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Summary

In conjunction with high speed and low voltage operation of ICs, the electromagnetic
(EM) immunity of electronic equipment has been degrading. Especially the transient
EM fields due to electrostatic discharge (ESD) events have broadband frequency spec-
tra, which cause a serious failure in high-tech information equipment. From this view-
point, the International Electrotechnical Commission (IEC) has prescribed an ESD-
immunity test. For instance, in the IEC 61000-4-2, an ESD-immunity test simulating
ESD events from a charged human body is specified and a typical discharge current
waveform for contact discharge of an ESD generator (hereafter called an ESD-gun) is
given in detail. The contact discharge is an IEC-recommended way in which discharge
currents are injected into the equipment under test (EUT) in direct contact with the
ESD-gun. On the other hand, air discharge is a way applied when the contact discharge
cannot be conducted such as to insulated surfaces of the EUT, in which, by approach-
ing the charged ESD-gun onto the EUT with pressing the switch of the gun, discharge
currents are injected into the EUT through a spark gap. In contact discharge of an
ESD-gun, injected discharge currents increase in proportion to charge voltages and
have good reproducibility. There, however, remains a question if contact discharge not
accompanied by a spark is appropriate for a test method simulating real ESD phenom-
ena. While air discharge with the spark is said to be a severer immunity test than the
contact discharge, its discharge currents do not always increase with charge voltages,
and can be affected by approaching speed of the gun. This leads the current waveform
to have poor reproducibility. Thus the IEC does not show the details of discharge cur-
rents for air discharge. For ESD events, on the other hand, it has been widely known
as a strange phenomenon in the related industries that in comparison of high voltage
ESD in several kilovolts, low voltage ESD in several hundred volts generates EM fields
having more broadband frequency spectra. The ESD of this kind causes more serious
failure to electronic devices, while the mechanism has not yet been elucidated.

In this study, from this perspective, firstly we proposed a method for calculating
the resultant magnetic near-field due to discharge currents for contact discharge, and
showed that the proposed method is effective in predicting the dependence on charge
voltages of peak levels of the magnetic near-fields. Secondly, to grasp the characteristics
of discharge currents for air discharge in view of approaching speed of the ESD-gun, we
measured discharge currents with respect to the approaching speed, and revealed that
between peaks and rise time of the discharge current waveforms a specific relationship
exists regardless of the approaching speed. For low voltage ESDs in particular, to
grasp the characteristics of contact and air discharges of an ESD-gun with charge
voltages lower than 2 kV, though the IEC prescribes the charge voltages above 2
kV for immunity testing, we conducted both discharges onto a 50-2 SMA connector,
and investigated the dependence of current peaks and rise time on charge voltages.
Moreover, by comparing the characteristics of observed current waveforms of both
discharges, we examined the test condition at low charge voltages. This thesis gathers



the above-mentioned studies together, which consists of the following five Chapters.

Chapter-1 deals with the introduction, the background and purpose of this study,
and the contents and organization of this thesis.

Chapter-2 describes calculation of magnetic near-fields generated by contact dis-
charge of an ESD-gun. With an equivalent circuit model to explain discharge currents
for contact discharge, we proposed a method to calculate voltage waveforms induced in
a magnetic-field probe. After confirming the feasibility of the circuit model by contact
discharge of an ESD-gun on a 50-2 SMA connector, we showed both by calculation and
wideband measurement using a 6-GHz digital oscilloscope the dependence on charge
voltages of the magnetic near-fields generated by contact discharge of an ESD-gun.

Chapter-3 describes characteristic measurement of transient currents injected by air
discharge of an ESD-gun onto an IEC-recommended current transducer (hereafter a
target) and a ground assumed a chassis. Firstly, onto the target, intentionally chang-
ing approaching speed of the ESD-gun, we conducted a wideband measurement of
discharge currents with a 6-GHz digital oscilloscope. As a result, we showed that,
despite the dependence of peaks and rise time of the discharge current waveforms on
the approaching speed of the gun, there exists a specific relationship between them re-
gardless of the approaching speed. Secondly, we conducted characteristic measurement
of transient currents for air discharge onto the ground. In discharges onto a ground,
discharge currents cannot be directly observed, and in air discharge, there may be a
discrepancy of the tip electrode from the discharge target point, which would make the
current estimation via a magnetic-field probe difficult. From this reason, we proposed a
method that can estimate discharge currents from magnetic fields simultaneously mea-
sured with two magnetic-field probes regardless of the distance between the discharge
target point and the probes. After verifying the proposed method for contact discharge
of an ESD-gun on a 50-2 SMA connector, we showed that the above-mentioned spe-
cific relationship between peak and rise time of discharge currents holds also for air
discharge of an ESD-gun onto a ground.

Chapter-4 describes characteristic comparison of discharge currents for contact and
air discharges of an ESD-gun from the viewpoint of ESD-immunity tests. Through
wideband measurement of discharge current waveforms for contact discharge of an
ESD-gun with low charge voltages on a 50-2 SMA connector, we investigated the
dependence of peaks and rise time on charge voltages. The results revealed that for
charge voltages below 2 kV the approaching speed of the ESD-gun does not almost
affect the current waveform and that air discharge at charge voltages below 1 kV can
provide a severer immunity test than contact discharge.

