
28 IEEE TRANSACTIONS ON ELECTROMAGNETIC COMPATIBILITY, VOL. 53, NO. 1, FEBRUARY 2011

Full-Wave Simulation of an Electrostatic Discharge
Generator Discharging in Air-Discharge Mode

Into a Product
Dazhao Liu, Argha Nandy, Fan Zhou, Wei Huang, Jiang Xiao, Byongsu Seol, Jongsung Lee,

Jun Fan, Senior Member, IEEE, and David Pommerenke, Senior Member, IEEE

Abstract—This paper introduces a methodology to simulate the
currents and fields during an air discharge electrostatic discharge
(ESD) into a product by combining a linear description of the be-
havior of the DUT with a nonlinear arc resistance equation. The
most commonly used test standard IEC 61000–4-2 requires us-
ing contact-mode discharges to metallic surfaces and air-discharge
mode to nonconducting surfaces. In the contact mode, an ESD
generator is a linear system. In the air-discharge mode, a highly
nonlinear arc is a part of the current loop. This paper proposes a
method that combines the linear ESD generator full-wave model
and the nonlinear arc model to simulate currents and fields in
air-discharge mode. Measurements are presented comparing dis-
charge currents and fields for two cases: ESD generator discharges
into a ground plane, and ESD generator discharges into a small
product.

Index Terms—Air-discharge mode, cosimulation, electrostatic
discharge (ESD) generator, full-wave modeling.

I. INTRODUCTION

S IMULATING electrostatic discharge (ESD) allows pre-
dicting the currents and fields seen within a device un-

der test (DUT) during an ESD, thus it helps to predict fail-
ure levels [1], [2]. The most commonly used test standard IEC
61000–4-2 [3] requires using contact-mode discharges to metal-
lic surfaces and air-discharge mode to nonconducting surfaces.
If an air discharge is attempted to a nonconducting surface, a
discharge to a conducting part can occur.

In contact mode, the output waveform is proportional to the
charge voltage, thus, the ESD generator can be analyzed as a
linear system in both time domain (TD) and frequency domain
(FD) [4]. Those models [5]–[8] for contact mode differ in the
software used, the upper frequency limits, and if a specific com-
mercial model of an ESD generator is simulated. However, the
numerical modeling of an air discharge is more complex due to
the highly nonlinear behavior of the arc [9]–[14]. The generator
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needs to be separated into the linear sections comprising the
metallic elements, resistors, capacitors, and the nonlinear arc. It
has been shown that the arc can be modeled as a time-varying
resistor valid for the first tens of nanoseconds [13]. This model
needs to be integrated into the numerical model.

Air-discharge currents badly repeat. Even if the voltage and
speed of approach are kept the same, ESD currents will vary
strongly from discharge to discharge. The variations are due to
different arc lengths and not a direct result of corona or speed of
approach [13]. In [12], a method to combine the arc model from
Rompe and Weizel with an equivalent circuit of the discharging
object is shown. This methodology is expanded in this paper
to combine a linear full-wave model of the ESD generator and
the DUT with a nonlinear arc model. Currents and fields are
obtained.

Section II introduces the methodology. Sections III and
IV verify the methodology by comparison to measured data.
Section V discusses the application and the limitations of this
method.

II. METHODOLOGY

In general, different processes are possible for coupling
SPICE to a full-wave solver: Simultaneous solution exchanges
voltage and current information with a SPICE-like solver after
every time step of the full-wave solution [15], [16]. Sequential
solutions first calculate the S-parameters of the linear section
of the circuit and then combine them with the nonlinear part
of the circuit in SPICE. We use the second method. It allows
reusing the S-parameters to save calculation time, if only the arc
parameters are changed.

More in detail, a four-step process is used, which simulates
linear parts in full wave and nonlinear in SPICE. The arc at-
taches at two points: at the ESD generator tip and at the DUT.
These two points are used to define a port. In the first step,
the impedance at this port is calculated. This is the impedance
looking into the DUT and a Noiseken ESD generator (ESS-
2000). The simulation is performed using computer simulation
technology (CST) [17]. Both the TD and FD solver can be used.
Although the impedance Z11 is calculated in the full-wave model
for a given distance (0.7 mm) between the ESD generator and
the DUT, different distances will influence the result little as
long as the distance is in the arc length range (0.3–3.0 mm).
The tip to ground capacitance is small relative to the distributed
capacitance of the rod. This impedance is transformed into a
form suitable for TD simulation. Here, the commercial software
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TABLE I
FOUR-STEP PROCESS FOR SIMULATING AIR DISCHARGE

Fig. 1. Definition of the port used for the Z11 calculation.

