (Cy,;) is
used to represent the TSP of the longest signal path. Fig.
4(b) shows the Thévenin equivalent circuit of Fig. 4(a), with a
Thévenin equivalent voltage source, a capacitor (Cy, + CpRrx),
and a resistor (Rprx), which are all connected in series. The

Thévenin equivalent voltage is given by Ty (s) - V1x, where
Ty (s) is expressed as

Ty (s) 1 Cm
s) = .
v 1+ SRpTxCpTx Cpr + Cp
1 Cnm

12

: , ©)
I +5sRpyrxCprx  Cprx
For the case of the proposed path with Cj,, as shown at the
bottom of Fig. 4(c), the total capacitance before the CA can
be approximated as that of Cip, since the capacitance value
of CpRrx is considerably larger than that of Cj,. Therefore, the
RC time delay of the current path with Cj, is expected to be
smaller than that without Cjj,.

For more detailed comparison, the current without and with
Cin could be expressed, respectively, as

sCpRx 1 Cn

. §) . . -V
lConv( ) 1+ SRprCpr 1+ SRpTxCpTx Cpr Tx
(10)
Cj 1 C
ipr(s) 2 — L Vi
1 +SRprCin 1 +SRpTxCpTX CpRX
(11)

As can be seen from (10) and (11), the placement of Cij,
replaces the pole of 1/RprxCprx With the pole of 1/RprxCin,
which is at a much higher location. Consequently, the RC
time delay of the path with Cj, is smaller than that of the
path without Cj,.

B. Simulation Verification

Fig. 5 shows the simulation result of the normalized signal
settling time with the accuracy of >3t when the value of Cj,
was swept. For the simulation, a distributed RC model with
five resistors (R,1x/5 and RpRrx/5) and five capacitors (Cprx/5
and Cp,Rrx/5) was used to more exactly emulate the longest
signal path of the TSP. For realistic values, the parasitic values
were acquired from an actual 65-in metal-mesh panel. Here,
Cp1x» Cprx, and Cy, were 200, 370, and 1.8 pF, respectively,
while Rprx and Rprx of the panel were 2.1 and 3.5 kQ,
respectively. As shown in Fig. 5, when the capacitance of
Cin below 10 pF was placed in series at the input of Rx, the
signal settling time was reduced by approximately 2.6 times
compared with the conventional case. Also, it can be seen
that as Cj, increased, the settling time increased until it
converged to equal that of the case without Cj,. Meanwhile,
the placement of very large Ci, made the capacitance seen at
the input of CA almost equal to the sum of C,, and CpRx in the
Thévenin equivalent model, i.e., the same as the conventional
configuration without Cj,. Note that the simulation result of
Fig. 5 correlates well with the analysis results presented in
Section III-A.

C. Touch Signal and Noise Comparison

The magnitudes of touch signal current and noise current
that flow into the Rx with the placement of Cj, are shown in
Fig. 6. Note that the parasitic resistance of the TSP is neglected
for simplicity, considering the fundamental frequency of the
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Fig. 5. Simulation result of normalized signal settling time (>37 accuracy)
with respect to capacitance of Cj, under distributed RC panel model of actual
65-in metal-mesh TSP.

Tx touch signal, display noise, and self-noise. The touch signal
current (iTx), display noise current (i4y), and self-noise current
(isn) with and without Cj, are shown and compared in the table
of Fig. 6. The touch signal and noise currents with Cj, are
altered by the same factor, Cj,/CRrx, in comparison with those
without Cj,. In other words, the placement of Cj, maintains
the ratio of magnitudes of signal current and noise current with
respect to external noise, resulting in unchanged SNR in terms
of signal amplitude only. Meanwhile, with respect to internal
circuit noise, effect of the noise of the operational amplifier
of the CA (Vnz’ c 4)» which is the most dominant noise source
among other internal noise sources, is compared between the
configuration with and without Cj, in terms of induced Rx
input current, as shown in the table of Fig. 6. Here, the effect
of Vn% CA is considered to be the most dominant factor, since
it is the only noise that experiences the gain of the very
front-end circuit. As can be seen, current noise for the config-
uration with Cj, is smaller than that of configuration without
Cin by the same factor as the touch signal (Cjn/Cprx). Conse-
quently, since the placement of Cj, maintains the magnitude
ratio of signal to noise for both external noise and dominant
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internal circuit noise, and allows frx to significantly increase,
the SNR increment could be expected from the proposed
configuration with Cjj.