Chapter-5 describes the conclusion of this study and the future subjects.
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Chapter 1

Introduction

1.1 Background and Purpose of this study

In conjunction with high speed and low voltage operation of ICs, the electromagnetic
(EM) immunity of electronic equipment has been degrading. FEspecially the tran-
sient EM fields due to electrostatic discharge (ESD) events have broadband frequency
spectra, which cause a serious failure in high-tech information equipment =2, From
this viewpoint, the International Electrotechnical Commission (IEC) has prescribed
an ESD-immunity test. For instance, in the IEC 61000-4-2, an ESD-immunity test
simulating ESD events from a charged human body is specified and a typical discharge
current waveform for contact discharge of an ESD generator (hereafter called an ESD-
gun) is given in detail (3,

The contact discharge is an IEC-recommended way in which discharge currents are
injected into the equipment under test (EUT) in direct contact with the discharge
electrode of the ESD-gun. On the other hand, air discharge is a way applied when the
contact discharge cannot be conducted such as to insulated surfaces of the EUT, in
which, by approaching the charged ESD-gun onto the EUT with pressing the switch
of the gun, discharge currents are injected into the EUT through a spark gap. In
contact discharge, injected discharge currents increase in proportion to charge voltages
and their waveforms have good reproducibility. There, however, remains a question
whether or not the contact discharge not accompanied by a spark is appropriate for
a test method simulating real ESD phenomena. While air discharge with the spark is

said to be a severer immunity test than the contact discharge, its discharge currents

1



do not always increase with charge voltages, and can be affected by approaching speed

of the gun .

This leads the current waveforms to have poor reproducibility. Thus,
for air discharge, the IEC does not show the details of discharge current waveforms.

For ESD events, on the other hand, it has been widely known as a strange phenomenon
in the related industries that in comparison of high voltage ESD in several kilovolts,
low voltage ESD in several hundred volts generates EM fields having more broadband

frequency spectra. The ESD of this kind causes more serious failure to electronic

devices, while the mechanism has not yet been elucidated 2.

In this study, from this perspective, firstly we proposed a method for calculating the re-
sultant magnetic near-field due to discharge currents for contact discharge, and showed
that the proposed method is effective in predicting the dependence on charge voltages
of peak levels of the magnetic near-fields. Secondly, to grasp the characteristics of
discharge currents for air discharge in view of the approaching speed of the ESD-gun,
we measured discharge currents with respect to the approaching speed, and revealed
that between peaks and rise time of the discharge current waveforms a specific rela-
tionship exists regardless of the approaching speed. For low voltage ESD events in
particular, to grasp the characteristics of contact and air discharges of an ESD-gun
with charge voltages lower than 2 kV, though the IEC prescribes the charge voltages
above 2 kV for immunity testing, we conducted both discharges onto a 50-0 SMA
connector, and investigated dependence of the current peaks and rise time on charge
voltages. Moreover, by comparing the characteristics of observed current waveforms of
both discharges, we examined the best condition at low-charge voltages. This thesis

gathers the above-mentioned studies together.

In this chapter, an immunity test against electrostatic discharges and organization of

this thesis are described.



1.2 Immunity test against Electrostatic discharge

As described in the preceding section, an ESD-immunity test simulating ESD events
from a charged human body is being prescribed as "IEC 61000: Electromagnetic com-
patibility (EMC), Part 4-2: Tsting and measurement techniques, Electrostatic dis-
charge test” (IEC 61000-4-2) by International Electrotechnical Commission (IEC) L.
This standard is being adopted in Japan by Japanese Industrial Standards as ”JIS C
61000-4-2”. The is one of the immunity tests aimed at electrical and electronic equip-
ment subjected to electromagnetic (EM) noise, such as ”"Radiated, radio-frequency,
electromagnetic field immunity test” (IEC 61000-4-3), ”Electrical fast transient/burst

immunity test” (610004-4), and ”Surge immunity test” (61000-4-5),

In the ITEC 61000-4-2, by injecting discharge currents into the EUT from the ESD-
gun, malfunctions and destructions of electronic devises are tested. The IEC 61000-4-2

defines in detail,

e Typical waveform of the discharge current
e Range of test levels
e Test set-up

e Test procedure.

The object of this standard is to establish a common and reproducible basis for eval-
uating the performance of electrical and electronic equipment when subjected to elec-
trostatic discharges. In addition, it includes electrostatic discharges that may occur

from personnel to objects near vital equipment.