Broadband SPICE [21] was used. An order of 28 was selected
to generate the circuit. SPICE then combines the impedance
description from step 1 with an arc model based on the law of
Rompe and Weizel. This law describes the arc during the first
tens of nanoseconds as a resistance and has been validated for
ESD applications [18], [19]. The resulting current is reimported
into CST as the excitation waveform of the current port, which is
placed between the two points that had been previously selected
to define the impedance port to calculate Z11 to obtain fields and
currents within the ESD generator and the DUT. The process is
summarized in Table I.

The detailed combination in SPICE is now shown (see Fig. 2).
The Z11 describes the linear part of the system. Once the Z11 has
been obtained, it needs to be transformed into a form suitable
for TD simulation. Software tools like IDEM [20] or Broadband
SPICE [21] have been used successfully in this research. The
subcircuit created from Z11 is not unique. Its complexity can be
user defined, which depends on the transformation algorithm,
the error, and the order of interest.

Fig. 2. Structure of the SPICE model with the nonlinear arc [12].

The arc of an ESD can be modeled by breaking it down into
different phases. The first phase is the resistive phase. The arc is
best modeled by a time varying resistance. In the second phase,
which is usually reached after a few tens of nanoseconds, the
impedance of the external circuit is larger than the impedance of
the arc. In this case, the arc often acts more as a constant voltage
drop of about 25–40 V. The rising edge of the ESD is the main
contributor to the radiated and inductive coupling into DUTs.
For this reason, we concentrate on the resistive phase and do not
model other aspects (e.g., how the arc extinguishes). Multiple
models describe the resistive phase or arcs [18], [19], [22].
In [13], it has been shown that the model of Rompe and Weizel
is the most suitable for ESD simulation, as it can correctly
describe the effect of the arc length on the rise time and peak
current. The arc resistance can be calculated as follows [13]:

R(t) =
d

sqrt(2a
∫ t

0 i(ξ)2dξ
(1)

where R is the arc resistance (Ω), d is the arc length (m), a is
the empirical constant, most empirically derived values are a =
(0.5–1)×10−4 m2 /V2 s, and i(ξ) is the discharge current (A).

The structure of the SPICE model is shown in Fig. 2. A step
function having a rise time of approximately 30 ps was used as
the source. The rise time is selected by two criteria. If it is too
long, then it will influence the current rise time. The current rise
time should be determined only by the arc resistance law and
the linear equivalent circuit. Further, the rise time cannot be too
small, if the pulse contains strong frequency components beyond
the range, in which the impedance is calculated, it can lead to
instabilities in the SPICE simulation. The fast voltage rise starts
the arc resistance model. The current rise time is not determined
by the rise time of the step function, but by the arc resistance
model. The subcircuit represents Z11 . The user provides the
voltage and the arc length to calculate the discharge currents.
The longest possible arc length in a homogeneous field is given
by the Paschen law [13]. Such arc lengths would occur in air
discharge for low approach speeds or in humid air conditions.
The long arc length leads to slow rise times and lower peak
values. Longer arc lengths than the length given by Paschen’s
equation are possible in strongly nonhomogeneous fields, e.g.,
if the discharge is between an ESD generator and a sharp edged
metal part, or if the discharge is gliding on a nonconducting
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Fig. 3. Comparison of Mag(Z11 ) obtained from different methods.

surface. Very short arc lengths occur at high approach speeds
and in dry air [9], [13], [23], leading to fast rise times and very
high peak current values.

In the following, we will first apply this methodology to a
discharge to a ground plane, mainly for verification purposes,
and then to a discharge to a small MP3 player.

III. CASE 1: ESD GENERATOR DISCHARGE

TO A GROUND PLANE

A. Z11 Between the Tip of the ESD Generator and the Ground
Plane

The structural and discrete elements of the ESD generator
are linear with respect to voltage. We further assume that the
DUT acts linearly. For obtaining the current injected by the
arc, this does not require that no nonlinear effects take place
inside the DUT; it only requires that the current injected into
the DUT is proportional to the charge voltage. For example, if
an internal ESD protection device would clamp a trace voltage
while the ESD current is injected into the ground system of the
DUT, then, this clamping would have hardly any effect on the
current, thus, the DUT would act as a linear device, as seen by
the ESD generator. However, if secondary breakdown occurs,
e.g., a spark within an attached two-wire power supply, then
this could strongly affect the ESD current, thus, the modeling
approach might lead to wrong results.

