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Circuit and Numerical Modeling of
Electrostatic Discharge Generators
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Abstract—This paper provides two accurate and efficient mod-
els of electrostatic discharge generators which permit to repro-
duce the discharge current in the contact mode, taking into
account the load effect. The first model is based on a circuit
approach and is suitable to be implemented in any commercial
circuit simulator. The second model is based on the numerical solu-
tion of the field equations by using the commercial numerical-code
microwave studio based on the finite-integration technique. The
validation of the proposed circuit and numerical models is carried
out by comparison with measurements.

Index Terms—Electromagnetic compatibility (EMC), electro-
magnetic interference (EMI), electrostatic discharge (ESD), ESD
generator, immunity, numerical modeling, numerical simulations.

I. INTRODUCTION

E LECTROSTATIC discharge (ESD) is a severe source of
interference which can produce damages, upset, or fail-

ures in electronic systems. This problem is receiving more and
more concern especially in the light of increasing operating
speed as well as decreasing operating voltage of electronic
components [1], [2]. The effects produced by ESD are usu-
ally observed by separating conducted interference (i.e., direct
effect) due to the direct injection of the discharge current in
the victim device, and radiated interference (i.e., indirect effect)
related to the coupling with the electromagnetic field radiated
by the ESD event. ESD on electronic devices can occur when
the device itself become charged by triboelectrification and
approaches another conductor or while a human charged by
triboelectrification handles the device. Charge accumulation by
triboelectrification or induction process is at the origin of any
ESD event. Several studies have been addressed to investigate
the parameters that influence the charge accumulation and
discharge process in some basic discharge geometries [3]–[8].

Over the years, a great effort has been addressed by the
scientific community to establish ESD standard procedures
suitable to test electrical and electronic systems immunity,
assuring repeatable and reproducible results [9]. To this aim, an
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important role has been played by several studies on ESD cur-
rent waveform, focusing the attention to the amplitude and rise-
time variations due to different voltages, approach speeds,
and electrode shapes [10]–[14]. The standard International
Electrotechnical Commission (IEC) 61000-4-2 [9] defines the
typical waveform of the discharge current, range of test levels,
test equipment including specifications for test generator, test
setup, and test procedures.

ESD generators are widely used for testing the immunity of
electronic equipment and permit to reproduce typical human-
metal ESD events. To ensure the reproducibility of test results,
the majority of available ESD generators are built in compliance
with the specifications of the IEC 61 000-4-2 standard [9] and
its second edition, which is still under discussion. A crucial
point still under discussion is with regard to the characteristics
and performance of the ESD generators in order to avoid the
great differences in the current waveforms caused by ringing
after the first peak [15], [16]. The standard [9] defines two
methods of ESD testing: contact and air discharge methods. In
the contact discharge method, the electrode of the test generator
is held in contact with the equipment under test (EUT) and the
discharge actuated by the discharge switch within the generator.
In the air discharge method, the charged electrode of the
test generator is brought close to the EUT and the discharge
actuated by a spark to the ground plane. This second method is
characterized by a low reproducibility [12], [13].

The immunity prediction of electric and electronic equip-
ment against ESD events by experimental activity is not con-
sidered to be very practical in particular when the evaluations
is required for different design choices. For this reason, in the
last few years, a great concern has been addressed by many re-
searches to the numerical simulation of ESD events [17]–[20].
A numerical model based on the finite-difference time-domain
(FDTD) method adopting impedance network boundary con-
ditions was proposed in [17] to predict the ESD effects inside
penetrable conductive enclosures. Recently, numerical models
based on the FDTD method of typical ESD generators have
been presented in order to simulate current discharge and radi-
ated fields [18], [19]. In the past, an analytic approach based on
transmission line formulation was proposed to predict voltage
induced into a coaxial cable by an ESD discharge [20]. In [20],
the ESD was simulated by a current source without taking into
account the load effect of the ESD generator. As the same
authors recognize, this procedure brings to an overestimation of
the subsequent peaks of the induced disturb. The effects of the
variation in the impedance elements of the discharge path on the
peak value and rise time of the discharge are also highlighted in
[3], [21], and [22].
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Fig. 1. Test setup used for ESD current calibration.