1.2.1 ESD-gun

Figure 1.1 shows the appearance of a commercially available ESD-gun and an equipped

high voltage generator. In this study, a Noise-Ken products ESD-gun (TC-815P) and



High voltage generator ESD-gun
(NoiseKen, ESS-2001) (NoiseKen, TC-815P)

Figure 1.1: Appearance of a commercially available ESD-gun and its equipped high
voltage generator.



its equipped high voltage generator (ESS-2001) are used. The ESD-guns specified by

the IEC consists of the following parts:

O Discharge resistaor R [ Energy-storage capacitor C'
00 Charging resistor Ry 0 Exchangeable tip electrodes
O Discharge return cable [ Porwer supply unit

Although details of the inner structure are not given, the discharge return cable is
prescribed to have a length of approximately 2 m. The ESD-gun is also required to
be sufficiently insulated to prevent the discharge current from flowing through some
part of the output terminal to a human body or conductive surfaces of the EUT. The
discharge resistance R and the energy storage capacitor C' correspond to a human skin
resistance of 330 €2 and a human-body capacitance of 150 pF, respectively. Figures
1.2 (a) and (b) show the inner structure of an ESD-gun and its simplified equivalent
circuit, respectively. As the circuit shown in Figure 1.2 (b), the charge accumulated by
the DC power supply is discharged from the tip electrode through the resistor R. The
tip electrode is made of stainless steel, and is exchanged according to current injection
methods for the one with different shapes and dimensions, which are shown in Figures

1.3 (a) and (b) for contact and air discharges, respectively.

1.2.2 Calibration method

To obtain the similar results by using different ESD-guns, in the IEC 61000-4-2, dis-
charge current waveform is specified in detail: in advance of the discharge against the
EUT, the IEC requires calibration of current waveform for contact discharge on an
[EC-recommended current transducer (Pelligrini target, hereafter called a target). A
typical current waveform for the contact discharge is shown in Figure 1.4.

Figures 1.5 (a) and (b) show the appearance and inner structure of a commercially
available target, respectively. Also shown in Figure 1.5 (c) is an equivalent circuit at
low frequencies of the target. The target consists of a flat electrode for current injection,

25 resistors of 51 € (combined resistance: R;=2 ), 5 resistors of 48 {2 (combined



Switching circuit [ ﬁ/ —
Discharge tip
High voltage generator
\ Earth return cable

(a) Structure of an ESD-gun

) f@/o l \\// Tip Electrode
DC power| T C
supply '+ T ‘[
- T - . Return cable

(b) Equivalent circuit

Figure 1.2: Inner structure of an ESD-gun (a) and its simplified equivalent circuit (b).
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(b) For air discharge

Figure 1.3: Dimensions of tip electrodes; (a) for contact discharge and (b) for air
discharge.

resistance: Ry=48 (1), and a 50-Q2 N-type connector (characteristic impedance: Zy=50
Q). Since stray capacitance and parasitic inductance of the shunt resistors can be
negligible at low frequencies, let i(t) be the injected current on the upper electrode,
then the voltage v(t) appearing across a termination load of Z;=50 (2 is given as,
R

M w

Ri+ R+ %y
X 2 X i(t)

——— X i

2+48+50
= i(t) (1.1)

U(t) = ZO

= 50

In this way, the current injected on the electrode can be observed as a voltage waveform
appearing across the termination load. In addition, this voltage waveform is required
to be observed by using measurement instruments with a bandwidth of 1 GHz and
above. Concerning the frequency characteristics of this target!®, however, the transfer

impedance is known to have a resonance around 3 GHz 7.
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I peak
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I at 30 ns V
I at 60 ns
10 %
>t
%{tre 30 ns
< 60 ns
Level Charge Ipeax t, ITat30ns [at60ns
oltage
1 2kv. 75A 0.7~1.0ns 4 A 2 A
2 4 kV 15A 0.7~1.0ns 8 A 4 A
3 6kV  225A 0.7~1.0ns 12 A 6 A
4 8 kV 30A 0.7~1.0ns 16 A 8A

Figure 1.4: Typical current waveform of contact discharge for calibration of ESD-guns
by the IEC-recommended current transducer (Pellegrini target) .



Resistor (51Q) X 25 Electrode

uk‘\ 50-Q N-type connector
50-Q N-type connector Resistor (240€2) X 5
(a) Appearance (b) Internal structure

i) R tio

()

(c) Equivalent circuit at low frequencies

Figure 1.5: Appearance of the IEC-recommended current transducer (Pellegrini target)
(a), its internal structure (b), and equivalent circuit at low frequencies (c).
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1.2.3 Test method

Based on the methods injecting the discharge current into equipment under test (EUT),
the IEC prescribes two discharge modes along with test voltages (charge voltages) %I,

One is "contact discharge” and the other is "air discharge”. They are as follows:

e Contact discharge: the ESD-gun discharges after direct contact of the tip elec-

trode with a conductive surface of the EUT

e Air discharge: the charged gun is quickly approached until discharges occur across

a gap between the tip electrode of the gun and the surface of the EUT

From the standpoint of reproducibility, the IEC recommends the contact discharge.
The air discharge is applied to the EUT when contact discharge is not applicable such
as to the insulated surfaces of the EUT. Though the approaching speeds of the tip
electrode (ESD-gun) affect the current waveforms ¥, the air discharge is faithful to the
real ESD phenomenon owing to the existence of a spark.

