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Abstract—The insulation of plastic enclosures provides protec-
tion against direct electrostatic discharge (ESD) discharges to the
system inside. However, seams between plastic parts are often un-
avoidable. To increase the voltage at which an ESD will penetrate
the structure of the seam can be modified. Four plastic arrange-
ments are constructed to investigate the spark length and current
derivatives and to understand the ESD spark behavior for ge-
ometries having spark lengths longer than the values predicted
by Paschen’s law. A two to threefold increase of spark lengths
was found for sparks guided by plastic surfaces compared to spark
length expected from the Paschen value at the same voltage level. In
spite of the longer path, a faster spark development is observed for
sparks along the plastic surface. Plastic arrangements that provide
detour and fold-back paths hardly reduced the total spark length.
No significant effects of the plastic materials or the polarity were
observed. The spark length increased as the (absolute humidity)
Absolute humidity (AH) increased, and the current derivative de-
creased by about 20% as the spark length increased with (relative
humidity) Relative humidity (RH) changing from 9% to 65% at
29 °C. The spark resistance is modeled by a modified Rompe and
Weizel’s law, which distinguishes the spark development in the air
and along the plastic surface.

Index Terms—Electrostatic discharge, modeling, spark.

I. INTRODUCTION

ONE method to achieve ESD robust electronic system de-
sign is to prevent sparking into the system. This can

be achieved by a sufficiently insulating barrier. While even
0.3-mm plastic is usually not penetrated by ESD up to 25 kV
difficulties are introduced by seams between plastic parts and
openings that expose the inner circuits. The design choice can
influence the tightness of adjacent plastic parts, the plastic ma-
terials, the wall thickness, and the distance to the electronics.
Further the designer can shape the seams of adjacent plastic
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parts such that detours lengthen the spark path, or introduce
fold-back structures that force the spark to develop against the
electrostatic field direction. This article analyzes the effect of
such design choices and provides an improved simulation model
for the spark resistance which also includes situations in which
the spark develops parallel to plastic surfaces.

A good starting point is to remind ourselves of Paschen’s law.
It describes the relation between the static breakdown voltage
as a function of the gap distance for homogeneous fields,

U = 25.4d + 6.64
√

d (1)

where U is the voltage in kilovolt (kV) and d is the distance
in centimeter (cm).

However, a few practical electrode arrangements offer a ho-
mogeneous field. They differ in the following aspects:

1) Electrodes, such as Printed circuit board (PCBs) may have
sharp tips or edges.

2) The spark path maybe guided along plastic surfaces as
the spark penetrates between adjacent plastic parts of the
enclosure.

3) The IEC 61000-4-2 test standard asks to approach the (de-
vice under test) Device under test (DUT) while attempting
to discharge to it, thus, this leads to a change of the electric
field strength.

It is generally known that sharp electrodes and paths par-
allel to insulating surfaces increase the length the spark can
bridge. Our study has shown that for the voltage range rele-
vant to ESD these geometric factors can increase the length by
twofold or more relative to the value predicted by Paschen’s
law. For approaching electrodes the opposite can happen: the
discharge occurs at distances less than the value predicted by
the Paschen’s law. This discrepancy is explained by a delay of
the onset of the spark due to the statistical time lag while the gap
is closing due to the approach velocity. This phenomenon leads
to spark lengths below the Paschen value, reduced rise times
and larger peak values. For approaching electrodes, the spark
resistance behavior and its simulation is well documented in the
literature [1], [2]. However, the lack of information on the spark
behavior for spark lengths longer than the values predicted by
Paschen’s law requires more investigation. Spark lengths longer
than Paschen’s value are certainly more likely for voltages ex-
ceeding 8 kV as the effect of sharp edges is more pronounced
at higher voltages. Further plastic surfaces, metallic edges, sur-
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Fig. 1. Test setup showing (from left to right) the spark length measurement (see Fig. 2 for details), oscilloscope, current target, discharge tip, transmission line,
and the high voltage supply.

face contaminations, and humidity will reduce the statistical
time lag. With reduced statistical time lag it becomes unlikely
to experience shortening of the spark length due to the interplay
of the approaching speed and statistical time lag. To our knowl-
edge there is no comprehensive study of the spark behavior for
plastic enclosures in a voltage range relevant to ESD.