The great concern on numerical simulation of ESD testing is
even testified by the working group involved in drawing up the
new version of the IEC standard since the possibility to allow
ESD immunity certifications by suitable and reliable numerical
tools is very appealing. In this framework, a topical point is
to get ready accurate models for the ESD generator suitable to
account for the load effect of the generator. This paper provides
two accurate models of the ESD generator that allow modeling
the discharge current in the contact mode, taking into account
the load effect. In the first model, the ESD generator is modeled
by an electric circuit suitable to be implemented in any commer-
cial circuit simulator. The second model is based on the three-
dimensional (3-D) numerical simulation of the ESD generator
by the commercial tool microwave studio (MWS), based on
the finite-integration technique [23], [24]. The validation of
both models is made by comparison with the measurements, by
using the test setup for current calibration reported in [9]. Both
the proposed ESD generators are then used to predict immunity
in a coaxial cable connecting two devices inside enclosures.

II. DESCRIPTION OF EXPERIMENTAL SETUP FOR

ESD CURRENT CALIBRATION

The test setup for current calibration arranged in the shielded
room of Italtel S.p.A, in accordance with IEC 61 000-4-2
standard [9], is shown in Fig. 1. This test setup models the
ESD event on a conductive wall. The measurement of the ESD
current is performed by using the current-sensing transducer,
which is shown in Fig. 1. The constructional details of the
resistive load behaving as current transducer are described in
detail in the standard [9].

The wall is a side of a shielded enclosure in which the target
is mounted to measure currents using a digital oscilloscope
within the enclosure. This configuration permits to avoid the
coupling between the ESD event and the instrumentation. All
the measurements were carried out at a charging voltage of the
ESD generator of 5 kV and with an oscilloscope characterized
by a 2-GHz bandwidth. The flat cable used as the ESD strap is
connected to the metallic wall where the discharge occurs.

Fig. 2. SPICE equivalent circuit of a typical ESD generator.

The strap current has been measured using a setup similar to
the one shown in Fig. 1, where the positions of the discharge
point and of the ground strap connection have been swapped.

III. MODEL OF ESD GENERATOR

A. Equivalent Circuit Model

The purpose of an ESD generator is to reproduce typical
human-metal ESD. Considering this, a suitable circuital equiv-
alent model could be the one shown in Fig. 2. This circuit
model can be easily implemented in any SPICE-based circuit
simulator [25]. The lumped circuital elements are chosen as
typical values that simulate the body and the arm effects of
the person that causes ESD. Concerning the values of circuit
elements in Fig. 2, the 150-pF capacitance and the 330-Ω
resistance are defined in the IEC 61000-4-2 standard, while
the other parameters were chosen in order to reproduce the
reference waveform of the discharge current according to the
analytical expression defined in [16].

In the circuit model of Fig. 2, there are two switches: The first
one (on the left side) is used to charge the 150-pF capacitor at
the typical voltage of 5 kV; the second switch (on the right side)
provides the discharge. The flat cable used as the ESD strap
connected to the ground is modeled by the series connection of
the lossless transmission line characterized by a characteristic
impedance of 225 Ω, a propagation time of 3.3 ns, and a 10-nH
inductance which models the wire used to connect the flat cable
with the metallic wall. The characteristic impedance and delay
of the strap were analytically calculated [28] by considering the
horizontal and vertical path of the strap as a conductor above a
ground plane, where the reference plane was the metallic floor
of the chamber and the metallic wall of the point of discharge,
respectively. The 10-nH inductance was estimated applying the
partial-inductance concept for a segment of a loop [28], where
the loop is formed by the ESD gun and flat cable. The 15-pF
capacitance models the capacitive coupling between the ESD
gun and the metallic wall (see the experimental setup shown
in Fig. 1). The ESD tip is modeled by the series of a 25-Ω
resistance with the 0.2-µH inductance. It should be noted that
the load represents the impedance of the target [9] and, in the
considered simulation, is given by a 2-Ω resistance.