Table 1.1 shows the test levels of contact and air discharges. The level "X” is an open
level to be negotiated between the manufacturer and the purchaser or to be defined by
the product committee. Note that the test levels for the air discharge are not always
related to severity levels for the EUT immunity.

The reason why two types of discharge method are used for ESD immunity tests can
be traced back to the establishment of ESD standards. In 1984, the IEC 61000-4-2
was first published as the IEC 801-2 (Ed.1) by the IEC TC65/SC65A/WG3. Here, TC
is the abbreviation of technical committee, SC is that of subcommittee, and WG is
that of working group. TC65/SC65A/WG3 deals with industrial-process measurement
and control. Based on the idea of being faithful to real ESD phenomena, air discharge
was adopted as a current injection method. Owing to the poor reproducibility of
the discharge current waveforms for the air discharge, however, in 1989 the revised
edition (the IEC 801-2 (Ed.2)) was adopted and contact discharge has become the
[EC-recommended way. For the purpose of applying the standard to all the electronic
equipment dealt by TC77/SC77B, in 1995 it was republished as the IEC 1000-4-2. In
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Table 1.1: Test level

Contact discharge Air discharge
Level | Test voltage [kV] | Level | Test voltage [kV]
1 2 1 2
2 4 2 4
3 6 3 8
4 8 4 15
X Special X Special

1997, it has been renamed as the IEC 61000-4-2 due to the adoption of a new numbering

system PL8 In addition, the revision is scheduled in 2009.

A test method in which the discharge current of the ESD-gun is injected directly into
the EUT is called "direct application”, and a test method in which the discharge current
is injected into a horizontal coupling metal plane or a vertical coupling metal plane is
called ”Indirect application”. The direct application assumes a direct discharge from
a charged human-body to electronic equipment, and the indirect application assumes
a discharge to the object (such as a door knob) near the electronic equipment from a

charged human-body.

1.2.4 Test results

Test results should be classified in terms of the loss of function or degradation of

performance of the equipment under test. The recommended classification is as follows.

e normal performance within limits specified by the manufacturer, requestor or

purchaser

e temporary loss of function or degradation of performance which ceases after the
disturbance ceases, from which the equipment under test recovers its normal

performance, without operator intervention

e temporary loss of function or degradation of performance, the correction of which

requires operator intervention
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e loss of function or degradation of performance which is not recoverable, owing to

damage to hardware or software, or loss of data

As a result of applying test specified in this standard, the EUT should not be in critical
or unstable conditions. In case malfunction does not occur and after application of the
test the basic function in the specification is maintained, the test results are judged

good.
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1.3 Organization of this thesis

This thesis consists of the following five Chapters.

Chapter-1 deals with the introduction. The background, the purposes and contents of

this study, and the organization of this thesis were described.

Chapter-2 describes calculation of magnetic near-fields generated by contact discharge
of an ESD-gun. With an equivalent circuit model to explain discharge currents for
contact discharge [, we proposed a method to calculate voltage waveforms induced in
a magnetic-field probe. After confirming the feasibility of the circuit model by contact
discharge of an ESD-gun on a 50-2 SMA connector, we showed both by calculation
and wideband measurement with a 6-GHz digital oscilloscope the dependence on charge

voltages of the magnetic near-fields generated by contact discharge of an ESD-gun.

Chapter-3 describes characteristic measurement of transient currents injected by air
discharge of an ESD-gun onto a target and a ground. Firstly, intentionally changing
approaching speed of the ESD-gun onto the target, we conducted a wideband measure-
ment of discharge currents with a 6-GHz digital oscilloscope. As a result, we showed
that, despite the dependence of peak and rise time of the discharge current waveforms
on the approaching speed of the gun, there exists a specific relationship between them
regardless of the approaching speed. Secondly, characteristic estimation of discharge
currents injected by air discharge of an ESD-gun was conducted. In discharges onto
a ground, discharge currents cannot be directly observed, and in air discharge, there
may be a discrepancy of the tip electrode from the discharge target point, which would
make the current estimation via a magnetic-field probe difficult. From this reason, we
proposed a method that can estimate discharge currents from magnetic fields simul-
taneously measured with two magnetic-field probes regardless of the distance between
the discharge target point and the probes. After verifying the proposed method for
contact discharge of an ESD-gun on a 50-{2 SMA connector, we showed that the above-
mentioned specific relationship between peaks and rise time of discharge currents holds

also for air discharge of an ESD-gun onto a ground.



14

Chapter-4 describes characteristic comparison of discharge currents for contact and
air discharges of an ESD-gun. Through a wideband measurement of discharge current
waveforms for contact discharge of an ESD-gun with low charge voltages on a 50-2 SMA
connector, we investigated the dependence of peaks and rise time on charge voltages.
The results revealed that at charge voltages below 1 kV the approaching speed of the
ESD-gun does not almost affect the current waveform and also that air discharge can

provide a severer immunity test than contact discharge.

