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Abstract—The discharge current and the transient fields of an
electrostatic discharge (ESD) generator in the contact mode are
numerically simulated using the finite-difference time-domain
method. At first the static field is established. Then the conduc-
tivity of the relay contact is changed, which initiates the discharge
process. The simulated data are used to study the effect of design
choices on the current and fields. They are compared to measured
field and current data using multidecade broadband field and
current sensors. The model allows accurate prediction of the fields
and currents of ESD generators, thus it can be used to evaluate
different design choices.

Index Terms—Electrostatic discharge (ESD) generator, field sen-
sors, finite-difference time domain (FDTD), numerical modeling,
numerical simulation.

1. INTRODUCTION

OBUSTNESS toward electrostatic discharge (ESD) is

tested using ESD generators. Most generators are built to
meet the specifications spelled out in IEC 61 000-4-2 [1]. In-
sufficient specifications contribute to problems in reproducing
test results if a different brand ESD generator is used [2], [3],
[4], [5]. For that reason, the IEC TC77b presently discusses
changes to these specifications.

ESD can disturb systems by its current and the associated
electric and magnetic fields. While the current is somewhat
specified there is no specification for the fields. Presumably,
it had been assumed that a specification for the current at the
discharge tip would sufficiently define the transient fields.
Presently, the design of ESD simulators follows mostly a trial
and error path. The goal is a current defined by a 0.7—1-ns rise
time and 3.75-A/kV peak value for contact mode discharges.
Since there are no field specifications, the electric (E) and
magnetic (H) fields may vary significantly from simulator
brand to simulator brand although the currents are somewhat
similar [5].

Two discharge modes are used in ESD testing: an air dis-
charge mode and a contact discharge mode. A spark between
the tip and the ground initiates the discharge in the air discharge
mode. The mostly linear response of the simulator’s lumped
components and the nonlinear arc determine the current. In
this case, the simulator current can be modeled using the
impedance as seen from the ground plane into the discharge
tip. This impedance can be transformed into the time domain
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as the impulse response and convolved with the nonlinear arc
characteristic [6], [7]. This yields the discharge current. Fully
modeling the arc via differential equations in a time stepping
algorithm is in principle possible, but may require additional
measures to avoid divergence, as the ionization equations are
highly sensitive to errors in the electric field across the gap [8].
Other approaches are given in [9].

Many publications show a strong interest in simulating ESD
or the coupling of ESD into circuits and enclosures. In most
simulations a user given ESD current was used [10], [11]-[14].
It was either obtained from the standardized waveform or from
measured data.

A numerical model based on standard finite-difference time-
domain (FDTD) method using Yee cells was presented by An-
geli and Cardelli [13], the ESD discharge current was obtained
from measurements and a mathematical model. It was inserted
into the discharge channel. A numerical model based on a FDTD
formulation with impedance boundary conditions was devel-
oped by Maradei and Raugi [14]. This method avoided the large
number of cells required by the standard FDTD method other-
wise needed in modeling media with limited conductivity. The
fields radiated during the ESD discharge phase were studied by
this FDTD impedance network boundary conditions (FDTD-
INBCs) model. The effect of ferrites on ESD currents and fields
was studied by [12].

Obtaining the current and the fields just from the charging
voltage and the geometry was achieved for highly simplified
structures in [8] for air discharge, i.e., including the nonlinear
arc in a full-wave model.

Leuchtmann and Sroka [10], [11] obtained the transient fields
of ESD simulators using the generalized multipole technique.
The model contained parts of the simulator geometry but used a
measured current as the excitation method. The measured data
presented in [11] used the same field sensors but the deconvo-
lution of the low-frequency rolloff had not been implemented at
that time.

This work obtains the current and fields from an ESD simu-
lator using only the geometry and the charge voltage. The ESD
generator is used in the contact mode. In the contact mode the
discharge is initiated by a gas breakdown in a relay, i.e., there is
no arc to ground at the tip of the generator such as there is in air
discharge mode. The resistance drop in the relay is a user given
function that is much faster than the 0.7—1-ns rise time observed
in the discharge current. The conductivity can change from zero
to infinity in one time step. To follow the physical stages of
charging and discharging as close as possible, the ability to
handle time-dependent material properties has been introduced
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Fig. 1. Mathematical reference waveform compared to measured

human-metal ESD waveforms. Human-metal ESD at 5 kV having arc
lengths of about 0.85 mm.

into the FDTD algorithm. It is used to model the switching of
the high-voltage relay as well as to speed up the process of sta-
bilizing an electrostatic field prior to the discharge.

