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Abstract: Electrostatic discharge (ESD) is a physical phenomenon that may destroy electronic com-
ponents due to its high discharge current that may reach a few amperes in just a few ns. However,
another major aspect of ESD is the related high-frequency electromagnetic (E/M) fields radiated by
the ESD event. The electronic equipment that is affected by the ESD phenomenon is additionally
affected by the induced voltages caused by these E/M fields. This is the reason that the current
version of the IEC 61000-4-2 on ESD has a special reference to these fields and the measurement
setup. Starting with the classical formulation of these fields, this paper reviews the most popular
techniques for calculating the ESD electromagnetic fields while also emphasizing the best methods
for minimizing computational effort. There is also a separate section for the measurement techniques
that have been applied in research works, whose outcomes could be implemented in the next revision
of the IEC 61000-4-2. It is extremely important for the next revision to include these measurement
setups and the E/M field sensors because the ESD generators should comply with certain values
related to the E/M fields they produce.

Keywords: electromagnetic fields; electrostatic discharge generators; measurement setups;
electromagnetic field sensors; IEC 61000-4-2

1. Introduction

The sudden transfer (discharge) of static electric charge between objects at various
electrostatic potentials is referred to as electrostatic discharge (ESD). ESD is a member of
the electrical overstress (EOS) category of issues [1]. Electromagnetic pulses (EMPs) and
lightning are further EOS family members. Electronic components (transistors, diodes,
and microcircuits) are seriously at risk from ESD, and this fact impacts on how well those
components function in the systems in which they are used. For instance, the human body
is capable of accumulating static charges up to 25 kV. These accumulations can quickly
discharge into an object or an electronic gadget that is electrically grounded. Most electronic
companies now classify all semiconductor devices as ESD sensitive due to the damage ESD
may cause. ESD is a significant threat in the microelectronic and electronic sector. Magnetic
recording heads, sensors, and disk drives made of electronic parts all raise ESD issues [2].

ESD is divided into two stages. The term “electrostatic” describes the locally accumu-
lating static electric field and comparatively slow development of a differential voltage.
Discharge refers to the quick transfer of the resulting built-up charge brought on by the
failure of the intermediate insulator, usually atmospheric air. The fundamental ESD phases
are as follows [3]: (1) radio frequency (RF) fields generated by corona discharges (2) pre-
discharge effects, (3) discharge current, (4) electric field radiated by the discharge, and
(5) magnetic field also radiated by the discharge. Each may have an impact on sensitive
electronic equipment. The related currents and electromagnetic (E/M) fields that follow
discharges, however, pose the biggest concern.

Direct or indirect contact through the E/M radiation or the formation of a secondary
discharge within the piece of equipment are all possible ways for the ESD event to be con-
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veyed to the system [4,5]. The ESD vulnerability in today’s electronic products has increased
due to smaller manufacturing geometries and relatively less chip protection [4,6,7].

The system may continue to operate without any issues following an ESD incident, or
strained systems may undergo soft failure and resume normal operation after rebooting
with or without human action [6,8]. The system may potentially sustain a hard failure
because of heat effects, dielectric breakdown, or a combination of the two [9-12]. The
charged body creates a strong electric field that quickly collapses in the ESD environment,
which can cause noise to affect the system [9,11-13]. The discharged current also causes a
dramatic increase in the magnetic field. These electric and magnetic fields’ rate of variation
introduces noise into the system. The density of the ESD current determines how serious
the ESD threat is to the equipment under test (EUT) [9,11,12,14].

The IEC 61000-4-2 standard [15] describes the parameters of the ESD simulator for
the representation of a specific scenario involving a charged human body with a metallic
object, discharging on the EUT. This standard refers to the equation of the discharge current
waveform during contact discharges as it has been defined after the implementation of
genetic algorithms [16,17]. Due to the mismatch between the described circuit and the ESD
current as described in the current standard, there have been publications on a new ESD
circuit design [18,19].

The transient EM fields produced by the ESD generator during the discharge procedure
are also important factors in the induced ESD coupling on the EUT [4,9,10,13,20-22]. Exper-
imental methods [23-25], full wave numerical modeling [26-31], circuit modeling [5,32-36],
and hybrid simulations of the EUT and ESD source [25,30] can all be used to carry out the
ESD coupling study. However, it appears that modeling full wave has some constraints in
computation resources and modeling accuracy based on the state of the art [12].

