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Abstract— An electrostatic discharge (ESD) to the
touchscreen display of a cellphone or other handheld device can
result in device failures through sparkless discharge. A test
model has been designed and a test board built to investigate
sparkless discharge to glass displays, based on the discharge
path in a typical product. The current waveform at the
touchscreen circuit load was captured during an air discharge
using an oscilloscope for 40 test cases with different glass
thicknesses, load resistances, and patch-to-ground capacitances.
Full wave and circuit models of the discharge event have also
been developed. Using the circuit model and a genetic algorithm
approach, methods were developed for estimating the input
current waveform associated with the discharge event. Using
this current waveform, it is possible to predict the magnitude,
rise time, total charge, and energy of a typical surface discharges
to displays during the early stages of product design to prevent
device failures.

Keywords—Electrostatic  discharge, sparkless discharge,
genetic algorithm, displacement current, display, modeling,
surface discharge.

L

A consistent source of upset or failure in electronic devices
is electrostatic discharge (ESD) [1-4]. Discharge to the glass
display of a cellphone or other handheld device can be
particularly problematic [5, 6]. When a charged object
approaches a display, a surface corona discharge will occur.
This spark-less discharge can inject currents up to 20 A into
the display with pulse lengths of tens of nanoseconds [5, 6].
The surface corona suddenly changes the potential on the glass
surface which causes currents on the internal structure due to
displacement [S]. These currents on the internal structure can
damage or upset touch screens and displays [1-5].

The level of current and waveform depends on the surface
capacitance, the resistance and the capacitance of the structure
below the glass, as well as other parameters. Thus, thin glass,
glass with a high dielectric constant, and low impedance
touchscreen circuits are expected to result in larger currents.
To estimate early in the design process if a touchscreen will
be able to withstand the ESD induced currents, one must be
able to simulate these currents and the coupling.

The induced current from spark-less electrostatic
discharge events to display screens has been measured in a
previous study [5]. In this study, the total current discharged
from an ESD gun was captured using an F65 current clamp
which was mounted around the air discharge tip [4-7]. The
displacement current to patches just beneath the glass was also
measured.

In this paper, it is assumed that the failure likelihood is
directly related to the energy dissipated to and the peak current
in the touchscreen circuit. The ultimate goal of this study,
therefore, is to be able to predict possible ESD failures in a
new product by predicting the maximum energy dissipated in
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the touchscreen circuits during an ESD event and by
predicting the peak current associated with the event.
Accordingly, this study will focus on the part of the current
which flows through the glass to a patch just below the
discharge location and which is connected to a touch-screen
circuit. A setup was prepared to measure the induced current
from an ESD event to the 50 Q input of an oscilloscope. A full
wave model of the setup has been developed, along with a
circuit representation. The models represent the coupling path
from the front of the touch screen to the load terminating the
sensor trace inside the phone [5]. A genetic algorithm (GA)
has been developed to find the parts of displacement current
which flow through the glass into the display from the induced
current measured at the oscilloscope. While displacement
current does not truly flow through the glass, it will be referred
to that way in the following paper for ease of reference. The
current path is depicted in Fig. 1. The GA finds a near-optimal
representation of the patch current by iteratively predicting a
source current waveform, predicting the current measured at
the oscilloscope, then modifying the predicted source current
according to the accuracy of the estimated current at the
oscilloscope. GA estimates of source currents are found for
different glass thicknesses (different glass capacitance, Ci),
different touchscreen circuit resistances (Riqq), and different
capacitances between the sensor patch and return structure
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Fig. 1. The spark-less current paths. The ionized surface on glass is
modeled as one plate of Cy,.

II. MODELING

A. Measurement set-up

As shown in Fig. 1, spark-less current paths are created
between the air discharge tip of an ESD generator and the
inner structure of the display through surface corona and
capacitive coupling. To measure the displacement current that
flows through the glass, a measurement setup was prepared
inside a climate chamber (Fig. 2). In this setup an ESD gun
approaches the glass at a fixed rate [5]. A set of sensor patches
are placed just behind the glass and connected through a
sensor circuit to the oscilloscope (Fig. 3). It was shown in [5]
that a thin air gap between the sensor patches and the glass can
influence the discharge current. To prevent any unwanted
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effects due to this air gap, a vacuum pump was used to remove
air behind the glass. Several test parameters were investigated
in [5] including the effect of humidity, approach speed, gun
voltage, and polarity. Two PCB boards representing the sensor
patches and circuitry were designed and fabricated as shown
in Fig. 3. The patches that can be connected to an external
resistor acting as a typical load in a touch screen circuit. An
oscilloscope is connected in series with this resistor to
measure the total load current. Each PCB has 36 2.5 mm by
2.5 mm patches. The two PCB boards were designed to have
different capacitive coupling from the patch (top layer) to the
ground (bottom layer). This capacitance is about 650 fF and
430 fF for the two PCB boards.