B. Full-Wave Model

The ESD generator is modeled by using the commercial
numerical code MWS based on the finite-integration technique
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Fig. 3. ESD simulator modeled in MWS.

[23], [24]. The model, shown in Fig. 3, contains dielectric parts,
metallic parts, and lumped circuit elements which permit to
reproduce the physical form of a typical ESD generator and the
reference discharge current [16].

The geometrical configuration of the ESD generator adopted
for the numerical simulation is similar to that of the DITO
gun by Amplifier Research [19], [26]. Details on the material
properties used to model the different part of the ESD gun
are shown in Fig. 4. The lumped circuit elements adopted in
the MWS model are shown in Fig. 5. The model is excited at
port 2 (see Fig. 5) by an ideal current source with 25 Ω,
assuming a step rise time of 1 ns to reproduce the actual slow
charging, switching, and rapid discharge process of an ESD
generator in contact mode.

IV. VALIDATION OF ESD GENERATOR MODELS

To verify whether the proposed models are suitable to simu-
late a typical commercial ESD generator, the current on the tip
and on the strap were measured by using the setup for current
calibration described in Section II.

The tip and strap currents obtained by the two proposed
models are shown in Figs. 6 and 7. The comparison between
the simulation results and the measurements reveals a very good
accuracy. Moreover, the following considerations can be done.

1) The first fast rise time (less than 1 ns) is reproduced and
matched well with the reference IEC current.

2) The measured and simulated waveforms after the first
peak follow quite well with slight oscillations of the
reference IEC current. This is mainly due to the length
and orientation of the strap.

3) The current on the strap has a slower rise time than the
current on the tip. This is due to the capacitance between
the ESD generator and the environment (the metallic wall
in this case, see the 15 pF of Fig. 2) that permits an
alternative path for the first peak of the ESD current.

In order to verify the generality of the developed models
in terms of reproducibility of test results even using different

Fig. 4. Material details of the ESD simulator model in MWS. (a) Perfect
electric conductive and (b) lossy dielectric regions.

Fig. 5. Lumped-element network and port excitation used to reproduce the
physical form of a typical ESD generator and the reference discharge current
proposed.

ESD gun, the tip current has been measured several time
by using the MiniZap gun by Thermo Electron Corporation
Fig. 8(a) [27] and by using the DITO gun [26] Fig. 8(b). The
measured tip currents shown in Fig. 9 show that there is a
very little difference between the two measurements obtained
using MiniZap gun and with that obtained using DITO gun. In
particular, it should be noted that the rise times to get the first
peak of the waveform are very close, and this is a fundamental
requirement for calibration since the first peak is the most
critical under the electromagnetic interference (EMI point of
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Fig. 6. Tip current: measured (solid line); standard IEC (dot line); SPICE-like
equivalent circuit (dashed line); and MWS model (dashed-dot line).

Fig. 7. Strap current: measured (solid line); SPICE-like equivalent circuit
(dashed line); and MWS model (dashed-dotted line).

Fig. 8. ESD generators. (a) MiniZap and (b) DITO guns.

view. Differences can be noted on the subsequent ringing due
to the construction of the gun and the position of the strap. This
is a typical characteristic of many commercial ESD generators.
To limit these differences, new specifications are under study
inside the working group in charge to prepare the new IEC
standard for ESD [15], [16].

Fig. 9. Measured tip current: MiniZap 1 (solid line); MiniZap 2 (dot line); and
DITO (dashed line).

V. ESD ON A TEST CABLE

To test the generality of the developed models, they are used
to predict the induced ESD effects in a coaxial cable installed in
typical configuration. The test setup used for measurements is
shown in Fig. 10. An RG58 coaxial cable was used as test cable,
with the shield connected using a BNC connector at one end of
a metal box with a Tektronix TDS 684B oscilloscope inside
(on the left). The left-hand enclosure of size 1 × 1.2 × 1.5 m is
placed at 15 cm above the metallic floor of the shielded room
for EMC tests and grounded by four metallic straps positioned
at the four angles of the box. At the other end (on the right),
the shield of the cable was clamped to a small shielded box in
direct contact with the metallic floor.