The main questions addressed in this contribution are: What
is the distance that a spark will bridge if it is guided by insu-
lating surfaces of different shapes? How large are the current
derivatives? And how can the current rise be simulated for this
type of geometries?

This knowledge can guide the designer in selecting gap shapes
and geometries that maximize the voltage needed to breakdown
through a gap into an enclosure. If the breakdown cannot be
prevented, the simulation models will allow us estimating the
peak current derivative, which has been shown to be strongly
related to soft-failures in products [5].

II. MEASUREMENT SETUP AND RESULTS

A. Experimental Setup

The experimental setup allows us controlling and capturing
the following parameters.

1) The charge voltage is set by the operator. The setup is
limited to 25 kV. The ground of the high voltage supply
is connected to the ground plane, which forms the trans-
mission line’s return path. The ESD current target is also
grounded, thus the voltage is applied between the tip and
the ESD current target.

2) The electrode shape and the geometry of the plastic ar-
rangement is set to allow us straight, detour, and reversing
spark paths, see Fig. 3.

3) Four different types of plastic materials have been used.
4) Testing is performed inside a climate chamber. The cli-

mate chamber does not allow us changing the air pressure.
However, it has been shown that the value predicted by
Paschen’s law is proportional to the air pressure for typi-
cal values on earth’s surface, i.e., it is reasonable that the
results for spark lengths longer than the Paschen’s value
will scale proportionally with air pressure. The testing has
been done at a height of 300 m above sea level at about
40% RH and 23 °C.

5) The setup measures the discharge current and the elec-
trode distance in the moment of the spark. The discharge

Fig. 2. Details of the spark length measurement and the plastic arrangement
which is mounted in front of the ESD current target. The spark bridges the
center of the current target (hidden by the plastic arrangement) via the gap in
the plastic arrangements to the discharge electrode. The triangular structures
and the connecting rods transfer the movement of the electrode to the position
sensor which is placed behind the ESD current target.

current is measured via a current sensor as described in
IEC 61000-4-2.

6) For measuring the spark length the moving electrode is
attached to a slider via insulating fiberglass, see Figs. 1
and 2. The slider’s position is captured using a resistive
position sensor. The discharge current triggers an S/H
circuit that records the position of the moving electrode
in the moment of the discharge.

A 7.5 m, 165 Ω transmission line was selected as discharging
structure to provide a long enough square pulse. A value of
165 Ω is used as a compromise between the impedance of 266 Ω
derived from the peak current definition of the IEC 61000-4-
2 standard (3.75 A/kV), charged cable discharges and lower
impedance seen for the discharge of body worn equipment [3].

If no plastic arrangement or a straight path arrangement [see
Fig. 3(a) and (b)] is used then the spark length equals the dis-
tance between the moving electrode and the current sensor. If
arrangements (c) or (d) are used then the extra length within the
plastic arrangement needs to be added to the electrode distance
to obtain the total length of the spark path.
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Fig. 3. Plastic arrangements used in the experiments. Arrangement (a) and
(b) offer a straight spark path, (c) forces the spark to travel perpendicular to the
static field and arrangement, and (d) forces the spark to travel against the static
field. The spark path is indicated by the red line. (a) Path length along the plastic
d = 3.2 mm. (b) Path length along the plastic d = 6.4 mm. (c) Path length along
the plastic d = 9.5 mm. (d) Path length along the plastic d = 7.3 mm.