Annex D of the current IEC 61000-4-2 focuses on the E/M fields emitted by human
metal discharge and ESD generators. While the measurement techniques described in
Annex D are recommended, they are not required. Regarding the measurement of the E/M
field radiated by ESD, it could be said that it is quite a challenge given that these discharges
are very fast transient phenomena, with a total duration of a few hundred ns [37-39]. So
far, the exact sensors that will be used to measure the E/M field have not been determined.
From the measurements of the E/M field, listed previously for different arrangements,
when the coaxial adapter was on an insulating material [39] or in the center of a metal
surface [37,38] it was concluded that both the values and the waveforms of the generated
fields differ depending on the experimental devices and the sensors used.

In addition, there are differences in the same generator depending on its orientation,
since the electric and magnetic fields differ, in relation to the direction in which the mea-
surement is taken. This fact affects each EUT differently depending on the position of the
generator in relation to the EUT since the induced voltages are different in each case. This
is a reason during ESD generator verification that the estimation of the E/M field has been
studied in the past [40-42] and should be considered in the standard’s [15] next revision.

The current work begins by describing the ESD phenomenon and the definition of
the IEC standard [15] for the ESD current (Section 2). Then, in Section 3, the state-of-
the-art ESD E/M field computation, starting with the dipole model of the ESD radiated
fields and continuing to all the approaches that reduce the computational effort, are pre-
sented. In Section 4, there is an analysis of the measurement setups and the field sensors
that researchers have used for measuring the E/M field radiated by ESD discharges. In
Section 5, a comparison of the experimental results for the measurement setups of Section 4
is made. Finally, in Section 6 (Discussion), there are revision suggestions for the current
IEC standard [15].

2. Effects before the Electrostatic Discharge

Either inductively or triboelectrically, objects build up energy. Relative surface motion
is a mechanical mechanism used in triboelectric charging to transfer energy. Parameters
such as the type of contact, air humidity, smoothness of the surface, contact pressure, and
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the rate of relative motion affect the amount of the transferred charge [43]. A crucial stage
in the prevention of ESD is taking precautions to avoid excessive charging. These include
humidity management, anti-static carpets, and anti-static materials.

The capacitance of a person has a significant impact on the voltage up to which
they can be charged. Cylinders and spheres can be used to simulate the capacitance of
humans. [44]. For a charged person, common voltages are 8-10 kV [45], coming up to 30 kV
in some cases. Voltages less than 3 kV generally do not cause electric arcs that can be felt by
humans. Numerous potentially upsetting ESD events therefore go unnoticed.

An ungrounded item is subjected to an electrostatic field, which results in induction
charging [43]. This frequently occurs when devices are being transported and packaged. A
significant static load on a plastic box or container can be generated by handling, conveyor
belts, and other friction sources. Consequently, the electrostatic field can affect solid-state
logic via charge drainage and dielectric burn. [46].

A gas, like air, is a very good insulator under normal conditions. Since electrons
are firmly bound, transferring electricity is challenging. Atoms can travel freely but are
restricted by collisions. The kind of atmosphere, pressure, and temperature all affect how
fast and frequently particles collide. Although they are typically in very small quantities
and will move randomly, positive ions and free electrons may be present. The flow of
charged particles is biased when an electrostatic field is applied. Now, positive ions will
try to move toward the cathode while electrons will try to move toward the anode. With a
mass ratio of 1:1800, electrons are lighter than positive ions and have lower collision cross
sections. High-field levels may cause a channel of low impedance inside the gas, which
would speed up the transmission of charges. The complicated process, also known as the
electrical breakdown of gas, has been a significant field of study for more than a century.

The discharge current is affected by various factors, such as the charging voltage, the
approach rate leading to the discharge, the geometry of the electrode, the characteristics of
the conductive channel, and the RLC characteristics of the discharge victim. It is challenging
to create a straightforward, all-encompassing model of an ESD event due to the broad range
that these factors can span. To make ESD testing more repeatable and useful, however, the
IEC [15] created standardized current shapes, targets, and test setups.

Figure 1 depicts the human body model (HBM) pulse that an ESD generator must
produce in accordance with IEC 61000-4-2 [15]. The charging voltage of the ESD generator
determines the discharge current’s amplitude, which has a rise time (t;) of 0.8 ns (+25%).
The rise time (t;), peak discharge current (I,), current at 30 ns (I3p), and current at 60 ns
(Igo) are the four variables of the ESD current. These two current values, I3y and Iy, are
determined for periods of 30 ns and 60 ns, respectively, beginning when the current equals
10% of the peak current, as shown in Figure 1.