Both TD and FD solvers can be used to obtain Z11 . We ob-
served the FD simulation giving a more reasonable Z11 result and
using less simulation time. The simulated Z11 for the structure
of the ESD generator above a ground plane is shown in Fig. 3
as the dotted line. This result is verified by comparison with
measurement and an approximate SPICE model of this ESD
generator [4]. The model contains sufficient detail for achieving
a good match to measured impedance data, and correctly rep-
resents the 110-pF capacitor and 330-Ω resistor structure inside

Fig. 4. Equivalent circuit of an ESD generator [4]. Rt and Ri represent the
current target resistance and input impedance of the oscilloscope, respectively.

Fig. 5. Comparison of Real(Z11 ) and Imag(Z11 ) obtained from different
methods.

the ESD generator at lower frequencies. The calculation takes
about 15 h on a PC (CPU 3.20 GHz, 16G RAM).

ESD generators have long ground straps. It increases the
simulation time if the full length is included into the simulation
domain. As most disturbances are caused by the fast changing
parts of the currents and fields, one may not need to include
the full ground strap into the model. The ground strap mainly
influences the falling part of the waveform. The SPICE model
shown in Fig. 4 includes a 3500-nH inductor to model the ground
strap. A shorter ground strap will reduce the time between the
first and the second peak of the discharge waveform.

The first step obtained the impedance representing an ESD
generator discharges to a large ground plane. In the next step,
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Fig. 6. Simulated discharge currents of an ESD generator discharging to a
ground plane in air-discharge mode at a 5-kV charge voltage.

the impedance is transformed into the TD suitable form and
combined with a nonlinear arc equation in SPICE.

B. SPICE Simulation for the Discharge Current

Fig. 6 illustrates the effect of the arc length on the current
waveform. It shows SPICE-simulated discharge currents for a
5-kV charge voltage. An arc length of 1.1-mm equals the
Paschen length, such a discharge current would be expected
at high humidity and slow approach speeds. A more typical
value at moderate approach speeds is 0.7 mm. At this value, the
rise time will be somewhat similar to the rise time of an ESD,
as given in the IEC 61000–4-2 standard (about 850 ps). A more
extreme case is given by the 0.3-mm arc length simulation. Very
dry air and high approach speeds might lead to such a discharge.
The simulated current peak value is 26 A and the rise time is
150 ps.

C. Reimport of Currents Into CST

For obtaining the fields, one needs to reimport the discharge
current into the full-wave model as the excitation waveform.
This is discussed and validated in the second case example.

D. Validation by Measurement Results

The current into the large ground plane was measured using
an ESD current sensor, as described in [3]. In Fig. 7, the SPICE-
simulated discharge currents are compared to the measured data
for different approach speeds. Even if the exact approach speed
or arc lengths are not known, it shows that the ranges of arc
lengths used in the simulation are representative for discharge
currents obtained in the experiment. A more in-depth compari-
son based on measured arc length values can be found in [13].

Fig. 7. Comparison of discharge currents discharging to ground plane.

IV. CASE 2: ESD GENERATOR DISCHARGE INTO

A SMALL PRODUCT

A. Z11 Between the Tip of the ESD Generator and the DUT
Surface

This case simulates a discharge into an MP3 player, a small,
nongrounded DUT. The whole geometry is shown in Fig. 8. The
MP3 player model includes the main blocks of the DUT similar
to [24]. In brief, the major blocks of the player (metal frame,
battery, display, PCBs) are modeled as metal blocks connected
at the locations of connectors and frame connection points.
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Fig. 8. Full-wave model of the ESD generator and MP3 player.

Fig. 9. Location of the Z11 port.

The DUT is placed on a dielectric sheet above a larger ground
plane. This forms a capacitor having a capacitance of about
25 pF, leading to a higher value of Z11 at lower frequencies.
The value for Z11 was obtained, as shown in Fig. 9. The com-
parison between Z11 of the ESD generator and the large ground
plane and Z11 of the ESD generator with the MP3 player is
shown in Fig. 10. It mainly shows the smaller capacitance at
lower frequencies; at higher frequencies the impedance of the
25-pF capacitor formed by the player against the ground plane
is lower than the source impedance of the ESD generator, thus,
the impedance in case 2 is similar to the impedance seen in
case 1, the discharge to a large ground plane.

B. SPICE Simulation for the Discharge Current

The Z11 defined between the discharge tip and the MP3 player
was transformed into a subcircuit using Broadband SPICE. The
subcircuit combined with the arc model gave the simulated dis-
charge current for different user-defined charging voltage and
arc length. The simulated discharge current at the 5-kV charge
voltage with different arc lengths is shown in Fig. 11.