In plastic enclosures different types of interfaces are used.
Some are folded back to increase the length of the gap and
to force the spark to propagate against the electrostatic field.
This approach increases the voltage needed for breakdown. To
reproduce a set of different interfaces, the plastic surface has
been machined to be smooth and pressed tightly to reproduce
the situation encountered on products. One might expect that a
spark cannot penetrate the gap between two plastic parts that
are pressed together. However, it is known that holes as small as
10 µm will allow us a spark to penetrate through a seam, thus
machining the surfaces on a milling machine does not prevent
sparking. The four different plastic arrangements used for this
investigation are shown in Fig. 3. They differ in the path style
and path length. Arrangement (a) and (b) offer a straight spark
paths parallel to the electrostatic field. Arrangement (a) used
3.2 mm thick plastic parts, while arrangement (b) uses 6.4 mm
thick plastic parts. Arrangement (c) is created by offsetting two
stacked 3.2 mm plastic parts. This leads to a detour for the spark,
in which it partially travels perpendicular to the electrostatic
field. Arrangement (d) forces the spark to travel against the
electrostatic field. The total path that the spark travels along the
plastic surface is 7.3 mm for arrangement (d). To obtain the total
spark length, the section the spark bridges between the electrode
and the plastic arrangement needs to be added.

If the voltage is above the minimal breakdown voltage
the spark will partially travel guided by the plastic, and then
bridge the section from the plastic surface to the rounded elec-

Fig. 4. Measured breakdown distances for different plastic arrangement, dis-
tance predicted from Paschen’s law (left) and measured breakdown between
two razor blades mounted perpendicular to each other.

trode in air. The length ratio between these two sections of the
total spark length, depends on the plastic arrangement and the
voltage. This experiment used a flat electrode (from the ESD
current target) directly behind the plastic arrangement and the
air discharge ESD generator tip as moving electrode. During
the experiment the voltage was set and the electrode was ap-
proached towards the plastic arrangement. The approach speed
was less than 10 mm/sec. While this speed is much less than
the typical speed during ESD testing, it was observed that in-
creasing the approach speed did not affect the results strongly
for experiments that included a plastic arrangement. This indi-
cates that the plastic arrangements lead to short statistical time
lags. A short statistical time lag will lead to a breakdown at the
moment the gap distance is reduced to a length that allows us a
breakdown [1], [6].

The current sensor captures the current waveform leading to
a system bandwidth (scope + cables + target) of about 3 GHz.
Besides the spark length and the waveform, the peak current
derivative is analyzed. This parameter has been selected as it
has been shown that the peak current derivative often correlates
to soft-failure thresholds on electronic systems [5].

B. Spark Length

The experiments involved setting the plastic arrangement, the
charge voltage, and then approaching the electrodes. Sparking
occurred above a voltage determined by the plastic arrangement.
The current and the electrode distance at the moment of the
sparking were measured and analyzed. Fig. 4 shows the spark
lengths for different arrangements. Additionally, spark lengths
according to Paschen’s law are included as a reference. A second
reference shown in Fig. 4, is the discharge distance between
two razor blades, arranged at 90o. The spark lengths obtained
without plastic arrangement are very close to the Paschen’s
values. This behavior is expected, as the arrangement is similar
to the requirement for Paschen’s law, thus this result can be seen
as indication for the correctness of the voltage setting and spark
length measurement.
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TABLE I
COMPARISON OF THE SPARK LENGTH AND CURRENT BETWEEN DIFFERENT

MATERIALS FOR THE PLASTIC ARRANGEMENT (B) AT 15 KV

Plastic
Arrangement

Relative
Permittivity

Spark
Length (mm)

Max(dI/dt)
(A/ns)

Rise time
20–80% (ns)

Max(I)
(A)

No plastic – 3∼5 2.6 22 41.44

Chemical-and-War
Resistant Acetal

3.7 9.0∼9.9 7.2∼8 3.8∼4.1 43

Formable
Chemical-Resistant
Kydex Acrylic/PVC

2.6 8.9∼10 6.5∼7.6 3.9∼4.2 43

Chemical-Resistant
Type II PVC

3.0 8.6∼9.5 6.6∼8.2 3.5∼4.6 40

Easy-to-Form Clear
PETG Sheet

2.4 8.8∼10 5.8∼7 4.2∼5.1 43

On the other extreme, Fig. 4 shows the measured breakdown
distances for the razor blade setup. Here, additional measures
were needed to reduce corona at the corners of the blades. The
blades have been encapsulated in rounded electrodes for all
regions except the region in which the sparking occurs. In spite
of these measures, corona occurring at the sparking location (the
center of the blades front edge) prevented the measurement for
voltages exceeding 10 kV in the razor blade arrangement.