The RG-58 coaxial cable has the following parameters: char-
acteristic impedance Zo = 50 Ω, internal dielectric permittivity
εr = 2.3, internal wire radius rw = 0.394 mm, internal shield
radius rs = 1.397 mm, and shield thickness t = 0.127 mm.
The RG-58 cable of length L = 3 m (total length connector-to-
connector = 3.4 m) is placed at h = 6 cm above the ground
plane. The inner wire of the coaxial cable was terminated at the
left side by the input impedance of the oscilloscope (50 Ω) and
at the right side by a resistance of the same value.

Several discharges at 5 kV in contact mode were performed
in different points of the enclosure containing the oscilloscope.
The most sever ESD event is the one that occurred on the
connector of the coaxial cable, as shown in Fig. 11.

A. Prediction of Induced Effects Using the ESD Generator
Circuit Model

The compact equivalent circuit of the box–cable–box struc-
ture used to predict the measured waveforms with a full circuit
approach is illustrated in Fig. 12, where the 50-Ω terminations
of the cable inner wire and those used to model the cable shield
connections to the ground are clearly highlighted. In particular,
on the right-end side, the cable shield connection to the box in
direct contact with the ground is modeled by a 1-Ω resistance.
The shield cable connection to the enclosure grounded by four
metallic straps occurring on the left-end side is modeled by the
RLC network shown in Fig. 12, where the capacitance Cbg =
34.2 pF was estimated by a static finite-element numerical
code for 3-D structure and the inductance Lbgc = 11.2 nH
was analytically estimated, considering the shape of the four
straps used to connect the box to the ground and applying
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Fig. 10. Test setup used for measuring ESD disturbance in a coaxial cable.

Fig. 11. ESD current injected on the cable connector.

Fig. 12. Equivalent circuit of the box-to-box structure under test.

the partial-inductance concept [28]. It should be noted that the
correct modeling of the left-enclosure ground connection is of
the utmost importance to achieve accurate results.

The coaxial-cable transmission line of Fig. 12 has been
modeled by the SPICE-like circuit model proposed in [29].
This model is based on the discretization of the cable line in
a series cascade of line sections with time-constant lumped
parameters, derived by the vector fitting technique for the time-
domain modeling of the frequency dependent losses. Details on
the cable circuit model and its derivation can be found in [29].

The wire-to-shield induced voltage at x = 0 (i.e., Vws0 in
Fig. 12) is calculated by adopting 68 cells of 5 cm to discretize
a 3-m long coaxial cable and by assuming that the point of

Fig. 13. Voltage Vws0 on the 50-Ω left-end load for a coaxial cable of length
3 m when the ESD event occurs on the cable connector: measured (solid line)
and SPICE-like equivalent circuit (dotted line).

discharge was after two cells. The comparison between the cal-
culated induced voltage Vws0 and the measurements is shown in
Fig. 13, and a satisfactory agreement can be observed. It should
be noted that the circuit simulation runs in few seconds in a
computer with frequency clock of 800 MHz. Concerning the
results, the following can be observed.

1) The rise times, the values, and the duration of the main
peaks are reproduced quite well.

2) Some slight differences on the waveforms between the
peaks are due to length and position of the strap.

The ESD-induced effects that occurred when the discharge
point is on the box at the opposite side of the cable connector
(no radiation effects) are shown in Fig. 14. Also in this case, the
results obtained by the circuit simulator are in good agreement
with the measurements. It should be noted that the worst case
disturbance takes place when the discharge is on the connector
and the enclosure on the left side is floating, as shown in Fig. 15.
In this case, the box-to-ground connection has been modeled for
simplicity by a lumped capacitance only. This could explain the
discrepancies occurring after the first 50 ns, mainly due to the
structure of the box-cable resonance and possible unmodeled
further stray capacitance. By the way, the first peak, which is
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Fig. 14. Voltage Vws0 on the 50-Ω left-end load for a coaxial cable of length
3 m when the ESD event occurs on the box: measured (solid line) and SPICE-
like equivalent circuit (dotted line).