Later, in Section V-D, more exact implications for
the SNR and circuit design considerations, including the
selection of design parameters such as the Cj, value,
are discussed.

IV. FURTHER EFFECTS OF RX INPUT SERIES-CAPACITOR
PLACEMENT

A. CA Feedback Loop Panel Independence

As shown in Fig. 7(a), when the panel is directly connected
to the Rx readout circuit without Cj,, the RC network of the
TSP becomes directly involved with the feedback loop around
the CA. The RC network of the TSP could be simplified to
the series connected Rprx and Cprx, indicated by Zy A in the
figure. On the other hand, as shown in Fig. 7(b), when Cj, is
placed in series between the panel and the CA feedback loop,
the additional RC network of the TSP could be simplified to
Cin, indicated by Zp g in the figure.

A comparison between Fig. 7(a) and (b) can be made in
terms of the frequency response of the feedback loop. For
fair comparison, we would assume that the utilized CA is the
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Fig. 8. (a) Display noise current of the TSP. (b) Differential sensing structure
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same. Since the physical characteristics and dimensions differ
according to the type of TSP utilized and how it is mounted
on a display, Z; s would vary when a different type of TSP
is used, leading to changes in the loop characteristic in the
conventional configuration without Cj,. On the other hand,
with the configuration using Cip, the frequency response of the
feedback loop is highly independent of the type and variation
of the TSP, since the small size of Cj, is predetermined,
and its impedance is generally significantly larger than that
of the Ryrx and Cprx of the TSP. In other words, despite
the difference in the type of TSP used and its variation, the
frequency response of the loop could be made more robust
when Cj, is placed, resulting in reduced design complexity of
the CA and its feedback loop.

B. Display Noise and One-Phase Fully Differential Sensing

Generally, the capacitance formed between the TSP and
the display panel is almost the same from sensing node to
node. Accordingly, we could assume that the injected display
NOiSes ign(k—1)> Ldn(k)» and igp+1) among the adjacent Rx
lines are identical, as shown in Fig. 8(a). Thus, the differential
sensing scheme is highly effective at canceling out display
noise [3], [6]-[8], [12]-[15]. Two types of differential sensing
methods can be used to cancel display noise. With the first
method, the differential value is obtained using a differential
circuit following single-ended CAs, as shown in Fig. 8(b) [3],
[6], [12], [14], [15]. With the second method, the differential
value is obtained with the use of fully differential CA, as
shown in Fig. 8(c) [7], [8], [13]. Of the two methods, signal
gain boosting is easier to realize with fully differential CA
because only the difference in mutual capacitance due to
touch is amplified at the output of CA [8]. Also, when the
injected display noise current is too large, especially in a
large display with a thin display module, the CA output could
be saturated when the first method utilizing a single-ended
CA is adopted [13]. In this paper, to prevent CA output
saturation, differential sensing with fully differential CA was
utilized.

Connection 1: Connection 2 :

H ALL Connect
Rx£k+1]

Rx['k+1] A inlk+1] e . ‘v=‘v=‘v =
RX[K] Rx[k-1] Cin Cn
\ . —
— = ——sCe
Cn Cn MW
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i i & s
oL P in |
Rxgﬂ Phase 1 Rxgﬂ Phase 2 Rx[k-1] C:‘i" “cfb
e e PTG

Two Phase Fully Differential Sensin One Phase Fully Differential Sensing

(a) (b)

Fig. 9.  (a) Fully differential sensing without Cj, placement. (b) Fully
differential sensing with Cj, placement.