Discharge Current [A]

01X,

r T T 1 T T f
-10 10 20 30 40 50 60 70 80 90 100

Time [ns]

5

Figure 1. ESD current waveform for contact discharges.
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3. ESD Radiated Fields Approach Using the Dipole Model

The fields caused by ESD currents can couple to vulnerable internal circuits or directly
enter equipment through openings such as apertures, seams, vents, and others. Therefore,
at frequencies where issues are anticipated, the designer tries to reduce this coupling.
Inefficient receivers must also be ineffective heaters, according to the law of reciprocity.
Circuits that are voltage-sensitive and have high resistance tend to be excited by electric
fields. Therefore, unwanted coupling can be reduced by keeping the receiving antenna’s
impedance at low levels. There are usually trade-offs, but this might improve magnetic
field collection. Boxleitner [5] provides a thorough explanation of the arrangement of circuit
boards to reduce line-antenna issues.

Wilson and Ma [47] have modeled the E/M field of the ESD event utilizing the dipole
in Figure 2, which is of length dl and is positioned above a perfect ground. A cylinder-
shaped coordinate system (p, ¢, z) is placed in the center of the dipole, and its mirror image
atz =7’ is applied. Figure 2 shows the dipole as being above earth, but actual ESD incidents
take place very near the victim conductor. Therefore, the dipole is permitted to touch the
earth, or z/ = 0. Ris the distance variable from the observation point to the source.

b
ra
Dipole z . Observation point
Plp.9.2)
X
5
¥
Image of .
dipole z
Figure 2. The dipole source model.
3.1. Electric Field
The electric field is derived from Equation (1):
—
E=E, ap+E; o (1)

where:

E, =

2-7T- ¢ c?2-R ot

pR( Z/, t—f + 1 .ai(z’, —%) o

3.22 1 1 8i(z’,t—§)
2-7m-gp (c-R4c-R2> ( c +(02 R3 2. R) ot ®)
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where c is the speed of light, [ is the total length of the current path, and a,, and «; are the
unit vectors in the direction of p and z, respectively. i is the time variant current waveform
evaluated at t — R/c. If the current is known, the electric field can be examined using this
equation at the ground plane, which represents direct penetration into vulnerable EUT. The
size of E is mainly determined by two variables. Geometrical variables come first, followed
by the current form and its derivative. For instance, in the near field (small distance), E
should perform as follows if geometry is the dominant factor:

3.i(z/,t— R
E, ! Lz (M) (near field) 4)

Il

2-7m-¢g RZ c-R?

R

l 3-22 1 A, R .
E, = 2 7gg Kc-R‘l _ c-Rz) -z(z,t—cﬂ (near field) 5)

Equations (4) and (5) indicate that the current waveform directly controls the near
electric field. The part of the discharge that occurs on the hand and forearm is the most
dangerous for the EUT, and it is also sensitive to peaks of the electric field. The discharge of
the human body or current tail will be the main cause of the victim'’s distress if the exposure
was prolonged.

In the far field, Equations (2) and (3) are rewritten as follows:

) gi(z,t — R
E, L e Z(Czl : < c)>(farfield) (6)

1%

2-7m-gg RZ ‘R ot

gi(z,t— R
g~ ! [( z ! ) iz )] (far field) @)

"2 mg |[\2 R 2R ot

According to Equations (6) and (7), the current’s time derivative shape makes the
highest contribution in the far field. Low-voltage sparks with rapid rising times and,
consequently, with high time derivatives of the current may be the most destructive.
The main sources for the far ESD field to neighboring sensitive equipment are longer
interference paths, such as indirect radiation.

3.2. Magnetic Field

Since magnetic fields can more easily pass through low-impedance shields than electric
fields, they pose a greater interference risk. Along with electric fields, they also excite
apertures and seams. Low-impedance antennas, especially circuit loops, can best receive
them. As a result, since loops are frequently difficult to identify, eliminating loops presents
a challenging design problem. Boxleitner [48] proposes ways to reduce loop area through
effective routing strategies. Analyses of the E/M fields radiated by ESD are both possible.
The derivative of the magnetic field from a dipole of length dz’ in cylindrical coordinates
(o, @, z) can be calculated by Equation (8):

dBy(R,t) = ‘ug%lj_[z,sinﬂ |:i(Z/'R_ 5) I 1 ' ai(z’, - 15)] ®)

2 c-R ot

Integrating Equation (8), the magnetic field strength is given by Equation (9):

‘(i<z’,t§>+ 1 'Bi(z’,tf)) o

R? c-R ot

==

I
Hy(p 2, t) = 5—-



Electronics 2023, 12, 2577

6 of 21

According to Equation (9), the magnetic field is dependent on the current i(t), which
predominates in the near field zone, and the current derivative ala(tt) , which predominates
in the far field zone.