Fig. 10. Simulated Z11 of the ESD generator discharging to a small product.

Fig. 11. Simulated discharge current of the ESD generator discharging into
the MP3 in the air-discharge mode at a 5-kV charge voltage.

The obtained peak values and rise times are tabulated in
Table II. The arc length has a very strong effect on the pa-
rameters shown, especially, the current derivative.

C. Reimport of Currents Into CST

To obtain transient fields, the current waveform obtained from
the SPICE simulation is reimported into CST as the excitation
waveform. The current source port is placed between the two
points that had been previously selected to define the impedance
port to calculate Z11 . One check is worthwhile: If the Z11 rep-
resentation used in SPICE would perfectly match the Z11 from
the FD full-wave simulation, then the port voltage obtained dur-
ing the full-wave simulation using the reimported current would
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TABLE II
COMPARISON OF ARC LENGTH EFFECT

Fig. 12. Comparison of the port voltage in the SPICE model and the CST
model of case 1.

match the port voltage (= voltage across the arc) in the SPICE
simulation.

For case 2, the SPICE-simulated current was imported back
to the CST model as the current source. The comparison of the
port voltage in the SPICE model and the port voltage in the CST
model in Fig. 12 shows a good match.

The simulation using the reimported current allows simulat-
ing the fields within and around the MP3 player by placing
appropriate monitor probes. If these probes are placed close to
the metallic surfaces of the MP3 player, then they represent
the surface current densities and the displacement current den-
sities, which can be used to estimate the coupling into bond
wires of an IC, traces, and flex cables for predicting ESD upset
threshold levels. Before current and field results are shown, the
measurement methods are introduced.

D. Validation by Measurement Results

The current was injected into the small product, and the mag-
netic field was measured. To capture the current injected into the
MP3 player, an F-65 (1 MHz–1 GHz) current probe was used,
as shown in Fig. 13. The magnetic field was measured using a
small shielded loop and a Tektronix 7404 (4 GHz BW, 20 GS/s)
oscilloscope.

Fig. 13. Measurement setup. The F-65 current clamp was placed around the
discharge tip and above the product.

Fig. 14. Measurement setup. The foam prevents direct contact of the current
probe with the MP3 player or the ESD generator. The H-field probe was placed
about 5 cm away from the discharge point.

At 5-kV charge voltage, a NoiseKen ESD generator was dis-
charged into the player. The player was placed above a large
GND plane with a dielectric sheet between them. Figs. 13 and
14 illustrate the setup.

The relationship between approach speed, humidity, and arc
length is not of deterministic nature, but given by the influence of
the humidity on the statistical time lag [13]. Thus, on an average,
one will observe shorter arc lengths with increasing approach
speeds for a given charge voltage. For achieving short arc length
discharges without reducing the humidity, the surface had been
cleaned using alcohol and fast approach speeds have been used,
longer arc lengths are achieved by slow approach speeds. Shown
are examples of the captured waveforms for different approach
speeds.

1) Measured Discharge Current: The current clamp’s fre-
quency response falls off above 1-GHz bandwidth, thus, the
fastest rise time of a step response signal would be approxi-
mately 300 ps. Fig. 15 shows the measured discharge currents
for different approach speeds.
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Fig. 15. Measured discharge current of short ground strap.

Fig. 16. Simulated discharge current for a 0.3-mm arc length and measured
current for a fast approach speed.

The simulation results are compared to the measured results
for verification. The fast rise time result is shown in Fig. 16. The
simulated discharge current for a 0.3-mm arc length and 5-kV
charging voltage gives a discharge current with a rise time of
about 200 ps and a peak value of 21 A. The measured discharge
current has a rise time of about 300 ps and a peak magnitude
of about 22 A. The difference can be explained by the limited
bandwidth of the F-65 clamp. Due to the difficulty in measuring
arc length, we can only approximately compare measured and
simulated results. Nevertheless, the comparison shows that the
simulated and measured data are within the same ranges.

In Figs. 17 and 18, the comparison of simulation discharge
current for 0.7-mm and 1.1-mm arc lengths is shown. They
match well with the measured results.

Fig. 17. Simulated discharge current for a 0.7-mm arc length and measured
current for a medium approach speed.

Fig. 18. Simulated discharge current for a 1.1-mm arc length and measured
current for a slow approach speed.