The advantage of the placement of Cj, on the fully differ-
ential sensing is shown in Fig. 9. As seen in Fig. 9(a), for
the conventional configuration without Cj,, because the input
of two separate fully differential CAs could not be connected
directly, two-phase sensing is needed to sense the difference
between all adjacent sensing channels. However, when Cj, is
placed in front of the CA, one-phase sensing can be realized,
as shown in Fig. 9(b) by avoiding direct connection to the
input of two adjacent fully differential CAs. Although two
paths are created by two Cjys connected to each Rx line, the
signal is not halved, since the parasitic capacitance of the TSP
is much larger than the capacitance of Cj,. Also, although
the touch-signal amplitude is smaller with the Ci, placement,
the display-noise current is also decreased by the same factor,
as described in Section III-C. In short, the placement of Cj,
in the fully differential sensing enables the readout signal to
be strengthened by effectively doubling the signal integration
time. Meanwhile, in terms of factors that affect the common-
mode rejection (CMR) of display noise in the proposed
structure, there are mismatches of Cprx, Cin, Crp, Ry, and
the performance of the OTA of CA. Though the bottleneck
is the mismatch of Cprx, like other conventional differential
sensing structures without Cj,, special effort was put on the
layout design of this paper to minimize the mismatch of
the passive components and minimize further deterioration
of CMR.

V. SYSTEM ARCHITECTURE AND CIRCUIT
IMPLEMENTATION

A. Overall System Architecture

Fig. 10 shows the structure of the overall system adopting
the proposed readout method. Via I?C and sync signals
from the digital back-end circuits, the timings of Tx and Rx
are synchronized. The Tx electrodes of the TSP are driven
sequentially by the Tx circuit, while the outcome charges of
the TSP with the touch-point information are demodulated at
the Rx circuit connected to the Rx electrodes. In the Rx, Cij
is placed at the front followed by the fully differential filtered
charge integrator (FDFCI) that demodulates the charge from
the TSP. Charges from all the Rx electrodes are processed
simultaneously at the FDFCIs. After one row scanning of Tx
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Fig. 11. Detailed circuit structure of CI-FDFCI.

is completed, the final output voltages of the FDFClIs are trans-
ferred to the ADC sequentially utilizing FDFCI-embedded
sample-and-hold (S/H) circuits and an output buffer (BF).
The implemented 11-bit resolution, 3-MSa/s, capacitive-DAC
SAR-type ADC converts the transferred voltage to digital
codes and feeds the codes to the digital back-end circuits to
process the touch point at the TSP.

B. Tx Circuit Implementation

With a total of M Tx channels for the TSP, as shown
in Fig. 10, the Tx channels are driven in sequential order
by the gate drivers in the Tx circuit. For the channel under
driving operation, it is driven with a square wave voltage
with a 50% on-duty ratio. The frequency of the Tx driving
voltage is set with a predetermined value that satisfies the
signal settling time within an accuracy of >3t for the
longest signal path of the TSP. Gate drivers in the Tx are
implemented using high-voltage-tolerable (12 V) MOSFETs
to enable a high Tx driving voltage for sufficient SNR,
and the supply voltage of the gate drivers is generated and
determined using a duty-controlled charge pump. A detailed
description of the overall consideration of SNR including the
term for the effect of the Tx driving voltage is provided in
Section V-D.

C. Rx Circuit Implementation

The detailed circuit structure of the capacitive input FDFCI
(CI-FDFCI) and its operational timing diagram are shown
in Figs. 11 and 12, respectively. The FDFCI has a fully
differential CA for differential sensing with a feedback con-
figuration. A bandpass filter (BPF) is formed by the TSP and
the feedback loop around the CA with a feedback resistor
(Rm) and capacitor (Cg,), which filters the incoming noise
from the panel [3], [12], [14], [15]. The subsequent path swap
integrator converts the output voltage of CA, V1—V,, into the
current via the BF and resistor (Ryp), and the generated charge
is then integrated into the integration capacitor Csyg, which
is also used as an S/H capacitor for circuit simplicity. Path
swapping is conducted with a chopper operated with a clock
phase, @.n, synchronized with the Tx driving clock, as shown
in Fig. 12, to demodulate and integrate both charges generated
at the rising and falling transitions of the Tx driving pulse with
opposite polarity, which also effectively cancels relatively low
frequency noise [3], [6], [13]. For offset cancellation, an offset-
sampling capacitor of Cogr is utilized, and the offset voltage
is stored at Copr during the offset-sampling phase, ¢,, imme-
diately before the integration phase, @iy. After repeated inte-
grations, the final accumulated output voltage is transferred to
the ADC by the connection of the bottom and top plates of the
integration capacitor Csy to the input and output of the output
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Fig. 12.