In the near field, the H-field behaves according to:

Hy(p,z,t) = e w (near field) (10)
o2 =R R2
while in the far field, it is found as:
i oi (Z/,t — %) ]
Hyp(p,z,t) = TR 5 (far field) (11)

Similar to the electric field, the near magnetic field is directly affected by the ESD
current form. As a result, we would anticipate that the highest fields would correspond to
the highest current levels. Like the electric field, the magnetic far field depends on the time
derivative of the current. Therefore, the low-voltage, quick rise-time sparks interfere the
most with nearby equipment. D. Pommerenke [49] examined how the magnetic field alters
with distance. Equation (12) can be used to determine the magnetic field at the ground
plane if the current derivative term is negligible (% = 0):

I !
o2 T (12)

If r << lorr >> I then the Ampere’s law is valid, and Equation (12) can be simplified
as follows:

Hy(R, t) =

I
2-mw-r

Hy(R,t) = (13)

It is rather simple to explain the E/M process when a charged human body is placed
in front of an EUT. Between the fingertip and the EUT, an electrostatic field forms prior
to the breakdown. The geometry of the conducting bodies, the distances, and the external
factors affect this field. The ionization of the air uses a portion of the focused electric energy.
Free electrons are driven by the strong electric field that causes a discharge current. Early in
development, the magnetic energy increases while the electric field simultaneously decreases.

Wilson and Ma [47] were the first to model the ESD event using an elementary dipole
above the ground. The radiated fields in the far field after computations from the model,
compared with the measured ones, were found to have qualitatively good agreement
between model and experiment. Later, Pommerenke [50] measured the near radiated fields,
also finding a good agreement between theory and experiment.

Simulations of air ESD must combine a non-linear arc model with an object, combining
an arc model with a geometry model. Pommerenke in [50] used a time step algorithm based
on a method of moments. Its implementation is shown in Figure 3, and it uses a thin wire
approximation, point matching, and square base functions based on a dipole structure. The
thin wire approximation (of total length L and thickness b) limits the maximum thickness
of the dipole to about one-third of the time/space steps (Ax = cAt). The use of small-time
steps is crucial because the charge near the arc affects the initial peak. Rompe and Weizel’s
law is numerically expressed to simulate the arc:

R(f) = ——2 (14)

\/2afyi(8)%dE

where R is the arc resistance (in Ohms), 4 is the arc length (in m), 7 the discharge current (in
A) and 4 is an empirical constant equal to (0.5 — 1) x 10~# m?/V?2.
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Figure 3. Geometry used for field simulation during air discharges.

4. Electromagnetic Field Measurement Radiated by ESD
4.1. Electric and Magnetic Field Coupling of the ESD Generator

The IC’s susceptibility to ESD is rising. The shrinking structural width of ICs is one
cause of this greater sensitivity. Microcontrollers and application-specific integrated circuits
(ASICs) are presently getting close to 10 nm. Higher switch rates for the transistor cells are
made possible by shrinking structural geometries, which also lower the supply voltage.
This inevitably makes ICs more susceptible to influence.

Typically, the ESD generator looks like a gun with a metal point. This metal tip is used
to test “contact discharge” by lightly touching metallic components of the test apparatus to
start the test pulse. The interference is pertinent to the current pulse that was introduced.
This ESD current waveform is described in IEC 61000-4-2 [15]. The interference effect
during the test process should be defined by its curve shape parameters. In real life, curve
form specifications are not always tracked by the ESD generator. There are interference
events that are challenging to understand. For instance, some EUT may only encounter
interference when facing the right side of the generator, with no interference from the left
or other sides. Fields from the generator’s housing that act on the EUT can explain this.

Rapid transient magnetic and electric fields are radiated by ESD generators. During
testing, the EUT may be affected by these fields that come from the ESD generator’s casing.
The electrical circuit’s ICs will consequently respond with failures in accordance with their
sensitivity. The maker and technology have an impact on an IC’s sensitivity. An IC’s
ability to detect and generate mistakes from shorter disturbance pulses increases with
speed. These fields are generated by the structural elements inside the ESD generators. The
toggling of the high voltage switch produces electric fields (Figure 4a). The consequent
recharge currents result in magnetic fields (Figure 4b).
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Figure 4. Coupling of the ESD generator for (a) the electric field and (b) the magnetic field.