The main advantage of this method relative to previous work
is the ability to predict the discharge current and the related
fields just based on the geometry and the charging voltage.

Section II of this paper provides a general analysis of an ESD
generator. The specific ESD generator modeled and the numer-
ical approach are explained in Section III. Section IV explains
the measurement setup used. Simulation results are presented
in Section V and issues of convergence are discussed in Sec-
tion VL

II. GENERAL ANALYSIS OF ESD GENERATOR CURRENTS
A. Discharge Current

The aim of an ESD generator is to reproduce typical
human-metal ESD. Historically, a peak value of 3.75-A/kV and
0.7—-1-ns rise time have been defined as a typical human-metal
ESD. Such a discharge is typical for moderate humidity and
typical speed of approaches at 5 kV for a human-metal ESD
event [7]. Reproducibility always has been an issue. But if
an object or a human is discharged multiple times using the
same voltage, the discharge current will repeat quite well for
those discharges that have the same arc length [7]. Analyzing
data from measured human-metal ESD at 5 kV shows that
discharges having 0.85 mm arc length will be close to the peak
current and rise time values defined by the standard (Fig. 1).
Based on these waveforms a mathematical approximation has
been derived. It is the reference current throughout this paper.
Its values have been chosen to match the standardized values as
close as possible: 0.85 ns rise time, 3.75 A/kV peak value, 2 A
at 30 ns, 1 A at 60 ns, about 150 pF total capacitance, decay
time constant about 330 €2 x 150 pF.

The reference waveform is given by
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with the following constants:
< T1 <n7’2 ) l/n)
ki=exp|——| —
T2 \ 71
< S (nm)l/”)
ks =exp|——| —
T4 73

and the following parameter values:

I1=219Amp | m =13ns | 73 =6ns

I, =101Amp | 7o =1.7ns | 74 = 58 ns

This reference waveform is still under discussion within the
IEC TC77b but may be part of the next IEC 61 000-4-2 stan-
dard. In contrast to double or quadruple exponential waveforms
this waveform provides a physical, finite current derivative. The
current rises smoothly after £ = 0. Gardner [15] first published
this formulation applying it to lightning strokes.

B. Ground-Strap Current

The human-metal ESD discharge current is understood as the
superposition of two currents: The initial peak current initiated
by the charges on the hand-metal structure and the later, slower
waveform caused by the charges on the surface of the body
(body-waveform). In an ESD generator, the body waveform is
obtained from the discharge of the components in group 3, as
shown in Fig. 4. One would expect that the initial peak current
is driven by the distributed capacitance between the generator
tip and the ground plane. But most generators exhibit only a
small electrostatic field on their outside. Via the ground strap
they carry a local ground potential into the structure and most
of the capacitance that creates the initial peak can be found be-
tween the internal high voltage carrying parts of the generator
and the local ground. The charges have to return via the ground
strap, but the connection between the local ground (battery and
electronics of the ESD generator) and the ground strap can be
constructed such that high frequency components are hindered
from passing from the local ground onto the ground strap.

III. ESD GENERATOR MODELED AND THE NUMERICAL
APPROACH

A. ESD Generator Modeled

A modified commercial ESD generator was selected to verify
the numerical modeling techniques. The modified generator was
built based on the commercial generator but with a new dis-
charge head which was made of a high-voltage relay, capacitors,
resistors, etc. as is shown in Fig. 4. Its discharge current wave-
form had been modified to improve the match to the reference
current waveform, Fig. 3. Fig. 2 shows the modified ESD gen-
erator. The newly designed discharge head is composed of the
discharge tip, a pulse forming filter, a high-voltage relay, two
copper rings, a 330-€2 resistor and a 110-pF capacitor as chosen
by the manufacturer.
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Fig. 2. ESD generator with modified discharge head.
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Fig. 3. Comparison of the reference waveform with the measured discharge
current of the modified generator. The numbers signify different parts of the
waveform. 1) rising edge; 2) falling edge; and 3) slow falling edge.

Although the discharge current of this modified generator
is quite smooth, it still exhibits more ringing than the refer-
ence waveform, Fig. 4. An equivalent circuit of the generator
is shown in Fig. 4. It was not used to calculate the current, but
it aids in understanding the main physical processes and the nu-
merical model of the generator. The values of C2, C4, and C5
have been optimized for achieving a reasonable current. It does
not include all parasitic capacitances and inductances, e.g., the
capacitance across the relay and some of the distributed capac-
itances of the wiring. It needs to be pointed out that it is only
intended to illustrate the main physical processes.