Chapter-5 describes the conclusion of this study and the future subjects.
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Chapter 2

Calculation of magnetic near-fields
generated by contact discharge

2.1 Introduction

With the high speed and low voltage operation of ICs, the electromagnetic (EM) im-
munity of electronic devices has been degrading. Especially the transient EM fields
due to electrostatic discharge (ESD) events have broadband frequency spectra, which
cause serious failure to high-tech information equipment 2.

From this perspective, the International Electro-technical Commission (IEC) has speci-
fied an immunity test of such electronic equipment against ESD events. For instance, in
the IEC 61000-4-2 ¥l a test method simulating ESD events from a charged human body
is prescribed, in which a typical current waveform for contact discharge of ESD-guns
is given. Two methods for injecting discharge currents to equipment under test (EUT)
are given along with test voltages (charge voltages):”contact discharge” in which the
ESD-gun discharges after direct contact with the EUT, and "air discharge” in which
discharge occurs across a gap between the tip electrode of the gun and surfaces of the
EUT. The latter is applicable for EUT whose surface is insulated when the former
cannot be conducted. The contact discharge is a way that the IEC recommended.
Before the ESD-immunity tests are performed on actual EUT, by injecting the dis-
charge current directly onto a target, the current waveform of the contact discharge
of the gun is required to be calibrated. Since discharge process of the gun remains
unclear and the transfer impedance of the target has frequency dependence, even if

the discharge current waveform satisfies the IEC-prescribed one, there is no guarantee
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that the current can be injected into the actual EUT =8 In order to elucidate these
problems, the discharge mechanism of contact discharges of an ESD-gun must be clar-
ified. From this point of view, an equivalent circuit model was proposed for contact
discharge of an ESD-gun based on its geometrical structure !, and the decisive factors

for the discharge current were clarified.

In this chapter, using the equivalent circuit model to explain discharge currents for
contact discharge, we propose a method to calculate voltage waveforms induced in a
magnetic-field probe. After confirming the feasibility of the circuit model by contact
discharge of an ESD-gun on a 50-{2 SMA connector, we show both by calculation and
wideband measurement with a 6-GHz digital oscilloscope the dependence on charge
voltages of the magnetic near-fields generated by contact discharge of an ESD-gun.

Note that the magnetic near-field generated by the contact discharge of the ESD-
gun should couple with the EUT. Thus grasping both the magnetic field level and
its dependency on a charge voltage are useful to improve the immunity of electronic

devices.
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2.2 Measurement method of magnetic near-fields

Because the target has a frequency dependent transfer impedance, we first measured
simultaneously discharge currents of the contact discharge on a 50-2 SMA connector
and the resulting magnetic near-field. Secondly, contact discharges onto the ground

and its resultant magnetic near-field were measured.

Figure 2.1 (a) shows a measurement set-up for contact discharge on a 50-Q SMA
connector. As a ground, an aluminum square plate with a size of 1 m was placed
horizontally and the ESD-gun was fixed perpendicularly in contact with its center.
The gun was connected to the ground through an earth return cable with a radius
of 0.55 mm, which had a length of 50 cm for convenience, although the cable length

specified in the IEC standard is 2 m.

Figure 2.1 (b) shows configuration of the tip electrode and a magnetic field probe.
The probe shown in Figure 2.2 was positioned so that the center of the loop is at a
distance of d=13.5 mm from the axis of the tip electrode, and is 8.0 mm in height from
the ground. Its output was connected to a digital oscilloscope with a frequency band
of 6-GHz and a sampling speed of 20 GHz through a 50-€) coaxial cable. Figure 2.2
indicates the external appearance of the shielded probe and the internal structure of
the loop. The probe consists of a loop (external size: 10 mm, loop diameter: a=4.5
mm, self-inductance: L.=13.8 nH) made of a semi-rigid cable with a characteristic
impedance Z; of 50 €2, which is built in an acrylic cuboid for protection. In order to
reduce the effects of electric field coupling, a 1.0 mm gap is created at the center of
the outer conductor, and the inner and the outer conductors for half of the loop are

connected™,

Ten discharges at a charge voltage of V>=0.3 kV on the inner conductor of the SMA
connector were performed. The currents injected into the inner conductor of the SMA
connector and the resultant magnetic near-field were simultaneously observed as voltage

waveforms with the oscilloscope described above.

Next, the ESD-gun was set in contact with the ground (1mx1m) perpendicularly and

the resultant magnetic near-fields for contact discharges of the ESD-gun were observed.
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Figure 2.3 shows the configuration of the tip electrode and the magnetic field probe for
contact discharge on the ground. The magnetic field probe is placed in the same way as
was done for the contact discharge on the SMA connector. Discharges were performed
ten times each at charge voltages from V=1.0 kV to 8.0 kV in 0.5 kV increments, and

the resulting near-fields were observed as voltage waveforms induced at the probe.

ESD-gun

ESD simulator

“Barth return cable™,

A

Im .