From the ESD generator, the electric pulse fields capacitively couple to the IC’s internal
signal lines, test spots, pads, and pins. The frequency range corresponds to the coupling
capability. The field strength E and its change over time (dE/dt) determine the interference
impact of the generator. In the circuits, the magnetic field causes voltage to be induced
in conductor loops. These loops may be present on the component or within the IC as
conductive lines.

Many different internal conductor systems, switches, and components found in ESD
generators can produce E- or H-fields. The ESD generator’s high-voltage trigger has a
switching range of 100 ps. The user has the option of holding the generator tip in various
positions and distances from the EUT. In some circumstances, the generator housing may
press up against the EUT. This moves the generator’s various field-generating components
and the electronics closer together. Practice has shown that different ESD generators have
different interference patterns based on their type and placement.

4.2. Measurement Setups and Instrumentation for the Measurement of the E/M Field Produced
by ESD

Table 1 presents the most significant research works on the E/M field measurement by
electrostatic discharges with other measured magnitudes derived by the same experimental
setups. Takai et al. [51] make recommendations for measurement tools designed specifically
for E/M fields generated by ESD near electronic equipment. The observed EMI intensity
is a relative number because this measurement apparatus was created with the intention
of identifying ESD and documenting the moment it occurred. In [52], a new method for
monitoring impulses was created. This system uses the associated fields to reliably identify
ESD. With a bandwidth of more than 1 GHz, this monitoring device logs electric and
magnetic field values and their peak derivatives. Additionally, time and environmental
data (such as temperature and humidity) are logged. The monitoring system is explained,
and approaches to data evaluation are given.

Table 1. Summary of measurement configurations for the E/M field radiated by electrostatic discharges.

Measured Magnitudes Discharge Type
Ref. Discharge Electric Magnetic Optical Induced
Current Field Field Radiation Voltages
[51] X X X Both air and contact discharges
[52] X X Contact discharges
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Table 1. Cont.

Measured Magnitudes Discharge Type
Ref. Discharge Electric Magnetic Optical Induced
Current Field Field Radiation Voltages

[53-55] X X X Air discharges

[56] X X X Both air and contact discharges

[57] X X X X Contact discharges

[58] X X X Contact discharges

[59] X X X X Both air and contact discharges

[22] X X X X Contact discharges
[37,38] X X X Contact discharges

[39] X X X Contact discharges

[15] X X X Contact discharges

Bendjamin examined the magnetic field and optical radiation produced by electrostatic
discharges [53-55]. The results presented showed that by reducing the conductivity of
the material that the EUT is made from, one can reduce the peak current as well as the
peak derivative of the magnetic field. In [56], Pommerenke and Aidam compared human
ESD currents, current derivatives, and transient fields to currents and fields produced by
commercial simulators. The findings highlight the standardized setup and undefinable yet
important simulator characteristics. There are suggestions for potential enhancements to
the ESD test standards. The ESD current can be calculated using the provided formula.

The aim of reducing the influence of the simulator was investigated by Frei and
Pommerenke in [57], examining the field values on the horizontal coupling plane for
various excitations and grounding topologies. In [58], it has been suggested and validated
to use a numerical model to simulate ESD generators. Based on the charge voltage and the
manufacturing details of the ESD generator, the simulation results can be used to forecast
the current and field of ESD generators. For parametric research, the results’ precision is
satisfactory. The model is appropriate for computing the coupling between structures. If
the brand of the ESD generator is changed, it enables prediction and investigation into the
causes of test result variations.

Even though ESD current curves for different generators are similar, regarding the
Imax, tr, I3, and Igp parameters, tests show different outcomes (pass or fail) for the same
EUT depending on the generator that has been used. This occurs because there is no
specification for the generated transient field that differs for each ESD generator. The
test’s repeatability must be improved by such a specification. Working in this direction,
Pommerenke [58] investigates the requirements for the current derivative, fields, and
induced voltages produced by ESD events. Comparisons are made between the reference
event parameters and common ESD generators.

The study in [22] uses measurements collected by field sensors and an effective numer-
ical prediction model to evaluate the electric and magnetic fields caused by electrostatic
discharges (ESDs). Software that utilizes the finite integration technique (FIT) is used
to implement the numerical prediction model. Considering the generator’s loading im-
pact, the ESD generator is effectively modeled, and the contact mode discharge current is
accurately captured.