The total current created by the surface corona was
previously measured with an F65 current clamp [4, 5, 6] since
it was assumed this current was the main factor for the device
failure. The partial current which flows through the glass to
the internal structure of a specific patch, however, is more
likely to be the critical factor that can result in a failure. The
waveform for the current which flows to the patch just beneath
the discharge was estimated using a genetic algorithm.
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Fig. 3. Top and bottom layer of PCB boards.

B. Full wave simulation model

Full wave and circuit models of the discharge event were
developed in CST Studio Suite [8] as shown in Fig. 4. The
model includes an excitation source, a 3D model of the glass,
sensor patches, and grounding structure. While models of the
ESD gun have been used successfully to model electrostatic
discharge in other studies [9, 10], coronal discharge is much
more complicated and is difficult to model in a full-wave
simulation tool. For that reason, the coronal discharge was
represented only as a current source to a low ohmic metal disk
with a fixed radius as excitation [5], as shown in Figs. 4c and
4d. The current waveform was determined using the GA as
shown later in this paper. The excitation source was connected
to the return plane with a ground wire, similar to the ground
strap used on an ESD gun, as shown in Fig. 4c. While the
inductance of the loop formed by this wire causes some
voltage on the wire and thus capacitive coupling to other
structures, the inductance (about 50 nH) and associated
voltage is not large enough to significantly influence results.
The excitation is delivered to a small disk on top of the glass
and above the patch, which represents a conductive layer
created by the coronal discharge [5]. The co-simulation
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feature of CST Microwave Studio [7] was used to simulate the
3D full-wave model of the setup with a circuit model of the
current source.
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Fig.4. a) Top and bottom layer of full-wave simulation model, b)
Excitation with grounding strip (front view), ¢) Excitation with grounding
strip (side view) e) Display model in CST Microwave Studio with time
domain excitation.

C. Circuit model

A simple SPICE model (Fig. 5) was derived from the full-
wave model to represent the overall discharge event. The
capacitive coupling from the excitation port to the patch (Cy,)
was found to be 0.65, 0.43, and 0.125 pF for the three glasses
studied, which had thicknesses of 0.6, 0.9 and 1.6 mm,
respectively. The capacitor C,, represents the capacitive
coupling from the patch to the ground plane. The two PCB
boards were designed to make this capacitance 0.485pF and
2.9 pF, respectively. Several capacitors were added to these
boards to investigate the induced current for products with
higher capacitances e.g., 4.7, 15 and 30 pF. The capacitance
between the conductive surface created by the corona and
ground (Cyy) is also considered in Fig. 5b. A problem with the
use of Cy is that the conductivity of the corona surface is time
dependent and we initially do not know the value of Cy. A
method to estimate the size of this capacitor is described in
Section E.
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Fig. 5. Schematic of circuit model. a) without coupling from surface to
ground (Cy,), b) with coupling from surface to ground (Ci,).

D. Genetic Algorithm (GA)

The process used to find an appropriate excitation current
waveform is shown in Fig. 6. GA was used to tune the
excitation current waveform (/;;) such that the current
resulting in the 50 Q termination of the patch (/,,) was similar
to the current measured with the oscilloscope. The cost
function for the GA was tuned to find an input pulse with 0%
error in the delivered energy, with up to 30% error in the peak
current, and up to 300% error in the rise time. This mix was
chosen as an appropriate trade-off between these parameters,
with a priority on optimizing the dissipated energy and peak
of the current, since these parameters are most likely to lead
to failure. The input pulse waveform was constructed using a
continuous function which has different fall and rise times:

(t -Delay1) -1
Tau2

—(t —Delay1)
Taul

I(t) = Iyign X [e +e )

where the current source parameters need to be tuned are:

*  Inign (magnitude)
Delay1 (time delay)
Taul (Rising edge time constant)
Tau2 (Falling edge time constant)
The first exponential is related to the LR time constant of the
gun and current return path. The second exponential is due to
the RC time constant of the gun and surrounding structure [11,
12]. The current at the oscilloscope, /s, can be found by
solving a second order ordinary differential equation (ODE)
using a dependent variable /,, and independent variable ¢ as:

2

d“l dl.
leT;n+(R1+R2) =

+ ! L, = ! I 2
dt CZ m — C2 in ( )
To solve this equation using the Matlab function ode45,
(2) has to be converted to a set of first order ODE’s. Two new

variables X; and X> are defined as:

=> {Xll =X
- X,2 = X"

Therefore, two new first order ODE equations can be
written as:

{X1= X

X, =X ®)

X =X,

(R, + R,) 1 1 ®
—(R, +

=1 ¥y X+

Ly LG, L,C,

X -

Iin
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The Matlab code used to solve (4) is [13]:

“initial x =0;

initial dxdt=0;

[t,x]=odel5s( @rhs, t, [initial x initial dxdt] );
function

dxdt = rhs(t,x)

dxdt_1=x(2);

[I_Source] =AnPulse(I_High,Delayl,Taul,Delay2,Tau2,t);
dxdt 2 =-(RI+R2)/L1*x(2) - 1I/(L1*C2)*x(1) +
1/(L1*C2)*I_Source;

dxdt=[dxdt 1; dxdt 2];

end”

where “AnPulse” is a function which returns the induced
current pulse using (1).

The GA attempts to find the input pulse that minimizes the
overall relative error in the estimated and measured current at
the oscilloscope. The definition of relative error is shown in
equations (5)-(7), where RE; is the relative error in the energy
of the current waveform, RE is the relative error in the rise
time, and RE; is the relative error in the peak current.

_ |EnergyGA - Energ}’Measuredl

RE. = (5)
1 |Energ3’Measured |

RE. — |Rise timeg, — Rise timeyeqsured| 6)
2 IRiSe timeMeasuredl

RE, = |Peakga — Peakyeqsyreal )

|PeakMeasured I

Since the GA must optimize the pulse according to a single
error measure, a single measure was formed from a weighted
sum of the three relative errors:

Total Error = aRE; + (1 — a)RE, + aRE; (8)
where a is a weighting coefficient that was determined
heuristically, based on the authors’ observations of several
fitted waveforms and the relative importance of fitting for rise
time, peak current, and total energy, as will be explained
further later in the manuscript.

During each iteration, the GA generates and tests several
variations of the waveform parameters shown in (1). The set
of parameters at the end of each iteration are “optimal” for that
iteration. At the end of the iteration, the relative error produced
by this set of parameters is compared to the relative error
produced by the last iteration. If the change in relative error is
less than or equal to a convergence threshold p, the simulation
is considered to have converged, and will output the optimized
pulse. Otherwise, the pulse parameters will be changed, and
the GA will be executed again.

Table I summarizes the measured and estimated current
waveforms for one test case. The case was measured with a
charge voltage of 9 kV, load resistor = 15 k€, Cy, = 0.43 pF
and C,, = 2.9 pF. Three weighting coefficients were tested for
the GA approach, a = 0.1, 0.2 and 0.4. The reconstructed
input and output currents are shown in Fig. 7 and Fig. 8§,
respectively. For clear comparison in Fig. 7, the waveforms
have been shifted in time, so they do not overlap. Among these
trials, it was determined that the selection of 0.4 for the
weighting coefficient (GA 03) leads to better waveforms. This
coefficient, however, brings less priority to the rise time
compared to the pulse energy and peak. Since the rise time is
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not quite repeatable in measured ESD event, it was decided to
accept even up to 300% error in the rise time as long as the
error in energy is almost zero and the peak has less than 30%

crror.

Determine prospective
input current waveform
using genetic algorithm

Is change in
relative error < p?

Output the optimized
input pulse

Fig. 6. Process used to find current waveform with the GA method.