Using 3.2 mm thick plastic [see Fig. 3(a)] the spark val-
ues increased by a factor of about 2 compared to the Paschen
value. For example for 10 kV, the values increased from 2.8 to
6–6.3 mm. Results using the 6.4-mm thick plastic [see Fig. 3(b)]
indicate a further increase of the distance the spark can bridge.
For example the value at 10 kV increased to 6.5–7 mm.

Intuitively one may expect that forcing the spark to propa-
gate perpendicular or even against the electrostatic field would
significantly decrease the distance a spark can bridge. However,
the data does not support this hypothesis. The reverse arrange-
ment having a plastic guided path of 7.3 mm, the spark length
is 9.8–10.5 mm. This falls into a similar range as the arrange-
ment (b) having a straight plastic guided path of 6.4 mm. The
distance between the ESD current target and the air discharge
tip is reduced because of the detour and the fold-back.

The seemingly counterintuitive observation that even a spark
path against the electrostatic field will only marginally reduce
the bridged distance, can be resolved if one considers that the de-
veloping spark modifies the local field as the streamer advances
as an electrode [6].

While the underlying physical processes may not be fully
understood the results clearly show a strong increase of the spark
length if the spark is guided by plastic surfaces. This indicates
that thicker plastic walls, or detour and reverse arrangements
may not achieve the expected result of preventing sparking.

C. Effect of the Plastic Material

Table I presents data on the effect of selecting different plas-
tic materials investigated for 15 kV using arrangement (b). The
data are typical for other voltages and arrangements and give ev-
idence that the selection of the plastic material does not strongly
influence the sparking behavior. However, an important effect

Fig. 5. Discharges without plastic compared to discharges with plastic for
different plastic materials (arrangement (b), 15 kV).

common to all plastic materials, is that the plastic arrangements
significantly reduce the rise time and increase the peak current
derivative of the discharge current. The results repeated well, see
Fig. 5. This indicates that effects of possible surface changes or
charge accumulation over repeated testing do not influence the
results significantly. This is probably a result of having short
pulses that transfer charges of less than 5 µC.

Further evidence to this effect is given by a direct compar-
ison of the discharge currents presented in Fig. 5. (The wave-
forms are obtained using an RC discharge network instead of
the transmission line structure.) Similar discharge currents have
been observed for different plastic materials indicating that the
discharge currents are independent of the plastic material. This
might be explained by the fact that all plastic materials investi-
gated have a somewhat similar relative permittivity in the range
of 2.4–3.7. The data shown in Fig. 5 are supported by measure-
ments at from –18 to 15 kV. The second, more pronounced effect
is a faster spark development for the cases in which the spark
is along a plastic surface. While the reason for the faster spark
development has not been clarified in this study, the data clearly
give evidence that the current derivative is increased, thus, the
likelihood of damage or upset by ESD may be increased by spark
paths along plastic surfaces. However, it was observed that the
total distance the spark needed to bridge, has been increased by
at least twofold.

We did not observe a strong effect of the polarity. This can
be explained by the rather symmetric setup used in this investi-
gation. One electrode is formed by the flat ESD current sensor
while the other electrode is formed by the rounded ESD simu-
lator air discharge tip.

D. Current Derivative

As discussed in the introduction section it is known that ap-
proaching electrodes can lead to spark lengths much shorter
than the value predicted by Paschen’s law. During the delayed
onset of the spark, the electrodes continue to approach, which
increases the field strength in the gap. Once the discharge is
initiated, the spark resistance will drop faster due to the in-
creased field strength. This will also result into large peak
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Fig. 6. Peak current derivatives for the different plastic arrangement.

current derivatives that may reach values of 1000 A/ns or more
[1]. However, a long statistical time lag is required for volt-
ages exceeding 8 kV to reach such high current derivative val-
ues. This requires a quasi-homogeneous field, clean electrodes
and dry air. Most spark gap topologies encountered during air
discharge mode ESD testing on products do not fulfill these
conditions, i.e., the statistical time lag will be short. Through-
out all our measurements, the peak current derivative remained
in the range of 3–10 A/ns. Care must be taken to generalize
these numbers as they will certainly be influenced by the source
impedance of the discharge arrangement which was set to 165 Ω.
However, the values will remain much lower than the values
published for spark lengths shorter than the Paschen’s value
[1]. Thus, one can use this value range to estimate the cur-
rent derivatives and consequently induced voltages during ESD
testing.