BF of Fig. 10, respectively. The final output voltages of all the
FDFClIs are transferred sequentially to the ADC by connection
of the integration capacitor of each FDFCI sequentially to the
output BF. To transfer the previous Tx row’s corresponding
output voltages to the ADC and integrate the present TX row’s
corresponding charges at the same time, the time-interleaving
method is used by exploiting two capacitors; this alternatively
changes the role of the two capacitors and the signal path
for integration. Through this method, the time spent on the
integrated output voltage transfer is recuperated, and by using
the saved time for further integration, the SNR can be effec-
tively enhanced. Otherwise, the scan rate could be effectively
increased.

In Fig. 12, the voltage output results of FDFCI[k]
when Cp,) of the TSP is touched are shown as
an example of a touch event. The output voltage of
FDFCI[k], Vout,intlk], after N;,; times integration, can be
expressed as

Vout,intlk] = VsHi+ — Vsu3+
=y, Cotb+1,h—Cmk,)  Cin Rp
~ p L LI Y
nhp CpRx(k) Csu Rye "
(12)

Timing diagram of CI-FDFCI and voltage outputs of FDFCI[k] with an example of a touch event.

D. Overall SNR and Circuit Design Considerations

For consideration of SNR in the CI-FDFCI, all external and
internal noise sources are listed and shown in a simplified
circuit form in Fig. 13. Here, the external display noise was
neglected, assuming sufficient CMR by differential sensing of
CI-FDFCI. Meanwhile, self-noise (Vi,(f)?), which is another
external noise, was taken into consideration. In addition to
self-noise, internal circuit noise sources, such as CA noise
(Va1 (f)*), Ry thermal noise (Va2(f)?), BF noise (Vi3(f)?),
Rps thermal noise (V4 ( f)z), and integrator amplifier noise
(V,5(f)?), were also taken into account. The SNR considering
all noise sources except display noise can be expressed as (13),
shown at the bottom of the next page.

Where Psig, Pon, Pnt, Pu2, Pp3, Pn4, and Pys indicate
the normalized output-referred signal power, self-noise power,
CA-noise power, Rg,-noise power, BF-noise power, Rp¢-noise
power, and integrator-amplifier-noise power, respectively. The
power terms are listed and solved in Table I. For simplicity,
the attenuation terms, kazo, kaz1, kaz2, kaz3, kaza, and kazs
were applied in (13) to represent the autozeroing effect on
the SNR.

In our circuit design, we considered that the values of the
passive components in the CI-FDFCI affect the SNR as can
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Fig. 13. Simplified circuit form of CI-FDFCI with SNR affecting noise sources.
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be implied from (13) and Table I. For design optimization, the
values of the RC components were selected on the basis of the
following criteria:

ACy ,max

Cpr

C;j R
2D - Ninr < VDD

. ~f < (14)
Csu Ryt

VTx,p*p :

The first criterion of (14) indicates that the output of the
CI-FDFCI by touch should not exceed the dynamic range of
the circuit. Meanwhile, the second criterion of (15) ensures the
minimum SNR value when only internal circuit noise is taken
into consideration to avoid the low SNR when self-noise is also
included as in the practical case. In our design, on the basis
of the above two design criteria with parasitic values actually
extracted from a 65-in metal-mesh TSP, the passive and active

SNR = 10'10g(

(kazo - Pon) + (kaz1 - Pu1) + (kaz2 -

Psig ) (13)
Pp2) + (kaz3 - Pu3) + (kaza - Paa) + (kazs - Pus)
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Fig. 14. Experimental configuration to verify RC time delay reduction.

circuit components were optimally designed utilizing a noise
simulation and equations in Table I; the values of the passive
components and their design conditions, including the Tx
driving voltage, are listed in Table II. Table III shows the noise
simulation SNR results for the values given in Table II, while
assuming maximum variation of C,, of 200 fF. Regarding the
SNR criterion of (15), the criterion was satisfied with the help
of reduced effect of internal noise of CA, which is the most
dominant source among other internal noise sources as can be
inferred from the noise simulation SNR results in Table III,
compared with that of conventional Rx without Cj, and by
the dedication of path-exchange integration and autozeroing
technique for further reduction of noise.