Fig. 15. Voltage Vws0 on the 50-Ω left-end load for a coaxial cable of length
3 m when the ESD event occurs on the connector and the box is floating:
measured (solid line) and SPICE-like equivalent circuit (dotted line).

the most critical for the immunity, is predicted with a very good
agreement.

B. Prediction of Induced Effects Using the ESD Generator
Full-Wave Model

The prediction of the ESD-induced effects in the considered
shielded-cable configuration, shown in Fig. 10, cannot be per-
formed by any 3-D commercial numerical codes since none of
them allow the simulation of the shielded-cable transfer im-
pedance. Therefore, to calculate the wire-to-shield disturbance,
a two-step procedure is proposed here.

Step 1) The current distribution on the shield of the cable
due to the ESD discharge occurring at any point of
the box where the cable is attached is calculated by
a 3-D full-wave EM modeling technique. The ESD
event on the coaxial-cable connector is modeled by
MWS, and the tangential magnetic-field distribution
on the cable shield is obtained through the definition
of several magnetic-field probes, as illustrated in
Fig. 16. The current distribution along the shield is
then derived by Amper’s law Ish = 2πrse H, where
rse is the shield external radius. The calculated
currents at regular steps are stored in files.

Fig. 16. Structure under test simulated with MWS.

Fig. 17. Lossless line equivalent circuit of one cell of the coaxial-cable
wire-to-shield mesh.

Step 2) The induced wire-to-shield voltage is obtained by a
circuit approach using the calculated current distrib-
ution on the cable shield and the transfer impedance
concept [30]. Adopting the simplified expression
Zt = Rt + jωLt for the transfer impedance, the
wire-to-shield equivalent circuit of a lossless cable
section of length Lcell can be represented, as shown
in Fig. 17.

The comparison among measurements, the numerical-
circuital MWS-SPICE procedure described in this section, and
the SPICE-like model described in the previous section are
shown in Fig. 18. It is interesting to note that the first peak
of MWS-SPICE simulation is higher than the other two results
because only 14 cells where used instead of 30 cells for the full
circuit model to allow fast prediction.

VI. CONCLUSION AND DISCUSSION

Circuit and numerical models of an ESD generator have been
proposed. The circuit model is suitable for implementation in
any commercial circuit simulator such as SPICE. The numerical
model is based on the 3-D simulation by the commercial tool
MWS using the finite-integration technique. Both models allow
the accurate simulation of the discharge current in the contact
mode, taking into account the load effect of the ESD generator.
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Fig. 18. Wire-to-shield voltage Vws0 on the 50-Ω left-end load for a coaxial
cable of length 1 m when the ESD event occurs on the cable connector:
measured (solid line); SPICE (dotted line); and MWS-SPICE (dashed line).

The efficiency of both models has been confirmed by the
satisfactory agreement between simulation and measurements
achieved in the setup configuration for the current calibration
defined in the IEC 61 0000-4-2 [9].

The two models are complementary and can be employed to
verify ESD reliability of electrical and electronic equipment,
depending on the possibility to use or not a circuit approach
to model the DUT. In case of ESD on a test cable connecting
two devices as considered in Section V, the circuit approach
can be applied if the cable has a well-defined distance from
the reference plane and this distance is electrically short. In
this case, the cable above a ground plane can be modeled by
multiconductor transmission line model, and an efficient SPICE
circuit can be drawn. The circuit approach fails when the cable
has an electrically long distance from the reference plane (i.e.,
greater than 1/10 of the minimum wavelength of interest). In
this case, the transmission line model is not valid anymore,
and the combined numerical-circuit procedure presented in
Section V-B should be used. In conclusion, the proposed MWS-
SPICE procedure is appropriate when the cable has an irregular
path and both the conducted and radiated interferences on
the shield of the cable need to be considered. Applying this
procedure, particular care should be addressed to assure line
discretization into electrically short sections. It should be noted
that the accuracy of the prediction model increases with the
cell number as well as the time required for the simulation.
Therefore, the right choice is a compromise between result
accuracy and computational time.

The proposed models are of great interest since they repre-
sent an important item in the development of software tools
suitable for the prediction of ESD immunity, especially during
the design stage.
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