The components can be divided into three groups. Each group
is associated with one part of the discharge waveform. The value
of each component is shown in Table I. There is a resistively
connected (R2) copper-ring structure (C2, C4) covering the gen-
erator’s discharge module. It is discussed in detail in the later
part of this paper. Limited by the resistor R2, the ring capac-
itance increases the initial current peak. The photo in Fig. 4
shows the discharge head after removing the copper-ring struc-
ture (C2 and R2). The capacitor C4 is associated with the electric
field between the copper-ring structure (on high-voltage poten-
tial) and the ground. The capacitor C5 is the capacitance be-
tween the body of the generator (on a low-frequency ground via
the ground strap) and the ground plane. Both form the displace-
ment current return for the initial peak and influence the rise
time and the current peak value.

Without this rise time forming filter, the discharge current
would rise in less than 200 ps, as it would be determined by the
voltage collapse within the high-pressure Sulfur Hexa Florideg

()

(a) Equivalent circuit of the generator. (b) Photograph of the discharge

Fig. 4.
module.

filled relay. The frequency dependence of the dielectric mate-
rials (FR-4, Capacitor) is sufficiently small within the frequency
range of interest that it does not need consideration in this sim-
ulation.

The ESD generator model was simulated using either a short
ground-strap computational domain or a long ground-strap
computational domain. The short ground-strap computational
domain was setup to simulate the 80-cm-long ground strap
while the long ground-strap computational domain was used
to simulate the 200-cm ground strap. The long ground-strap
domain needs four times more simulation time than the short
one. The smaller computational domain was used to study the
boundary conditions, the domain size and the effect of the
copper-ring structure. The larger domain was used to study the
current and the transient field.

B. Numerical Approach

The FDTD method was used. Relative to [10] and [11], this
allows predicting the current and fields from an ESD generator
using only the geometry and the charge voltage. EZ-FDTD, a
program created by our group, and a commercial FDTD package
[18] were used. The access to the source code allowed imple-
menting the time-dependent media in the EZ-FDTD code. Later,
Zeland software introduced this option for Fidelity on our re-
quest. In contrast to EZ-FDTD, Fidelity allows a nonuniform
grid.

The calculation time and the memory size set a lower practical
limit on the amount of detail that can be modeled. The FDTD
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TABLE I
COMPONENT VALUES IN THE EQUIVALENT CIRCUIT
Compo | Value Function Modeling method
nent
Group1 | C3 20 pF, PCB board | Pulse forming C: Two metal layers with dielectric
R-C-R filter, L3 is | material in between
R3 36 Q, lumped its loop inductance R: Single cell, 6= 13.9 S/m.
Rise- L3 About 6 nH, | Loop inductance The loop’s geometry is part of the
time distributed ESD generator geometry model.
C4 In  the SPICE | Capacitance between | The geometry model includes the
model 15 pF, | discharge tip and | structural elements.
distributed ground plane.
Cs In the SPICE | Capacitance between | The geometry model includes the
model 20 pF, | the simulator body | structural elements.
distributed and the ground
plane.
Group2 | C2 In the SPICE | Influences the width | This capacitance is simulated by
Pulse model 5 pF, | of the initial pulse the structure itself.
width distributed
and R2 120 Q, lumped Single cell, 6 = 0.9 [S/m].
height
Group 3 | Cl 110 pF, lumped Determines the tail | C: Two metal layers with dielectric
of the waveform. L1, | material in between
Falling | Rl 330 @, lumped th ground strap 100p | Single cell o = 0.756 S/m
inductance, is T .
edge L1 3§OQ nH, estimated  to  be The gr_ound strap is included in the
distributed 3500 nH numerical model geometry.
(rectangular loop
assumption).
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Fig. 5. 3-D view of the model, using a short ground strap and the ESD
generator using Fidelity [18].

model includes the physical geometry of the generator, the relay,
pulse forming filter, ground strap and lumped elements. For Fi-
delity, the cell size varies from 2 mm within the generator, to 10
mm at the boundary, the typical domain size being 120 x 120
x 55 cm. Larger and smaller domains have been used for inves-
tigating the convergence of the result.

In EZ-FDTD, the cell size is set to 3.175 mm and the domain
size is 184 x 70 x 50 cm terminated by second-order perfectly
matched layer (PML). Fig. 5 shows the three-dimensional (3-D)
view of the model.

Figs. 6 and 7 give details of the model, while Table I and
the equivalent circuit of Fig. 4, explain the functionality of the

circuit and its components. In Fig. 7, part of the copper (CO)
ring structure is removed to allow viewing of the inside.