TABLE L. SUMMARY COMPARISON BETWEEN MEASURED AND

ESTIMATED CURRENT.

a Energy (uJ) Tr (ns) Peak (mA) Iteration
Target - ~ 2.2 ~ 0.47 =~ 0.072 -
GA 0l 0.1 =22 ~1.9 ~0.076 29
Error=0%  Error = 304% Error = 5.5%
GA02 02 =22 =19 ~0.076 12
Error=0%  Error = 304% Error = 5.5%
GA03 04 ~22 ~1.8 ~0.076 25
Error=0%  Error =283% Error = 5.5%
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Fig. 7. Reconstrcuted input currents estimated with different weighting
coefficients for a 9 kV event. Waveforms have been shifted in time for

better visibility.
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Fig. 8. Reconstrcuted output (induced) currents for different weighting
coefficients for a 9 kV event.
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E. Compensating current waveform for full-wave
simulation

The waveform estimated using GA is based on the circuit
in Fig. Sa. Fig. 5a, however, does not include the capacitance
C, between the conductive surface created by the corona and
the ground plane under the display. This capacitance reduces
the amount of current delivered to the touchscreen circuitry
and is present in the full wave simulation model in Fig. 4.
Before the GA estimated current waveform can be used in the
full wave simulation, the waveform must be compensated to
account for the presence of Ci,.

Two methods were used to find and compensate for Cy,.
The first method finds the value of Cy by comparing the
impedances found in the full-wave simulation with the
impedance found in the circuit shown in Fig. 5b. The S-
parameters between the excitation input and the oscilloscope
are exported from the full-wave model and are used to
estimate the input impedance looking from the excitation
source into the glass (Fig. 9). This impedance is compared to
the impedance seen looking into the glass in Fig. 5b. The value
of Cs in Fig. 5b is iteratively modified until the two
impedances are the same. The estimated source current
waveform found using the GA is then placed in the circuits
shown in Fig. S5a and Fig. 5b to find the oscilloscope output
estimated by each circuit. A compensation coefficient is then
found, such that when the waveform used in Fig. 5b is
multiplied by the compensation coefficient, the output at the
oscilloscope is the same for Fig. 5a and Fig. 5b. This
compensated waveform may be used in the full-wave model.

1 'l 1
Num=1
Z=50 Ohm

Num=2

Z=50 Ohm

SnP2

Fig. 9. Circuit schematic in ADS.

The second method uses a similar approach but estimated
the value of Cy, by comparing the waveform at the
oscilloscope as estimated in CST and in Fig. 5b. With this
method, the GA estimated waveform is used with the co-
simulation tool in CST to estimate the output waveform. The
GA estimated waveform is similarly applied to the circuit in
Fig. 5b, and the value of C in Fig. 5b is modified until this
circuit and the CST simulation give the same waveform at the
oscilloscope. Once C, has been found, a compensation
coefticient can be found as in the first method, by applying the
GA estimated waveform to the circuits in Fig. 5a and Fig. 5b
and adjusting the compensation coefficient until the two
output waveforms match.

III. DISCUSSION

Tests have been performed for twenty combinations of
resistive loads, for different values of C,g, for different glass
thickness, and with the ESD generator set to different
voltages, i.e. to 9 and 15 kV. These tests were performed to
provide more insight into the induced current with different
display parameters. Each test was repeated up to 5 times to
find the case with the highest energy delivered to the load.

The genetic algorithm was used to tune the excitation
current in 7;, such that the current in the 50 Q termination of
the patch (/) is similar to the measurements for all test cases.
The effect of having different glass thickness, load resistor and

Authorized licensed use limited to: Missouri University of Science and Technology. Downloaded on February 01,2021 at 01:08:23 UTC from IEEE Xplore. Restrictions apply.



the capacitive coupling from patch to ground will be discussed
in the following sections.

A. Compensation Coefficient

As discussed earlier, the corona creates a more or less
conductive surface which creates the capacitance Cs, between
the corona surface and the ground plane. A problem with the
use of Cy is that the conductivity of the corona surface is time
dependent. The value of C,, estimated for the test cases was
about 0.25 pF. Based on this value, a compensation coefficient
of 1.6 is suggested when using the GA estimated waveform in
the full-wave model or in Fig. 5b. This coefficient should be
multiplied with the input current source estimate by GA.

B. Effect of Glass Thickness and Dielectric Constant

One of the main factors in the display industry is the glass
thickness. The glass is mounted between the excitation and the
patch in Fig. 4. Three different glasses of the same type were
used to investigate the effect of glass thickness on peak value
and energy in the induced current. Table II shows the current
waveform characteristics for glass that is 0.6, 0.9, and 1.6 mm
thick when the ESD gun was charged to 9 and 15 kV. The
peak discharge current and total dissipated energy increases
for thinner glass thickness. The glass with 0.6 mm thickness
has the highest total energy and peak current.