VI. MEASUREMENT RESULTS
A. Measurement of RC Time Delay Reduction

Measurements were conducted with a 65-in metal-mesh 169
Tx and 97 Rx TSP with 8.48-mm channel pitch. The TSP
was mounted on a liquid-crystal display (LCD) panel, with
a 4-mm air gap, and the thickness of the cover glass was
3.5 mm. The parasitic Rpyrx and Cprx of the Rx electrode of
the TSP were measured as 3.5 kQ and 370 pF, respectively.
Meanwhile, the parasitic R1x and Cprx of the Tx electrode of
the TSP were measured to be 2.1 kQ and 200 pF, respectively.
The nominal value of the mutual capacitance C,, of the TSP
was 1.8 pF.

Fig. 14 shows the experimental configuration to verify the
RC time delay reduction by the proposed Cj, placement. To
observe the RC time delay of the longest signal path for the
configuration with Cj,, capacitor Cj, with 2-pF capacitance
and a very large capacitor with 10-nF capacitance were con-
nected in series. They were connected to the 97th Rx electrode,
and a Tx pulse signal was driven to the 169th Tx electrode.
Here, a very large capacitor (10 nF) was utilized to represent
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Fig. 15. Measured 5% signal settling time (>3t accuracy) result of 65-in
metal-mesh TSP of (a) proposed configuration with Cj, and (b) conventional
configuration without Cjj.

the low-impedance input of the CA. The voltage response at
the Rx connected with Cj, was monitored, and the signal set-
tling time within the accuracy of >3t was measured, as shown
in Fig. 15(a). The same experiment was also performed for the
conventional configuration without Cj,. The 10-nF capacitor
was solely connected to the Rx electrode, which represents
the low-impedance input of the directly connected CA in the
conventional configuration, and the signal settling time (>37)
result is shown in Fig. 15(b). The signal settling time Atp,
within an accuracy of >3t for the proposed configuration of
Cin placement was measured to be only 0.9 us, which is 65%
smaller than that of the conventional configuration, Azcony,
which was measured to be 2.6 us. Meanwhile, in terms of
signal magnitude, the values of the transferred charge to the
capacitors were 0.12 pC (2 pF x 60 mV) and 20 pC (10 nF
x 2 mV) for the proposed configuration and the conventional
configuration, respectively. Such differences in signal settling
time and magnitude agree well with the analysis results given
in Section III.

B. Implemented Prototype Chip and Configuration to
Support the 65-in TSP

A prototype readout chip was fabricated in a 0.35-um
BCDMOS process with the Rx circuits implemented using
0.35-um CMOS. A micrograph of the fabricated chip is
shown in Fig. 16. The prototype chip includes 21 CI-FDFCI
channels, an output BF, ADC, 21 Tx drivers, a charge pump,
and digital circuits, while the size of the prototype chip
is 5.52 mm?.

Psig

SNR lin ternal noise only = 10 - log ((kA21

Pu1) 4 (kazo - Pu2) + (kazz - Pu3) + (kaza - Pua) + (kazs - Pus)