The switch of the relay is built as a single cell. The ma-
terial’s conductivity is set to zero during the charging phase.
After sufficient stabilization of the electrostatic field, the con-
ductivity is set to infinity to initiate the discharge. Fig. 8 shows
the details of the high-voltage relay. The dielectric layer in this
figure is to simulate the capacitance between the switch and the
relay body. The capacitance values have been measured for the
Kilovac HC-5 relay, which is about 2 pF.

As discussed in the measurement section, an improved ESD
current target was used to measure the discharge current. The
difference in current between discharging into a large ground
plane relative to discharging into the current target is less than
2% for the peak value due to the low input impedance of the
current target. This and the flat frequency response allowed ex-
cluding the target from the numerical modeling geometry.

C. FDTD Handling of Time-Dependent Media

The ability to handle time-dependent material was intro-
duced into the FDTD code. The EZ-FDTD code was modified
such that the material parameters are a function of time. In this
way, the physical process of charging and discharging can be
modeled accurately. The flowchart of the algorithm is shown
in Fig. 9.

The process is as follows.

1) The material properties and their time history are given

by the user before program start.
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Fig. 6. Model and computational domain of the short-ground-strap (80-cm-long) domain.

Simulator

Discharge tip

Fig. 7. Structure of the model in detail, and with no copper ring.

3) If so, the present E and H fields are stored, the material
is updated and the previous E and H fields are applied to
the modified geometry as initial start values.

4) The fields are updated using the usual FDTD update equa-
tions, then step 2) to 4) are repeated.

This may apply a nonphysical solution to a geometry, for ex-
ample, fields within a perfect electric conductor. In such cases
it may initiate a few time steps of ringing to establish the new
geometry. Instabilities have not been observed for the structures
investigated.

Relay body

\

Fig. 8. Detail of the high-voltage relay. The layer in this figure is a dielectric D. Charging Phase
layer. Different methods exist to charge the generator’s geometry
and capacitors prior to the discharge. One option is to use an
2) In every time step the program checks the time histories electrostatic field calculation prior to the FDTD code and to im-
to determine if the material properties need to be changed.  port the field distribution as initial condition. The advantage of
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Fig. 9. Flowchart of the EZ-FDTD ESD generator model.
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Fig. 10. Voltage across the capacitor C1.

this method is that no time steps are used to establish charged
conditions. The disadvantage is that the electrostatic calculation
would use an infinite region while the FDTD domain is trun-
cated using PML or other boundary conditions. Thus, there may
be a nonphysical initial conditions that again need time steps to
tranquilize.

Another approach is to charge the model using e.g., a
Gaussian pulse source. In this case it will take many time
steps to stabilize the electrostatic field. Once it is stabilized,
the conductivity in the relay is changed to infinite, initiating
the discharge. This method requires more time steps than the
first but it is easier to implement, as no external electrostatic
calculation is needed.

For the EZ-FDTD code, a mixed method is used: First an
electric field is inserted between the two metal plates of the
110-pF capacitor. Then, the model needs some time to charge
the other parts of the circuit. After about 40 ns, the system is
fully charged. If the currents have subsided to about 5% of the
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Fig. 11. Diagram of the measurement setup. Dimensions of the chamber are
3x3x4m

peak discharge current the structure is considered to be ready
for discharging. The method is depicted in Fig. 10.
Phase 1) Charging (Time: to—¢1)

A predefined E field is inserted into the capacitor.
During this phase, the charges diffuse from the capacitor
plate to the whole system until the system achieves
balance.

The method did not yield unstable results providing
lossy conductive material was introduced during the sta-
bilization phase. As such, the conductivity of the metallic
parts was reduced to 2.0 S/m only during the stabilization
phase.

Phase 2) Stabilization (Time: ¢1-t2)

The current in the discharge head and the ground strap
decay to zero.

Phase 3) Discharge (Time: to—tfinal)

The system is stable now. The conductivity of the switch
in the high-voltage relay is set to infinity, the discharge
current starts to flow.

The method used in this simulation follows along the physical
process of charging and discharging.

Using the Fidelity time-domain code, the structure is charged
by a 1-ns full-width-at-half-maximum (FWHM) Gaussian cur-
rent pulse that is introduced by a line source connected to the
110-pF capacitor. It is attached via two lossy wires (small ver-
tical wires to the right of the label “C1” in Fig. 7). To accelerate
the stabilization of the electrostatic field, the conductivity of the
metallic structures is set to 500 S/m. Before the discharge phase,
the conductivity is set back to 2 x 10% S/m.

Fidelity needs between 4000 and 8000 time steps (3.66 ps
per time step) until the field is sufficiently stable. Depending on
the domain size and the boundary conditions, calculation times
vary between 15 min and 8 h on a 2.2-GHz PC. There were
eight million cells in the largest calculations. EZ-FDTD needs
between 8000 and 26 000 time steps (5.09 ps per time step) until
the precharge field is sufficiently stable. For the large domain
having 20 million cells, the calculation time was 60 h on a 2.2
GHz PC.