The glass capacitance C, in Fig. 5 was estimated to be
0.125, 0.43 and 0.65 pF for glass thicknesses of 1.6, 0.9 and
0.6 mm, respectively. The higher the capacitance, the higher
the induced current and total energy. The higher current and
energy might be explained by a stronger surface ionization for
thinner glass [5]. The results show that the risk of upset or
failure from spark-less discharge increases for thinner glass
thickness.

TABLE II. MEASURED CURRENT WAVEFORM CHARACTERISTICS FOR
DIFFERENT GLASS THICKNESSES.
9KV I5kV
Thickness  ILinpeak  loutpeak  Energy Linpeak  loutpeak  Energy

(mm) A) A) wJ) A) A wJ)
1.6 0.4 0.02 0.062 0.8 0.032 0.21
0.9 2.5 0.1 23 4.5 0.17 5.56
0.6 2 0.14 4.1 5.5 0.2 10

C. Effect of Load Resistor and Capacitor

Other factors which contribute to the level of current
during a spark-less discharge is the value of the resistive load
and the capacitance of patch to ground (C,,). The resistive
load (R = 15 kQ in Fig. 5) is defined by the product. Fig. 10
shows the reconstructed input currents using GA for a 9 kV
discharge for different loads and Fig. 11 shows the resulting
output current /,. For clear representation in Fig. 10,
waveforms have been shifted in time by 20 ns (blue curve, R
=10 kQ) and 40 ns (red curve, R = 15 kQ). While the input
currents are similar for the three loads, the induced/output
current (/,,) is lower for higher resistor value (Fig. 11) because
the high resistance forces more current to return through C,.
The total energy dissipated by the larger resistors is higher
than the smaller resistors even with lower induced current, due
to the higher time constant of the current waveform associated
with the larger resistor.

The voltage on the excitation disk during the discharge
event is shown in Fig. 12 for three different loads. The input
voltage is higher for higher loads. The small overshoot above
the ESD gun voltage of 9 kV for 10 and 15 k€2 loads is due to
the roughly 10% error in the peak value of the reconstructed
current. For 380 Q, the duration of induced current is very
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short which correspond to a large dI/dt. This could create
thermal damage that is harmful to the DUT, possibly even
worse than other loads [14].
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Fig. 10. Reconstrcuted input currents (/;, in Fig. 10) for different loads with
a 9 kV discharge level. Waveforms have been shifted in time for better
visibility. (Cy, = 0.43 pF, Cpg = 2.9 pF)
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Fig. 11. Reconstrcuted induced (output) currents (/,,) for different loads with
a 9 kV discharge level.
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Fig. 12. Reconstrcuted input voltage on the center patch for different loads
with a 9 kV discharge level.

Fig. 13 shows the effect of having a higher C,; on the input
current, /;,, and Fig. 14 shows the associated waveform at the
output, [, The currents were measured with a discharge
voltage of 9 kV. The higher the value of C,, the lower the
peak current and the energy in both the input and output
waveforms. This result suggests that thinner boards for the
display circuits should be used, creating a smaller gap between
the patch and ground and a higher C,. For the tests conducted
here, one board has a 0.8 mm distance between the patch and
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ground giving C,, = 2.9 pF. For the second board, however,
the distance is about 1.6 mm and C,, = 0.485 pF. The decrease
in the current with C,, might be explained by a weaker channel
ionization, and an associated smaller discharge current. this
result indicates that the ever further reduction of PCB board
thicknesses may decrease the risk of upset or failure by spark-
less discharges.
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Fig. 13. Reconstrcuted input currents (Z;,) for different values of C,, with a
9 kV discharge level. Waveforms have been shifted in time for better

visibility.
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Fig. 14. Reconstrcuted induced currents (Z,,) for different values of C,, with
a 9 kV discharge level.

IV. CONCLUSION

A test model was developed to study sparkless discharge
to touchscreen displays. The air discharge event was captured
with an oscilloscope for 20 test cases having different glass
thickness, load resistance, and load capacitance. Full-wave
and circuit models representing the sparkless discharge were
developed and were validated with measurements. Further, a
GA approach was used to estimate a source current waveform
representing the parts of the displacement current which flows
through the glass into the patch just below the discharge event.
The current waveform was estimated from the current
measured at the circuit load with an oscilloscope and using a
circuit representation of the discharge event. Using the GA
estimated current waveform and the circuit model, it is
possible to predict the peak current and total energy dissipated
in the touch layer during the pre-design phase of a new product
without performing new measurements. In future studies, the
discharge event will be further characterized based on the test
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model’s parameters e.g., glass thickness, load resistance and
load capacitance.
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