) >50dB (15)
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TABLE IV

PERFORMANCE SUMMARY AND COMPARISON

IsSCC 13 S8C 14 VISt 14 155C 15 This Work
Application Small to Medium Size Displays Large Size Displays
Process 0.35 um CMOS 0.18 um CMOS 19.?)\;/; a’\flgg 0.18pmCMOS | ;g‘ﬁ"};g]‘)’ﬁ’gs
Die Size in mm? 10.4 (All Rx) 2.2 (AllRx, Tx) 15.9 (N.A) 71.2 (143Tx, 81Rx) | 5.52 (21Tx, 21Rx)
CA BPF Structure (0] (6] X X o
CA Loop Panel Independence X X X X o
One Phase Differential Sensing (6] (6] X X o
CA Type (Saturation Robustness) Single Ended (Low) | Single Ended (Low) | Fully Diff. (High) Fully Diff. (High) Fully Diff. (High)
Electrode ITO ITO ITO Metal Mesh Metal Mesh
TSP Panel Size 10.1 inch 4.2 inch S inch 70 inch 65 inch
Tx X Rx 27 x 43 12 x 8 28 x 16 140 x 248 169 x 97
Settling Speed Enhancement N.A. N.A. N.A. N.A. X 2.86
Tx Drive Method Sequential Sequential Sequential Parallel Sequential
(55)11‘272 g;’r‘::;‘gl(f;g’;u(rr;m) 18.7 6.26 246 562.8 | 1247 76
SNR (dB) 39 60 60 47.5 56.2 *43.5
Scan Rate (Hz) 120 200 120 120 240 120
**FOM (nJ/node) [15] 1.5 0.33 0.46 0.57 0.23 0.26
*Obtained from a channel near the longest signal path of the TSP
*+FOM = Power

Buffer

Fig. 16. Prototype chip micrograph.

To enable the readout of a 65-in TSP with the prototype
chip, the chip was designed so that the connection of multiple
chips (stackable structure) is possible. Since the 65-in TSP has
169 Tx channels and 97 Rx channels, nine chips are required.
The timings of the chips are synchronized and controlled via a
common-input sync signal (SYNC) that is generated at every
start of a frame and I>C protocol for all the chips. With the
deactivation function of each block and each FDFCI in the
chip, 98 FDFCIs are activated, and the output BF and ADC
in each chip are sequentially operated for time-interleaved
data transferring from multiple (five) chips to a back-end
host system. The deactivation/activation of FDFCIs and output
BF was realized with switches at the gates of MOSFETSs of
bias current circuitry, and that of ADC was realized by either
providing or not providing the operation clock to the ADC.
Meanwhile, the sequence operations of the blocks are realized
by utilizing programming registers that are programmed with

# of nodes x scan rate x SNR

the I2C setting bits (serial clock and serial data) at the initial
state of operation and digital counters that start the counting
operation at the falling edge of the SYNC. In Fig. 17, the
connection configuration of the chips for the 65-in 169 x 97
TSP is shown. In our Rx design, we placed a capacitor Ciyg at
the last edge channel of the chip whose one plate is connected
to Vpp/2 via a CMOS switch only when the corresponding
Rx channel is the edge Rx channel of the TSP or otherwise
floated. Since there are 97 Rx channels, none of the Cj,S are
connected to VDD/2. Meanwhile, for the mid Rx channels of
the TSP that need to be connected to the edge of the prototype
chips, they are connected to two adjacent prototype chips. In
this way, a balanced touch signal could be achieved for all
channels, since all channels are then connected to two Cij,s
that have their other plates connected to the virtual ground;
the input of the CAs of the FDFCIs operates as the virtual
ground.

C. Measurement of frx Versus SNR

To verify the effect of frx on SNR, we acquired SNR values
while varying frx. The SNR was measured using the widely
accepted SNR (voltage ratio term) definition in [2]

STouch )

T T— (16)
NTouchgrmsi100

SNR;,, 48 = 20 - logyg (
Sensing time for all the SNR measurements was fixed and set
so that a scan rate of 120 Hz for the 65-in TSP was satisfied.
Fig. 18 shows the experimental setup for the measurements.
A frequency of 400 kHz was set as the maximum fx because
any further increase in frx would result in insufficient signal
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Fig. 17. Configuration of the prototype chips to support the 65-in TSP.
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‘ ship between the number of sensor channels of the TSP (or
~Tx[#1] TSP size) and the touch chip performance should be noted.

fry: 400 kHz, 18 periods (Nin¢ : 36)

Fig. 19. Measured two adjacent Tx channels.

settling accuracy for some signal paths of the TSP. Fig. 19
shows the waveform of Tx driving voltage of two adjacent
Tx channels operating at maximum ftx (~ 400 kHz). As can
be seen, the channels are sequentially driven by a 50% on-
duty square wave with peak-to-peak voltage of 12 V, while
each channel is driven for only 18 periods to satisfy the
120-Hz scan rate for the TSP with 169 Tx channels. Fig. 20
shows the result plot of SNR versus frx. In the plot, the SNR
value for each frequency is an average value obtained from
multiple measurements. As shown in the plot, SNR increased
as frx increased, and the increasing slope lies in between 12
and 3 dB/octave as expected in the analysis in Section II.