During the verification of these generators and for contact discharges, Fotis et al. [37,38]
measured the electric and magnetic fields radiated by commercial ESD generators at various
distances from the discharge point and at various directions in the near field. The same
E/M field sensors were used by Pommerenke et al. [12] for modeling electrostatic discharge.
In [39], Fotis et al. conducted the same measurements but with different types of sensors.
The sensors used were from Rohde Schwartz. The IEC standard on ESD [15] describes the
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measurement procedure for the measurement of the E/M field radiated by ESD generators.
However, these measurements are not compulsory but informative, which maybe should
be compulsory in its next revision.

4.3. E and H Field Sensors for the Measurement of the Electromagnetic Field from ESD
4.3.1. Ground-Based Field Sensors with Active Integration

A ground-based field sensor type with active integration has been created [37,38,56]
using a multistep analog integration for the H-field sensor and an impedance converter
made of GaAs for the E-field sensor. They are roughly 4 cm by 3 cm by 1 ¢cm in size and have
a rectangular shape. Figure 5 depicts these sensors, and Figure 6 depicts the circuit that can
be used to describe how the compensatory function of the lower frequency response works.
The authors in [58] provide a thorough examination of these sensors and their calibration.

(b)
Figure 5. Ground-based field sensors with active integration for: (a) the E-field and (b) the H-field.

1kQ L. 1kQ

74 pF 280 pF—~

/1

G1

1kQ L 1kQ

17 nF 17 nF 1~

A

Figure 6. Circuit describing the compensation function for the E-field sensor. For the H-field sensor a
circuit having four such networks have been used.

The E-field sensor has a dynamic range of 20 V/m to 20 kV/m. When measured in
an open strip line, the sensor has a 1.5 dB frequency response from 2.5 MHz to 2 GHz.
Using a frequency response setup, the sensor’s 194 uV(V/m) sensitivity can be calibrated.
A network analyzer and a sensor mounted on a strip line make up the calibration setup.

The H-field sensor has a dynamic range of 0.1 A/m to 200 A/m. When measured
in an open strip line, the sensor has a 1.5 dB frequency response from 2.5 MHz to 2 GHz.
The calibration process, which makes use of a frequency response setup, can identify the
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sensor’s sensitivity, which is 124.14 uV (A/m). A network analyzer and a sensor mounted
on a strip line make up the calibration setup.

4.3.2. Passive E- and H-Field Sensors

The E-field sensors are ball probes that can detect signals up to 2.5 GHz and were
used to measure the electric field [53,54]. The ball probe shaft is constructed of a length of
50-ohm coax. The coax is terminated at its end with a 50-ohm resistor to present a conjugate
termination to the 50 ohm line. Then, the center conductor is extended beyond the 50 ohm
termination and attached to a metal ball. The ball serves as an E-field pick-up. However,
the absence of a closed loop prevents current flow, allowing the ball probe to reject the
H-field.

The induced voltage in the E-field probe was calibrated to get the electric displacement

vector dd—? using Gauss’s law:
dD d(SQE)
Aeq = 4711 (16)

where R is the resistor’s characteristic load impendence, which is 50 ohms, D is the magni-
tude of the electric displacement vector, V is output voltage of the probe (in volts), A, is
the equivalent sensor’s (ball probe) given in (16), and ¢y = 8.854 x 10712 F-m~!. Since the
ball probe’s diameter is 3.6 cm, the following equation is derived:

E
aE _ 5.548-10'2V}, (17)
dt
By numerically integrating the derivative of the electric field strength, the electric field

strength E is obtained. This sensor type is shown in Figure 7a.

(a) (b)

Figure 7. (a) Passive E-field sensor and (b) passive H-field sensor.

H-field sensors capable of sensing signals up to 1.5 GHz were used to measure the
magnetic field [39,53,54]. A 3 cm diameter loop probe with a single-turn, shorted loop
inside a balanced E-field shield operates as the sensor. To make the loop, a single piece
of 50-ohm semi-rigid coax from the connector is turned into a loop. The coaxial cable’s
center conductor and shield are arranged in a 360-degree circle around the shaft’s shield,
where they connect to the shaft of the probe. As a result, a single, compacted turn is formed,
and the E-field shield of the coax shield is balanced. The usual impedance of the loop and
shield structure is 50 ohms, forming a balanced shield so that the loops effectively reflect
E-field signals.
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The induced voltage in the H-field probe was calibrated to get the magnetic flux
density derivative using Faraday’s law of induction according to Equation (17):

dB

I (18)

W = Aeq :
where V| is the sensor’s output (in volts) and Ay is the equivalent sensor’s area (in m?).
Consequently, a measured voltage of 1 volt with a loop probe of 3 cm in diameter equals to
1/7.0686 x 10~ = 1414.71 tesla/s. By integrating the derivative of the magnetic field, the
magnetic field (B,) or the magnetic field strength (H,) is obtained, where ¢ is the azimuthal
coordinate around the tip axis. Figure 7b depicts this kind of sensor.