IV. MEASUREMENT SETUP

Field and current sensors were mounted on the wall of a 3
x 3 x 4-m shielded room. The generators are discharged on
the outside of the room while the instrumentation is within the
shielded room. This prevents coupling into the instrumentation
or their cables, Fig. 11.
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Fig. 12. Current target and H-field sensor on the wall of the shielded room.
£ Fizld Jansor ) Flzled Sznsor
ETAT ;
Fig. 13. Electric and magnetic field sensors. The active circuits are powered

through the RF connection.

The generator is operated in the contact mode. The discharge
currents and fields are normalized to 1 kV charge voltage.

A. Current Target

Due to insufficiencies of the Pelligrini target [16], [17] for
measurements above 1 GHz, an improved current target was
used. The frequency response of the target-attenuator-cable
chain is within 0.3 dB up to 1 GHz and £0.8 dB up to 4
GHz [16], [17]. The input impedance of the target can be
modeled by a 2-mm-long 50-{2 transmission line terminated
with 2 Q [10], [11]. A source impedance of 266 €2 is obtained
from the standardized peak value of 3.75 A/kV. Relative to
this impedance the target can be considered as a very good
short circuit, thus the measured current values can be directly
compared to the simulated current values. The simulation dis-
charges the generator into a large metallic plane not containing
the 2-Q2 current target. The overall current measurement error
will be dominated by the uncertainty in the voltage gain of the
oscilloscope, not by the target-attenuator-cable chain.

B. Field Sensors

The field sensors are ground based field sensors with active
integration using a GaAs impedance converter for the E-field
sensor and a multistep analog integration for the H-field sensor.
They are rectangular in shape and are about 4 cm by 3 cm by 1
cm.

See Figs. 12 and 13. When measured in an open strip line,
they exhibit a £1.5 dB frequency response from 2 MHz to 2
GHz (Figs. 14 and 15). The measurement was performed for
different positions within the strip line and yielded results within
+1 dB.

-50
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4 \\
70 Measured frequency response
dB

Mathematical approximation for the lower

-100

1 10 100
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1000

Fig. 14. Frequency response of the H-field sensor measured in an
open strip-line (solid) and a mathematical approximation (dotted) of the
low-frequency rolloff.
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Fig. 15. Measured frequency response of the E-field sensor and a

mathematical approximation of the low-frequency rolloff.

Fig. 16. Circuit describing the compensation function for the E-field sensor.
For the H-field sensor a circuit having four such networks have been used.

Although the sensors are rather broadband, there is a negative
effect caused by the lower frequency rolloff. For the first few
nanoseconds, the sensor output voltage is proportional to the
field. But within a few nanoseconds, the effect of the low-fre-
quency rolloff starts to be visible (Fig. 18). To compensate for
that, a deconvolution was introduced (Figs. 14, 15 and 18).

The compensation function of the lower frequency response
can be explained using the circuit shown in Fig. 16.
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Fig. 17. Open strip-line cell and the deconvolution setup for the E-field sensor.
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Fig. 18. Deconvolution of the E-field data output. (a) Signal obtained by
dividing the sensor output voltage by a calibration factor of 180 pV/(V/m).
(b) Expected field strength in the cell, derived from the cell dimension and the
injected step function. (c) Field strength obtained by deconvoluting the sensor
output voltage.

Deconvolution using measured impulse responses would in-
troduce additional noise into the data, as the noise of the mea-
sured impulse response would be added to the noise in the data.
For that reason the low-frequency rolloff was approximated by a
cascaded first-order high-pass filters having different 3-dB fre-
quencies.

To verify the deconvolution method, a square wave was in-
jected into a strip line structure (Fig. 17). Both the waveform
from the pulse generator and the sensor output voltage were
measured. The output of the E-field sensor and the result of the
deconvolution are depicted in Fig. 18.

After deconvolving, the original E field can be obtained
(Fig. 18). A similar deconvolution algorithm was implemented
for the H-field sensor. The useful time window for the field
measurements is between 0.2—about 100 ns. The lower limit of
200 ps is given by the upper frequency response of the sensors.
The upper limit of 100 ns is determined by the dynamic range
limit of the time-domain data, any offset in the time-domain
waveform and by the sensitivity of the deconvolution to any
inaccuracies in the frequency response of the sensor.
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Fig. 19. Top view of the computational domain for the short ground strap.
Ground-strap length 0.8 m is the total length which includes the vertical part
perpendicular to the ground plane.
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Fig. 20. Comparison of simulated and measured discharge currents for the
short ground strap. Time scale has been set to zero at the moment of the relay
switching.