0.65m

7 |

\
Foam polystyrene  50-Q Coaxial cable

(a) Measurement set-up

Digital oscilloscope

Tip electrode Acrylic bar

13.5[mm] Magnetic probe

Aluminum ?late

50-C2 SMA connector

(b) Configuration of magnetic probe

Figure 2.1: Measurement set-up for contact discharge on a 50-0 SMA connector (a)
and configuration of a tip electrode and a magnetic probe (b).
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Figure 2.2: Appearance of a shielded magnetic field probe (a) and structure of its loop.

Tip electrode Acrylic bar

13{5 [mm] Magnetic probe

Aluminum plate

Figure 2.3: Configuration of the tip electrode and the magnetic probe for contact

discharge on a ground.
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2.3 Calculation method of magnetic near-fields
0

2.3.1 Equivalent circuit model for an ESD-gun

The equivalent circuit model consists of two circuits: an equivalent circuit that pro-
vides the first peak in the discharge current (referred to as Mode A), and the other that
provides the second peak (Mode B). Figure 2.4 shows equivalent circuits in the Laplace
domain for contact discharge of the ESD-gun with a charge voltage of V-, to the inner
conductor of the 50-Q2 SMA connector. C' and R in the figure represent capacitance
and skin resistance of a human body, respectively. L represents the inductance built
in the switching circuit, which used to control rise time of the discharge current wave-
forms, L, represents the parasitic inductance of the tip electrode, and Ly represents
the self-inductance of the earth return cable. In addition, Cj; and Cj, represent stray
capacitance of the tip electrode, and Cz represents that above the ground.

The circuit parameters in the figure, except the capacitance C, the resistance R, and
the inductance L, were determined based on the dimensions of the ESD-gun. However,
because the internal structure of the switching circuit remains unknown, the induc-
tance L was determined so that rising slope and peak of the calculated waveforms
for the discharge current could match those of the measured waveforms. The circuit
parameters obtained in this way are summarized in Table 2.1, Note that when Z,
in Figure 2.4 is 0 €, the figure gives an equivalent circuit for contact discharge of the
ESD-gun onto a ground.

Based on the equivalent circuits described above, the current I(s)=14(s)+Ip(s) flowing
through the tip electrode in the Laplace domain can be calculated, and the current i(t)

in the time domain can be obtained by applying numerical inverse Laplace transform

to the I(s).
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Figure 2.4: Equivalent circuits in the Laplace domain to calculate discharge currents
for contact discharge of the ESD-gun.

Table 2.1: Numerical values of the circuit parameters [,

ESD-gun C 150 pF
R 330 Q
L 420 nH
L, 54.8 nH
Cy  0.54 pF
Cp 2.24 pF

Earth return cable Lp 638 nH
SMA connector Zy 50 Q
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2.3.2 Calculation method for curent and magnetic near-field

Under the assumption that the current waveform i(t) calculated in the previous section
flows only through the axis of the tip electrode, the flux interlinking the probe can be
obtained in a closed form, and the output voltage waveform v(t) for the magnetic probe

is calculated from

8;(;’) exp{—2nfp(t—t)} dt’ (2.1)

v(t) = =27 frpo (d —Vd? - a2) X /Ot

where fo=Z¢c/2nL. Here, Zc(=5012) and Lo (=13.8 nH) represent the characteristic
impedance and the self-inductance of the semi-rigid cable of the magnetic field probe,
respectively. d represents the distance from the axis of the tip electrode to the center

of the loop, and a(=4.5 mm) represents the loop radius of the probe.
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2.4 Results and discussion

2.4.1 Contact discharge to the SMA connector

Figures 2.5(a) and (b) show examples of the observed waveforms of discharge currents
and those of the resultant magnetic near-fields, respectively, for contact discharge of
an ESD-gun on the SMA connector at a charge voltage of V=300 V. Note that the
discharge current waveform in Figure 2.5(a) is the voltage waveform appearing at a 50-
Q2 load of the SMA connector and the magnetic near-field in Figure 2.5 (b) represents
output voltage waveform at the probe, which were observed as voltage waveform with
the 6-GHz digital oscilloscope. The lower figures represent enlarged waveforms from
the beginning of the discharge to 5 ns of the waveforms in the upper figures. The thick
solid line and the solid circles in the figures indicate measured values, and the thin

solid line indicates values calculated from the equivalent circuits in Figure 2.4.

From Figures 2.5 (a) and 2.5 (b), it is found that calculated waveforms for discharge
current and magnetic near-field of contact discharge on the SMA connector approx-
imately agreed with the observed waveforms in rising slopes. The reason why the
calculated waveforms after the first peak do not match the observed ones is because
the earth-return cable in Mode B of the equivalent circuit shown in Figure 2.4 (b)
was replaced with a lumped inductance. On the enlargement of the initial rising slope
(0-0.5ns) of the current waveforms shown in Figure 2.5 (a), the calculated one shows
a gentle increase, while the measured one has a swell. Moreover, as a differential of
the current waveform, the swell is emphasized on the measured magnetic near-field
waveform shown in Figure 2.5 (b). This can be explained as follows. In case of the
contact discharge, the capacitor of the ESD-gun is charged, and then the accumulated
charge is discharged through the tip electrode. As a result, a discharge should occur in
the switching circuit just before the ESD-gun is actuated, which could be observed as
a swell in the waveform. Because the observed waveform in the magnetic near-field in-
cludes a factor of time differential for the discharge current, as can be seen in Eq. (2.1),
changes in the rising slope of the discharge current at the initial stage of the magnetic

near-field waveform are emphasized as seen in Figure 2.5 (b).
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2.4.2 Contact discharge to the ground