5. Comparison of Experimental Results from the International Literature

At this point, it is necessary to compare the experimental results for the measurement
of the E/M field, as derived by various researchers. It must be emphasized that the study
of the field produced by electrostatic discharges is a particularly difficult issue due to the
rapid transient phenomenon of electrostatic discharge, which requires the use of specially
constructed sensors. For this reason, there have been different results both in terms of the
form of the magnetic or electric field produced and in terms of the values that are measured
each time.

In [39], measurements of the E/M field were presented using passive sensors manu-
factured by Rohde & Schwartz, when the coaxial measuring adapter was on an insulating
material. Typical waveforms for the measured magnetic and electric fields are shown in
Figures 8 and 9, respectively. The same type of sensor has been used by Bendjamin [53,54],
who tried to examine the characteristics of electrostatic discharge based on the current,
optical radiation, and the generated E/M field. He measured the radiated electric and
magnetic fields for air discharges in small gaps. Examples of waveforms resulting from
his measurements are shown in Figures 10 and 11 below. A comparison between the
experimental results of these two researchers proves that there are some differences in the
measured E/M field. This has to do with differences in the experimental setups, the differ-
ent types of generators and equipment that have been used to carry out the experiments,
and the fact that the discharges studied by Bendjamin were air discharges and not contact
discharges. It must be noted that due to the lack of specific measuring equipment for the
E/M field, various researchers have been enabled in such measurements using different
equipment and measuring setups. Consequently, a comparison of experimental results
regarding the same or almost the same experimental setup using passive field sensors is
not available in the literature.

Pommerenke in [57] measured the E/M field from electrostatic discharge generators
with the sensors mentioned in Section 4.3.1. In Figure 12, measurements of the magnetic
and electric fields with these sensors are presented, when the coaxial measuring adapter
was in the center of a grounded metal plate, with dimensions of 1.6 m x 0.8 m. The
measuring sensors for both the magnetic and the electric fields were placed at a 10 cm
distance from the point of discharge, while measurements of the produced E/M field were
made for three different generators for charging voltages of 3 kV.
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Figure 8. Comparison of the magnetic field strength at different distances from the discharge point
(charging voltage —2 kV) [39]. Adapted with permission from Ref. [39]. 2023, Elsevier.
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Figure 9. Comparison of the electric field strength for a ESD generator at three different distances on
the same axis from the discharge point (charging voltage -2 kV) [39]. Adapted with permission from
Ref. [39]. 2023, Elsevier.
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Figure 10. The magnetic field strength produced for a gap length of 2 mm and a charging voltage of
10 kV at distances from the discharge point: (1) 10 mm, (2) 20 mm, and (3) 30 mm [53].
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Figure 11. The generated electric field 3 cm from the discharge point for a charging voltage of
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Figure 12. Comparison for three different ESD generators 10 cm from the discharge point for a
charging voltage of + 3 kV [57] for: (a) the H-field strength and (b) the E-field strength. Adapted with
permission from Ref. [57]. 2023, Elsevier.
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Fotis et al. [37,38] measured the radiated electric and magnetic fields from commercial
ESD generators using the same sensors as Pommerenke when the Pellegrini target was
mounted in the center of a 1.5 m x 1.5 m metal plate and for various directions and
distances from the discharge point, as shown in Figures 13 and 14, respectively. It was
found that each generator produced a different electric and magnetic field, depending on
its orientation. Figures 15 and 16 present the average maximum values for the magnetic
and electric field strengths, respectively, for the same ESD generator at various distances
from the discharge point.
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Figure 13. Cont.