After having shown that neither polarity nor the plastic mate-
rial selection strongly influenced the spark behavior the attention
is moved to the effect of the plastic arrangement on the current
derivative. The scatter plot presented in Fig. 6 details the effect
of the spark length on the current derivative for different voltages
and plastic arrangements. Data points on the left side of Fig. 6
shows spark lengths equal to the Paschen’s length (no plastic).
The peak current derivatives slightly reduced as the voltage was
increased from 10 to 15 kV. The middle section from 6–8 mm
spark length of Fig. 6 shows results for plastic arrangement (a)
that allows us a straight spark [see Fig. 3(a)] guided by 3.2-mm
plastic. Although the spark length has increased from about 2.8
to 6.2 mm for 10 kV, the peak current derivative increased on
average by 2 A/ns. This again indicates that the plastic surface
not only allows us the spark to bridge larger distances, but also
confirms that the spark develops faster in spite of its longer
length. The right section of the plot presents the data for the
detour and the counter field arrangements [see Fig. 3(c) and
(d)]. The data is only shown for 15 kV, as not all arrangement
showed a breakdown at lower voltages. In spite of spark lengths
of more than 10 mm (about 3× the Paschen’s value for 15 kV)
the spark development led to peak current derivatives in the
range of 5.5–8.5 A/ns.

Fig. 7. Peak current derivative for different humidity conditions.

In summary, we conclude that the peak current deriva-
tives for spark lengths longer than the values predicted by
Paschen’s are in the range of 3–10 A/ns. The plastic guided
spark can bridge up to 3 times the distance predicted by the
Paschen’s value. In spite of these longer distances, the spark
develops faster, leading to moderately increased peak current
derivatives.

E. Influence of the Humidity

An ESD is affected by humidity by three mechanisms: in high
humidity, the tribo-chargining is reduced [8]–[10], the conduc-
tivity of many materials is increased, leading to a faster charge
decay, and the statistical time lag is strongly reduced [1]. The
measurements, shown in Fig. 7, were conducted in a climate
chamber where the environmental conditions can be varied be-
tween a relative humidity of 9% to 65% in a temperature range
of 24 °C to 29 °C. The 6.4-mm plastic [see Fig. 3(b)] is used for
the presented data at the right of the figure. For sparks guided
by the plastic surface, the overall effect of the humidity on the
current derivative is not strong. The spark length increases from
9.1–9.3 to 10.5–11.1 mm at 15 kV as the AH increases from
0.003 to 0.019 kg/m3. The data at 12 and 15 kV both show that
by increasing AH, the peak current derivative decreases as the
spark length increases. Overall, humidity has a minor effect on
the experimental results.

III. SIMULATION OF THE SPARK RESISTANCE

It has been shown that the spark resistance law from Rompe
and Weizel predicts the maximal current derivative over a large
range of voltages and spark lengths in the range of 1.5–25 kV
[1], [2], [11],

r (t) =
l√

2KR ∫ t
0 i(t′)2dt′

. (2)

Based on the measured discharges in air while trying to
achieve a good match between simulation and measurement,
the spark constant KR is typically selected in the range of
0.5–1e–4 m2/(V2s). However, the shorter rise times observed
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Fig. 8. Simulated and measured discharge current for arrangement (a) at
10 kV.

for sparks guided by plastic, (shown in Figs. 5 and 6), indicate
that the spark develops faster if it is guided by plastic surfaces.
To maintain a good match between simulation and measure-
ments the value of KR needs to be modified if the spark is
guided by a plastic surface. As seen in Fig. 8, a value of about
4e–4 m2/(V2s) is most suitable for predicting the spark resis-
tance drop for plastic guided sparks.