V. SIMULATION RESULTS

During all the measurements, the ESD generator was sup-
ported by Styrofoam to minimize the influence of the human
body on the currents and fields of the ESD generator.

1) Simulations Using a Short Ground Strap: To reduce com-
putation time while being able to test the validity of the model
of the generator, a short ground strap of 0.8-m length was used
during this set of simulations and measurements. The computa-
tional domain is shown in Fig. 19.

Fig. 22 shows the location of the E-field and H-field probing
points, relative to the ESD generator and its ground strap. The
sensor have not been numerically modeled, instead the numer-
ical simulation recorded the field strength at that location.

The discharge head in this simulation model used a 330-Q2
resistor and a 150-pF capacitor, while the actual ESD generator
has a 110-pF capacitor. For that reason the current decays slower
in the simulation than in the measurement.

The discharge current, shown in Fig. 20, and the electric field
at a distance of 0.3 m, shown in Fig. 21, agree with the mea-
surements. Especially, the initial part of the waveform, that most
often determines the equipment’s response to an ESD, is mod-
eled well.

2) Simulations Using the 2-m-Long Ground Strap: The
original ground strap of the ESD generator is 2-m long. The
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Fig. 21. Comparison of simulated and measured E-field strength, 30 cm

away from the discharge point. An 80-cm-long ground strap was used in the
simulation.
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Fig. 22. Top view of the EZ-FDTD computational domain of the 2-m-long
ground strap.
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Fig. 23. Comparison of simulated and measured discharge currents.
computational domain used for the long ground strap is shown
in Fig. 22.

Fig. 22 shows the location of the E-field and H-field probing
points relative to the ground-strap position. The discharge cur-
rent was simulated and compared with the measured data in
Fig. 23. The current in the ground strap was also simulated and
compared with the measured result. The transient H-field data at
10- and 20-cm distance from the discharge point were simulated
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Fig. 24. Discharge current during the first 10 ns. The reference waveform in
this figure is the mathematical reference waveform from Fig. 1.

TABLE 1I
COMPARISON OF THE RESULTS
Measured data Simulation
Rise time 0.8 ns 0.8 ns
1% peak current 3.74 A/KV 3.77 A/KV
2" peak time 19.8 ns 18.5 ns
2" peak current 2.51 A/IKV 2.55 ARV

and compared with the data measured by the H-field sensor. The
transient E-field data at 40- and 50-cm distance from discharge
point was simulated and compared with the data measured by
the E-field sensor.

The measured and simulated discharge currents (Fig. 23)
show good agreement. The small oscillations on the later part
of the simulated waveforms are most likely a result of modeling
the electronics and the battery as metallic blocks.

It is known from the evaluation of shielding that electronic
circuit boards reduce the Q factor of enclosures. Based on that,
it is reasonable to conclude that modeling the electronic parts,
battery, display and the interconnecting wires would introduce
additional losses leading to a reduction of oscillations.

The discharge pulse in the first 10 ns is compared with the
measured data in Fig. 24.

The result of the simulation is compared with the measured
data in Table II. The simulation result is low-pass filtered using
a second-order 1.5-GHz filter to yield a bandwidth similar to the
measurements.

The spectral density of the discharge current is also compared
in Fig. 25.

As shown in Fig. 25, the spectral densities of the currents are
quite similar. Note that above about 1 GHz the measured data is
dominated by the dynamic range limit of the oscilloscope.

A. Ground-Strap Current

The ground strap is needed to provide a low-frequency dis-
charge path, but the ground strap should not conduct any of
the fast rising initial current of the ESD discharge. If it does, it
would introduce field components that do not reflect the human-
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Fig. 25. Discharge current spectral density comparison between the measured

data and the simulation.

ESD

Generator Ground

Strap

| ground strap

\Y/
| To Oscilloscope Current
Target

Fig. 26. Setup to measure the ground-strap current.

3 po ¥
E J\// :""»...‘/Measured data
I 2
= Simulation
2
31

0 J

L
0 20 60 100
Time [ns]

Fig. 27. Comparison of simulated and measured discharge currents in the
ground strap.

metal ESD as the fast rising current components are attenu-
ated and radiated as they travel along the arm of a human. The
ground-strap current can be measured by multiple methods, e.g.,
a current clamp. But due to the well established frequency re-
sponse of the current target it is preferable to use it to measure
the ground-strap current. This measurement was done by in-
verting the positions of the simulator and the ground strap on
the wall of the shielded room (Fig. 26).