Electronics 2023, 12, 2577 16 of 21

HW Cable

Harth
LI

Line <+—— [ESD generator

Grounded metal
plate (1.5m = 1.5 m)

j ===y <—— E-field sensor

Pellegrini target | Hole on the l .
- (MD101) metal plane |~ RF fiber
: optic

i , Frequency _
Basic Station ! I5V Compensation DC Supply
: pC —

(only for the | Circuit
NSG 438)
L |
DC Supply | Coaxial
. Cables |
__________ T_____________4______________+______________________J
Anechoic
Chamber

| Channel 2 (E-field) Room

. |
JP— e |
“Attenuators
! Control
|
|
]
|

.. Channel 1 (ESD current)y
Oscilloscope TDS |
72548 I

Figure 13. Laboratory setups: (a) measurement of the H-field and (b) measurement of the E-field.
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Figure 15. The average maximum values of the H-field strength and their standard deviations in the
three directions and for all distances for contact discharges with the same generator (charging voltage
equals to +4 kV) [38]. Adapted with permission from Ref. [38]. 2023, Elsevier.
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three directions and for all distances for contact discharges with the same generator (charging voltage
equals to +4 kV) [37]. Adapted with permission from Ref. [37]. 2023, IOP Publishing.
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Regarding the maximum values of the magnetic and electric fields, it should be
noted that comparisons between the maximum values of the magnetic and electric field
measurements, which have been carried out in various research works, would not be
correct to make on the one hand because the generators that have been used in each case are
different and, on the other hand, because the equipment that has been used is also different.
After all, according to Sroka and Leuchtmann [60], the results of the measurements differ
depending on the measuring system used each time.

6. Discussion—Suggestions for the IEC 61000-4-2’s Next Revision

The different magnetic or electric fields, produced by different generators or by the
same generator depending on its orientation, result in the induced voltages at adjacent
points also being different. This implies that a test that is conducted by one generator
passes the test according to IEC standard 61000-4-2 [15], while the other fails. This fact
demonstrates the necessity of studying the E/M field produced by the various electrostatic
discharge generators so that in the next revision of the standard [15] there will be manufac-
turing instructions for these generators, which will determine the limits of the generated
fields. The fact that there is an asymmetry in the distribution of the E/M field around
the electrostatic discharge generator occurs because of (a) the asymmetrical high voltage
relays inside the generators and (b) the position of the generator ground cable. During the
experiments, the ground wire must be in the same position so that the measurements of the
produced field are repeatable.

Annex D of the current IEC 61000-4-2 is on the radiated fields from human metal
discharge and ESD generators. However, Annex D is informative and the described
measurement techniques are not compulsory. In the upcoming revision of the standard [15],
the E/M field parameter, produced by electrostatic discharge generators, could be included
as mandatory. Specifically, the setup that will be used for the measurement of the E/M
field should be defined. The sensors should be similar to those of D. Pommerenke [58].
At the same time, limits could be set for some parameters of the magnitudes of the field
during its verification, such as the maximum field strength of the electric or magnetic field,
Emax and Hmax, respectively, the rise time of the electric or magnetic field, and, possibly,
values of the field’s change (derivative). Additionally, the measurement of the E/M field
during the verification of the generators should be done around 360 degrees, which is of
course quite difficult from the point of view of implementation for the laboratories around
the world. In this way, the uncertainty during the verification of the generators will be
reduced, while the tests on real samples will be more reliable since their repeatability will
be ensured to a greater extent than now. The research outcome for the prediction of the
E/M field in [40-42] should also be included in the standard’s next revision, since it will be
a valuable tool for the laboratories involved in ESD testing.

In the next revision of the standard [15], it could be defined how an electrostatic
discharge generator should be constructed so that the produced E/M field is uniform
around the generator. If such a thing is not yet feasible, the manufacturers of electrostatic
discharge generators could, to make their products easier to use, write on the generators the
direction in which the generator produces the greatest electric and magnetic field strength
so that this is considered when using them. When testing equipment, and particularly in
marginal situations where a product is on the borderline of passing or failing, the standard
should state that the tests should be made in the direction that produces the highest field.
In this way, the best reliability of the tests will be ensured.

Finally, it should be mentioned that the next revision of the standard [15] should aim to
reduce the uncertainty of the conducted tests. It should be emphasized that the uncertainty
of the tests will clearly be reduced if limits and magnitudes are adopted for the E/M field
produced by electrostatic discharges. There will always be other causes even if the effect
of the E/M field is zero, such as the different length of the electric arc in electrostatic air
discharge tests or the different position of the generator ground wire.
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7. Conclusions

In the present work, a review was made of the experimental setups and measurement
sensors for the measurement of the electric and magnetic fields generated during ESD.
Extensive reference was also made to the existing standard for ESD, and it was found
that there is a need in its next revision to make it mandatory to measure the E/M field
during the verification of ESD generators by setting specific limits. In addition, the E/M
field derived by ESD generators should be considered by the designers of such generators
during their design phase.
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