A second aspect that needs to be considered is that the initial
spark originating from an ESD simulator tip, may be partially
in air, until it reaches the plastic surface. Thus, one needs to
consider both the spark distance in air and the spark distance
along the plastic surface. Rompe and Weizel’s spark resistance
law needs to be modified to simulate these cases. This is achieved
by introducing a weighting function:

KR = p · KPlastic + (1 − p) · Kair (3)

where p is the portion of the spark along plastic, Kplastic is
the constant for the section parallel to the plastic and Kair is
the constant needed to describe the spark development for the
section in the air. The best match was achieved when Kair =
0.7e − 4 m2/(V2s) is used to model the section not guided by
plastic, and Kplastic = 5e − 4 m2/(V2s) is used for the plastic
guided distance.

To apply the modified law one should take the following steps:
1) Know the maximal voltage one wants to protect for.
2) Know the length of the section that is parallel to the plastic.

This can be obtained from the mechanical drawings.
3) Estimate the total length of the spark, based, e.g., on in-

formation shown in Fig. 3.
4) Subtract the plastic guided path length from the total spark

length. This provides the length of the section of the spark
which is in air.

Using this information the both sections of the spark path are
calculated and the modified law can be applied.

Using this modified spark resistance law, discharge wave-
forms have been simulated and compared to measurements, (for
a constant path length along the plastic, but varying path lengths
in the air [see Fig. 9]). This is achieved by increasing the voltage
beyond the minimal value required to spark along the plastic.
If the voltage exceeds this minimum limit, the distance of the

Fig. 9. Simulated and measured discharge current for arrangement (b). The
simulation uses the modified spark resistance law (3).

TABLE II
PEAK CURRENT DERIVATIVES FOR THE DATA SHOWN IN FIG. 9

Voltage [kV] Spark Length [mm] Peak Current Derivative [A/ns]

Measurement Simulation

10 7.0 6.2 5.9
12 8.1 6.5 6.7
15 9.2 8.0 8.4

section in air will increase. In the experiment the spark length
section in air was measured using the setup shown in Fig. 1.

The peak current derivative is an important parameter as it
often determines the peak induced voltage. The peak current
derivatives and associated spark lengths are shown in Table II.

The results shown in Fig. 9 and Table II indicate that the
modified law can predict the current waveform and especially
the peak current derivative for sparks that are partially guided
along a plastic surface.

IV. CONCLUSION

This experimental investigation into spark distances, current
rise times, and the modeling of the spark resistance showed that
sparks guided along plastic surfaces can bridge distances two to
three times longer than the distances predicted by Paschen’s law.
The introduction of detour paths or paths against the electrostatic
field did not increase the voltage needed to bridge a spark.

In spite of the longer spark path, a strongly reduced rise time
was observed for sparks along plastic surfaces comparing dis-
charges at the same voltage. This accelerated spark development
requires a modification in Rompe and Weizel’s spark resistance
law to allow us predicting the peak current derivative for ar-
rangements in which the spark partially is guided by a plastic
surface. Further the results indicate that using different types
of plastic materials hardly affected the measured currents or
sparking distance.

Increasing RH resulted in a longer spark and a slightly smaller
current derivative. However, humidity was not a strongly influ-
encing factor.
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It is suggested that the seam structure of the plastic enclosure
for the electronic system be carefully designed to increase the
voltage at which ESD will penetrate into the system by providing
detour paths or paths against the electrostatic field to allow us
placing the electronics closer to the enclosure.

REFERENCES

[1] D. Pommerenke, “ESD: Transient fields, spark simulation and rise time
limit,” J. Electrostat., vol. 36, pp. 31–54, Oct. 1995.

[2] I. Kang, O. Fujiwara, and J. Wang, “Analytical approach to the spark resis-
tance formula caused by electrostatic discharge,” Electron. Lett., vol. 33,
no. 14, pp. 1203–1204, 1997.

[3] I. Takeshi, S. Nitta, F. Xiao, Y. Kami, and O. Fujiwara, “An experi-
mental study of electrostatic discharge immunity testing for wearable
devices,” in Proc. Int. Symp. IEEE Electromagn. Compat., Dresden, Ger-
many, Jul. 2015, pp. 839–842.