The simulation result of the discharge current in the ground
strap is compared with the measurement in Fig. 27.

The discharge current in the ground strap is expected to have
less high frequency component compared with the discharge
current at the discharge tip, since some of the high frequency
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Fig. 28. Comparison of simulated and measured H-field strength, 10 cm away

from the discharge point.
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Fig.29. Comparison of simulated and measured H-field strength, at a distance
of 20 cm from the discharge point. See Fig. 22 for the locations of the field
sampling points, the generator and the ground strap.

current flows through the parasitic capacitance around the tip.
Comparing Figs. 23 and 27 shows that this expectation is ful-
filled. Figs. 28 and 29 provide H-field simulation results com-
pared to the measured data.

All measurements have been done on the ground plane due to
the sensors used.

The transient E fields 40 and 50 cm away from the discharge
point are simulated and compared with the measured data in
Figs. 30 and 31, respectively. The figures show that the simula-
tion results agree well with the measured data for the first 20 ns.

The low-frequency component of the simulated E field shows
considerable larger differences than the initial transient. This
might be caused by one of the following reasons: 1) in the mea-
surement, the electrostatic field is strongly influenced by the
way the simulator is held and the exact position of the ground
strap; and 2) in the simulation, the electrostatic field is strongly
influenced by the position of the ground strap and the size and
location of parts that hold the initial charge voltage.

However, most failures in electronic equipment is related to
fast changing components, such that we do not consider the dif-
ferences in the slow components as a major drawback for de-
signing ESD generators using based on numerical simulation.
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Fig. 30. Comparison of simulated and measured E-field strength, 40 cm away
from the discharge point.
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Fig. 31. Comparison of simulated and measured E-field strength, 50 cm away
from the discharge point.

Since the field at the ground plane and current data matched
well to the simulations, thus suggests that the fields above the
ground strap and the current in other parts of the generator might
also be predicted with sufficient accuracy.

The reasons for the remaining differences relative to the mea-
surement can most likely be found in the fact that all the elec-
tronics, display and the battery of the simulator have been mod-
eled as metallic blocks, not taking their connection inductances
and possible losses into account. It was shown that adding in-
ductances into the path could improve the match. Such an in-
ductance was not added in the path as there would have been no
other way for obtaining its value than the optimization between
measured and simulated results. This would contradict the aim
of being able to predict the behavior of an ESD generator.

VI. NUMERICAL CONVERGENCE AND MODELING ERRORS

Every measured or simulated result is the superposition of
the underlying physical process, the process that we are inter-
ested in, noise and other errors introduced by the simulation or
measurement technique and setup. Without knowing the ratio
between the data and the superimposed noise, measured or sim-
ulated data are of little worth.

ESD is a broadband process. It reaches from static fields to
currents having a 100-ps rise time within the relay and the pulse

2nd PML
\
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w
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Time [ns]

Fig. 32. Effect of different boundary conditions using a smaller domain size
of 0.6 X 0.6 X 0.55 m, the Fidelity code, 2—10-mm grid, and a ground-strap
length of 0.8 m.
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Fig. 33. Effect of different boundary conditions on the E-field strength
simulation using a larger domain size of 1.3 x 1.3 x 1.0 m, the Fidelity code,
2-20-mm grid, and a ground-strap length of 0.8 m. The E field is the E-field
strength 30 cm away from the discharge point.

forming structure. For the rise time and the peak value it is es-
sential to model fine details while other processes have rele-
vant fields that expand through the entire simulation domain.
These are the electrostatic field and the fields that relate to the
ground-strap inductance. The effect of grid cell size, domain
size, and boundary conditions on the current and fields was in-
vestigated to establish trust in the solution.

A. Boundary Conditions

If the domain size were infinitely large, the type of boundary
conditions would be irrelevant. For the rather small domain
size of 0.6 x 0.6 x 0.55 m, the boundary conditions have a
significant effect, especially if the less realistic perfect electric
conductor (PEC) boundary conditions are chosen. The PML
boundary condition reduces the oscillation on the ground strap
(Fig. 32), better than the second-order Mur boundary condition.
For larger domain sizes, for example 1.6 x 1.6 x 0.8 m, the
effect of the boundary conditions nearly vanished providing no
PEC has been used.

Fig. 33 shows the effect of the boundary condition on the
simulated E field 30 cm away from the discharge point. Here
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Fig. 34. Influence of the domain size on the calculated results using the

Fidelity code, 2—10-mm element edges and 0.8-m ground strap. The small
domain is 0.6 X 0.6 X 0.55 m, and the large domain is 1.2 x 1.2 X 0.55 m.