Fig. 21 briefly summarizes the relationship. As shown in the
figure, the scan rate or SNR is reduced as the number of sensor
channels increases. The figure-of-merit (FOM) formula in [15]
reflects such a relationship, and it is defined as

Power
FOM =

[D/node].  (17)

# of nodes x scan rate x SNR

The formula faithfully implies that a larger number of sensor
nodes decreases the scan rate or limits the signal integration
time for each sensor node, while the SNR is improved with
increased Tx driving power consumption. Meanwhile, for the
parallel Tx drive scheme, though high SNR could be achieved
by sacrificing the power consumption, saturation of the CA
output in the Rx could occur when many concurrent touches
on the same Rx line.

The measured performance of our proposed chip is summa-
rized and compared with the state-of-the-art works in Table I'V.
The measured SNR of 43.5 dB was achieved by finger touch
with 400-kHz f1x and the time setting for a 120-Hz TSP scan
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Fig. 22.  (a) Power breakdown of a single prototype chip under full operation. (b) Power breakdown of nine chips under sequential operation for the whole

65-in TSP sensing.

rate while supporting the 169 x97-channel 65-in TSP with nine
prototype chips. The position of the finger touch was located
near the longest path of the TSP and was read by chip 1 of
Fig. 17 while the display was on and with a fluorescent lamp
at the ceiling of the test room. The power consumption of
this study, shown in Table IV, also used in the calculation
of the FOM, is the power consumed by the prototype chips
when supporting the target 65-in TSP. Power consumption
of 76 mW is achieved owing to selective activation of Rx
channels (FDFCIs) that are actually connected to the Rx
electrodes, chip-to-chip sequential operation of output BF and
ADC, and operation of charge pump of only one chip for
the support of whole Tx. For reference, power breakdown of
a single chip with all 21 Rx, output BF, ADC, and charge
pump activated is shown in Fig. 22(a), and power breakdown
of nine chips under sequential operation for the whole 65-in
TSP sensing is shown in Fig. 22(b).

With the proposed readout circuit, the proposed chip
achieved an FOM of 0.26 nJ/node. Meanwhile, considering
the fact that only a single function, which is the readout of
the touch position, is derived from the consumed power, and
the total power consumption itself is also critical and should
be considered in the performance comparison. Fig. 23 sum-
marizes the FOM and power consumption of previous works
and this paper, with their respective touch applications. Our
achieved SNR of 43.5 dB and FOM of 0.26 nJ/node obtained
with a power consumption of only 76 mW demonstrate that the
proposed work enables both low power consumption and high
sensitivity to be pursued in large capacitive-type touch screen

10
)
°
o
£
2 10.1" Tablet
c [31
= [ ]
:g ! 5" Ph
" Phone "
o 4.2" Phone [13] io"\m[s]w
o nz1f-[® L
(9]
= * 4
> 65" TV o
i This Work
0.1
1 10 100 1000 10000
Power Consumption (in mW)
Fig. 23.  FOM and power consumption summary plot for performance

comparison.

sensing systems. The 3-D touch image was obtained with the
prototype chip and the 65-in TSP, as shown in Fig. 24. Here,
the touch region is located near the signal path with the longest
delay. Due to the differential sensing method, a peak and a
valley appear in the image at the region of touch. Meanwhile,
relatively high peak and valley points in the untouched regions
are the outputs of FDFCIs that process the signals from Rx
electrodes that are connected to two different chips. In our
measurement, the degraded SNR resulted in 34~38.5 dB, and
this is due to the mismatch of capacitors of two adjacent
chips. However, the number of Rx channels that experience the
degradation due to the mismatch is only 8 out of 96 channels
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Fig. 24. 3-D touch image by the prototype chips connected to the TSP.
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