Figure 2.6 (a) shows the calculated waveforms for discharge current generated by con-
tact discharge of an ESD-gun onto the ground, and Figures 2.6 (b) and (c) show the
calculated and observed waveforms of the magnetic near-field. Figure 2.6 (c) is an en-
largement of the period from the beginning of the rising slope to 5ns for the waveform
in Figure 2.6 (b), as was done in Figure 2.5. The thick solid lines in Figures 2.6 (b)
and (c) indicate measured waveforms, and the thin solid lines indicate calculated ones
obtained by substituting the discharge current waveform in Figure 2.6(a) into Eq. (2.1).
Note that the discharge current waveforms in Figure 2.6 (a) was obtained from Z;,=0
2 in Figures 2.4 (a) and (b). In the figure, the calculated waveform from Eq. (2.1)
of the magnetic near-field fairly matches the observed one up to the first peak. After
that period, however, the calculated waveforms do not match the measured ones be-
cause of the oscillation of the calculated waveforms. The reason for the latter may be
because the contact resistance between the tip electrode and the ground and the skin
resistance of the electrode in Mode A in Figure 2.4 are ignored, and the earth return
cable in Mode B in Figure 2.4 is replaced with a lumped inductance. In addition,
compared with the calculated discharge current waveform for the contact discharge on
the SMA connector shown in Figure 2.5 (b), the waveform for the contact discharge
on the ground significantly oscillates as shown in Figure 2.6 (b). The reason is that,
in calculation for the ground, the characteristic impedance of Zy=>50 ) for the SMA
connector was taken as 0 2 and the damping time constant became shorter for the

discharge on the ground than on the SMA connector.

2.4.3 Dependence on charge voltages of peak levels of mag-
netic near field

Figure 2.7 shows the dependence on charge voltages of peak levels of the magnetic near-
field observed through the magnetic field probe in contact discharges of the ESD-gun
onto the ground. The horizontal axis indicates charge voltage V> in kV and the vertical
axis indicates the peak values in V for the observed and calculated peak voltages. Both

are in logarithmic scales. The results of 10 times measurements at each of the charge
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voltages are given as "means value + standard deviation”. The calculated results
from the equivalent circuits in Figure 2.4 are also shown. Note that the characteristic
impedance of Z is taken as 0. This figure shows that, in the contact discharge of the

ESD-gun, the peak levels of the observed magnetic near-field are almost proportional

to the charge voltage, and this trend agrees with the calculated ones.
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Figure 2.5: Measured and calculated waveforms of (a) a discharge current and (b) a
magnetic near-field for contact discharge on the 50-2 SMA connector (Vo=0.3 kV).
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2.5 Conclusion

Immunity testing for electronic equipment against ESD is described in the IEC stan-
dard, but even in the contact discharge, there is no guarantee that the IEC prescribed
waveform is surely injected into actual EUT. In this chapter, firstly, in order to confirm
the feasibility of an equivalent circuit model in Ref. [9], we measured with a 6-GHz
wideband digital oscilloscope the discharge currents through a 50-2 SMA connector
and the resultant magnetic near-field for contact discharge. Secondly, we measured the
magnetic near-field for contact discharge onto a ground, and examined the dependence
on charge voltages of peak levels of the magnetic near-field. The result showed that
in contact discharge, peaks of the magnetic near-field are almost proportional to the
charge voltage, and this trend approximately agrees with the calculated results.

Future tasks are predicting the discharge current waveforms of the air discharge and
elucidating the dependence on the charge voltage of the magnetic near-field in this

case.
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Chapter 3

Characteristic measurement of
transient currents injected by air
discharge

3.1 Discharges onto the target
3.1.1 Introduction

The transient EM fields due to electrostatic discharge (ESD) events, which have broad-
band frequency spectra, cause serious failure to high-tech information equipment 2.
From this perspective, an ESD-immunity test is being specified in the IEC 61000-4-21],
which consists of contact and air discharges of an ESD-gun simulating the ESD events
from a charged human body. The ESD-gun is required to calibrate with a specified
current waveform injected by contact discharge on a specially designed target /. The
current waveform for air discharge, however, is not being specified due to bad repro-
ducibility, whose mechanism has not yet been elucidated. In addition, the waveform
for air discharge is known to be affected by approaching speed of the gun . Since
actual ESD events occur with sparks, air discharge should be more faithful to them.
Thus grasping the behavior of the current injected by air discharge would be helpful
to establish the better ESD immunity testing.