[4] D. Pommerenke, “On the influence of the speed of approach, humidity
and arc length on ESD breakdown,” in Proc. ESD Forum, 1993/1994,
pp. 103–111.

[5] G. Muchaidze et al., “Susceptibility scanning as a failure analysis tool
for system-level electrostatic discharge (ESD) problems,” IEEE Trans.
Electromagn. Compat., vol. 50, no. 2, pp. 268–276, May 2008.

[6] J. M. Meek and J. D. Craggs, “Theory of the spark mechanism,” in Elec-
trical Breakdown of Gases, 1st ed. New York, NY, USA: Wiley, 1978,
pp. 251–290.

[7] K. Wang, J. Koo, G. Muchaidze, and D. Pommerenke, “ESD susceptibility
characterization of a EUT by using 3D ESD scanning system,” in Proc.
Int. Symp. IEEE Electromagn. Compat., Aug. 2005, vol. 2, pp. 350–355.

[8] Y. Gosho and M. Saeki, “Role of water vapour in the breakdown of
atospheric air gap,” in Proc. 8th Int. Conf. Oxford, 1985, pp. 161–162.

[9] A. Talebzadeh, M. Moradian, Y. Han, A. Patnaik, D. E. Swenson, and
D. Pommerenke, “Dependence of ESD charge voltage on humidity in
data centers: Part I-Test methods,” ASHRAE J., vol. 121, pp. 58–70, 2015.

[10] A. Talebzadeh, A. Patnaik, X. Gao, D. E. Swenson, and D. Pommerenke,
“Dependence of ESD charge voltage on humidity in data centers: Part
II-Data analysis,” ASHRAE J., vol. 121, pp. 37–48, 2015.

[11] O. Fujiwara, “An analytical approach to model indirect effects caused
by electrostatic discharges,” IEICE Trans. Commun., vol. E79-B, no. 4,
pp. 483–489, Apr. 1996.

Jianchi Zhou (S’14) received the B.S. degree in elec-
trical engineering from the Huazhong University of
Science and Technology, Wuhan, China, in 2015. She
is currently working toward the Ph.D. degree in elec-
trical engineering at EMC Laboratory, Missouri Uni-
versity of Science and Technology, Rolla, MO, USA.

Her current research interests include ESD testing,
numerical simulation, and RF measurements.

Yingjie Gan (S’15) received the B.S. and M.S de-
grees in electrical engineering from Wuhan Univer-
sity of Technology, Wuhan, China, in 2010 and 2013,
respectively. She is currently working toward the
Ph.D. degree in electrical engineering at the Wuhan
University of Technology.

In 2014, she joined the Electromagnetic Compati-
bility Laboratory, Missouri University of Science and
Technology, Rolla, MO, USA, as the joint Ph.D. stu-
dent. Her research interests include system-level ESD
measurement and IC immunity testing and modeling.

Hang Jin received the B.S. degree in electronic sci-
ence and technology from Huazhong University of
Science and Technology, Wuhan, China, in 2016, and
is currently working toward the M.S. degree in elec-
tronic science and technology at Zhejiang University,
Hangzhou, China.

His research interest includes electrostatic dis-
charge, EMI Source localization, and EMI issues of
system in package.

David Pommerenke (F’15) received the Diploma in
electrical engineering in 1996 and the Ph.D. degree in
electrical engineering from the Technical University
Berlin, Berlin, Germany, in 1996.

After working at Hewlett Packard for five years,
he joined the Electromagnetic Compatibility Labora-
tory, Missouri University of S&T, Rolla, MO, USA,
in 2001, where he is currently a Professor. His current
research interests include system-level ESD, elec-
tronics, numerical simulations, EMC measurement
methods, and instrumentation.

Dr. Pommerenke is an Associated Editor for the IEEE transaction on EMC.
He has authored or coauthored more than 200 papers, co-owner of a start-up
company on EMC scanning and is the inventor on 13 patents.

Authorized licensed use limited to: Missouri University of Science and Technology. Downloaded on March 01,2022 at 07:36:02 UTC from IEEE Xplore.  Restrictions apply. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