2) Measured Magnetic Field: This is to confirm the last step
of the process: Injecting the SPICE simulated current back into
the full-wave simulation for obtaining fields. A shielded loop
was placed 5 cm away from the product (see Fig. 14). A de-
convolution was performed to obtain the field strength from
the captured voltage at the probe output. The deconvolution is
mainly an integration process, having two deviations from the
ideal integration. At lower frequencies, high-pass filtering is
performed to avoid the accumulation of the oscilloscope’s small
but relevant dc offset during the integration. Second, at higher
frequencies, the self-inductance of the probe in conjunction with
the 50-Ω load, leads to a self-integration, thus, no external inte-
gration is needed above 3 GHz. The resulting magnetic fields are
shown in Fig. 19. The data match well. The measured rise time
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Fig. 19. Measured and simulated magnetic field at 5 cm away from the dis-
charge point.

is about 250 ps. By using the SPICE model, one can estimate
the arc length from the rise time. Repeated simulations indicate
an arc length of about 0.4 mm. The Paschen length for 5 kV is
about 1.1 mm at sea-level air pressure. Thus, the combination
of the speed of approach and the statistical time lag reduced the
arc length in this measurement to 35% of the Paschen value,
leading to a very fast rising ESD current.

Several field probes were placed in the full-wave model to
monitor the magnetic field. A probe that is 5 cm away from the
discharge point gives the H-field data shown in Fig. 19. The
result matches well with the measured data.

V. DISCUSSION

The methodology allows predicting the currents and fields in
and around a product. There are three types of limitations in the
methodology.

The most obvious one results from the limited ability of sim-
ulating details in the product and within the ESD generator. As
with every simulation, the number of unknowns and the ratio of
the smallest to the largest detail will limit the size of the model.
The methodology allows circumventing this at least partially,
especially for small products. If the product is small, then the
fields inside the product will be dominated by the fields caused
from the injected current and not by fields directly coupling from
the body of the ESD generator. Those fields would especially be
significant in the contact mode, in which the field components
that are greater than 1 GHz are often caused by the rapid voltage
breakdown in the gas-filled relay that initiates the discharge. As
this analysis is for an air discharge, one will find the strongest
high-frequency components directly at the arc, as with further
distance from the arc high-frequency components will be at-
tenuated by both frequency-dependent loss and radiation. If the
fields are dominated by the injected current, then one can use
a relatively simple model of the product just to determine the

current, but in the last step, in which the current is reinjected into
the product, a more complex model of the product can be used,
but a very simple model of the ESD generator (and a forced
current).

The second limitation results from the need for providing the
arc length for the arc resistance calculation. Although possible,
arc length measurements are difficult to implement. In a simu-
lation, we suggest the following approach. At first, an arc length
should be selected that leads to an air-discharge current that is
similar to the contact-mode discharge current, as specified in
the IEC 61000–4-2 standard. For 5 kV, this is about 0.8-mm arc
length. Values for other voltages can be found in [13]. As a very
slow rising current, the Paschen value can be selected, leading to
discharges of lower severity and as extremely fast rising current;
a value of about 30% of the Paschen length is suggested. This
value is based on experimental evidence. In measurements that
captured the arc length [13], we found it possible even under
very dry air and clean surface conditions to obtain arc lengths
of less than 30% of the Paschen value.

The third limitation is related to the stability of the TD SPICE
simulation. In this simulation, a very rapid change of resistance
is combined with a SPICE impedance model created from full-
wave simulation. If instabilities occur, one should inspect the
SPICE model for passivity and causality, in addition, one can
simulate the discharge using longer arc lengths first, as these
show a slower change of the arc resistance.

The main application of this model lies in the simulation of
ESD to products. For example, it is known that the arc length
tends to be small for fast approach speeds in dry air. The short arc
length leads to fast rise times and high peak values. Using this
model, one can quantify the fields inside a product for different
arc lengths. Further applications are the simulation of grounding
conditions of products on the arc, and thus, the current. Further,
the model can be extended to the case of secondary breakdown,
e.g., an ESD occurs to an ungrounded metal part leading to a
second discharge from this ungrounded part to the main part of
the DUT.

VI. CONCLUSION

This paper proposes a method for simulating an ESD genera-
tor discharging in air-discharge mode into a product. The linear
and the nonlinear part of the problem are separated to simulate
the linear part in a full-wave solution and the nonlinear arc in
SPICE. The SPICE results are reimported into the full-wave
problem as the excitation. This allows the fields inside a prod-
uct during an air discharge to be obtained. The method has been
verified by the comparison of simulated current and transient
field results with measurements.
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