FMUR stands for first-order MUR, PML 1 uses PML but allows
to end the ground plane shortly before the absorbing boundary
conditions begin while PML 2 continues the ground plane into
the PML. Overall, the effect of the boundary conditions on the
electric field is weak, indicating that the numerical simulation
is trustworthy.

B. Calculation Time

The boundary conditions effect the calculation time signifi-
cantly

Calculation PEC 2nd MUR 2nd PML
Time, ABC depth 6
2'2PS’:HZ 2485 (s) | 2576(s) | 8102 (s)

The calculation time is based on a short ground-strap (80-cm
long) model and 10000 calculation steps. Using fourth-order
PML and a depth of six grid elements, the Fidelity code runs
about 30% faster than EZ-FDTD. The second-order PML was
chosen for comparison with EZ-FDTD.

C. Domain Size

The electrostatic field and the magnetic field of the ground-
strap current extend through the calculation domain. It has been
investigated how the domain size influences the results (Fig. 34).

Fig. 34 indicates that the domain size of 1.2 x 1.2 x 0.55
m is sufficient as the difference between the results is small. At
larger domain sizes, the influence of the domain size diminished
further.

VII. DISCUSSION
A. Parametric Studies

This simulation method allows investigating the effect of de-
sign choices on the construction of ESD generators. It is possible
to simulate structures that cannot be built (e.g., test the effect of
removing the electronics and the battery). Some of the possible
design choices are as follows.
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Fig. 35. Discharge tip without copper ring, relay body and its connection to
local ground.

1) The voltage drop across the relay is much faster than the
0.7-1-nsrise time specified in the standard. To achieve the
specified rise time, pulse forming is used. In our model
this was done very close to the relay by using an R-C-R
filter. But it can also be done in the discharge tip. Both
constructions can yield similar currents at the discharge
point. But the fields will be quite different as the rapidly
changing current is confined to a small space around the
relay if the pulse forming is done in close proximity to the
relay. Shielding of the pulse forming structure further re-
duces the radiation of rapidly changing field components.

2) The ground strap can be isolated from all parts of the sim-
ulator by, e.g., a 330-2 resistor, additional inductances or
ferrites. Or parts of the internal structure can be directly
connected to some metallic parts inside (local “ground’)
while they are connected to the capacitor via a 330-(2 re-
sistor. It is expected that these design choices influence
the amount of “initial peak” current on the ground strap.
No part of the “initial peak” current on the ground strap is
desired, as the ground strap is only there to return the dis-
charge current of the lumped capacitor. The ground strap
should only carry the “body wave,” not the “initial peak”
current.

3) Most ESD generators contain electronics. The electronics
may be at the high-voltage potential and contribute to the
distributed capacitance or it may be at the potential of the
local “ground.”

4) There are no restrictions on the size of an ESD generator.
While it is possible to realize the correct discharge current
using a very small ESD generator, it is expected that the
fields will be fundamentally different.

5) Some commercial ESD generators exhibit an initial peak
current that falls as fast as it rises. The peak negative cur-
rent derivative approaches the value of the peak positive
current derivative. The standard setting bodies intend to
regulate the ratio of positive to negative current deriva-
tive. To increase the amplitude and, depending on the sim-
ulator design, the width of the initial pulse, a copper-ring
structure was added to the modified generator.

As an example of the parametric studies done, the geometries

shown in Figs. 35 and 36 and their effect on the current, shown
in Fig. 37, was studied.
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Fig.36. Discharge tip with copper ring. The copper-ring structure is connected
to the high-voltage potential through a 135-€2 resistor.
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Fig. 37. Comparison of ESD generators with and without a copper-ring
structure.

As shown in Fig. 37, the copper ring increases the initial peak
current. It also increases the electrostatic field around the simu-
lator to approximate the electrostatic field of a hand.

B. Ground-Strap Current Compared With Discharge Current
at the Tip

The time-domain data presented in Figs. 27 and 23 indicate
larger high frequency components in the discharge tip current
relative to the current in the ground-strap end. The spectral anal-
ysis reveals this in much greater detail: Above 120 and up to 800
MHz, the ground-strap current has at least 10 dB less spectral
current density than the current at the discharge point.

VIII. CONCLUSION

A numerical model for the simulation of ESD generators has
been proposed and validated. The simulation results are able to
predict the current and field waveforms of ESD generators based
on the charge voltage and the geometry. The accuracy of the
results is sufficient for parametric studies. The model is suitable
to calculate the coupling into structures. It allows predicting and
investigating the reasons for differences in test results if the ESD
generator brand is changed.
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