In this chapter, to grasp the characteristics of discharge currents for air discharge
in view of approaching speed of the gun, we measure the discharge currents for air
discharge onto the target with respect to its approaching speed. The effects of the

approaching speed on the discharge current behavior are also examined.
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3.1.2 Measurement method of discharge current waveforms

Figure 3.1 shows a measurement set-up for air discharge of an ESD-gun onto the target.
As a ground, an aluminum square plate with a size of 1m was placed horizontally at a
height of 0.65m from the floor. The target was fixed at the center of the aluminum plate
and was connected to a 6-GHz wide-band digital oscilloscope through a 50-{) coaxial
cable. As mentioned before, this target is a current transducer, which enables us to
observe currents injected onto the input electrode as voltages appearing across a 50-2
termination load. The ESD-gun was first fixed above the target vertically, and was
connected to the aluminum plate through an earth return cable with a radius of 0.55
mm, which had a length of 50 cm for convenience, although the cable length specified
in the IEC standard is 2 m.

An enlarged photo around the tip electrode and the target is shown in Figure 3.2. As
shown in the figure, an ESD-gun was hung with a spring from wooden frame, and was
approached to the target at a constant possible speed until a spark between the tip
electrode and the target occurred. In this case, two intentionally speeds of approach
were set: fast approach and slow approach. The former is the way that makes the
ESD-gun approach rapidly to the target, and the latter is that making it approach
as slow as possible. Current waveforms injected onto the target were observed as
voltage waveforms appearing across a termination load of the 50-) coaxial cable with
a digital oscilloscope (input resistance: 50€2; bandwidth: 6 GHz, sampling rate: 20 GHz,
resolution: 8 bit). 30 times measurements were made for the air discharge at each of

the two approaching speeds.
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Figure 3.1: Measurement set-up for air discharge onto Pellegrini target.
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Figure 3.2: Photo around the tip electrode and Pellegrini target.
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3.1.3 Results and discussion

Figures 3.3 and 3.4 show the current waveforms observed for the fast and slow approach
of the ESD-gun with charge voltages of 3 kV and 8 kV, respectively. The abscissa and
ordinate indicate time t in ns and current i(t) in A, respectively. The lower figures
show enlargements of the waveforms in the upper figures during a period of 0-5 ns.
Thick black and thin red lines in the figures show typical waveforms of the discharge
currents having the maximum and minimum first peaks, respectively, among the 30-
times observed waveforms. Dotted lines show the current waveform specified in the
IEC standard for contact discharge.

From these figures, it is found that the approaching speed greatly affects the discharge
current waveforms: fast approach produces the shorter rise time and the higher current
peaks compared to those for the slow approach. It is also found that in comparison
with the case for the contact discharge, the fast approach gives a sharp current with a
steeper rise-time and a higher peak, while the slow approach gives a gentle current with
the shorter rise-time but the lower peak. The current waveforms after 20 ns almost
overlap for all the cases.

Figure 3.5 shows the frequency spectra of the current waveforms observed for the ESD-
gun with a charge voltage of 8 kV, together with those of the waveforms for contact
discharge, which were obtained in the following way. Denote by F(f) the frequency

spectrum. Then it was calculated simply from

U/ t)exp(—j2m ft) dt” (3.1)

where i(t) is the discharge current. E[-] means "taking an expectation”, which was
obtained here as a value averaged over 30-times measurements for the air discharges
and over 10 times for the contact discharge. As can be seen in the figure, the frequency
spectrum for fast approach has the higher frequency components above 400 MHz, while

the spectra below 80 MHz seem to be almost the same for all the cases.

In order to examine the properties of the discharge current behavior with respect to the

approaching speeds of the ESD-gun, we obtained from the measured current waveforms
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a relationship between their rise-time and current peak, which is shown in Figure 3.6.
Also shown in the same figure is the IEC specified relationship between rise-time and
current peaks for the contact discharge. The abscissa and ordinate indicate the rise-
time ¢, and first-peak current i, normalized to the charge voltage Vi of the observed
current waveforms, respectively. Notice that both rise-time and current peaks are
given in logarithmic scales. Small circles indicate all the results obtained for the fast
and slow approaches, respectively. The details of legends are shown in the figure.
Large circles with bars represent "mean + standard deviation” for the fast and slow
approaches, respectively. Yellow zone shows the range of the rise time specified in the
IEC standard for contact discharge.

Likewise in Figures 3.3 and 3.4, Figure 3.6 demonstrates that the fast approach gives
the shorter rise-time and higher current peaks compared to those for the slow approach,
which gives the shorter rise-time but lower current peak than the case for the contact
discharge. The figure also indicates that there is a specific relationship between rise-
time ¢, and current peak ¢, normalized to the charge voltage Vi regardless of the
approaching speeds. An approximated equation for representing the above relation
can be expressed as

ip —0.75
— Xt 3.2
o, (32)

which is shown in Figure 3.6 with a solid line. This expression should include the
frequency characteristics of the target and digital oscilloscope. Since the oscilloscope
has a 6-GHz bandwidth, accurate measurement can be done for the waveform with a
rise-time of over 100 ps. The target, however, is known to have a resonance at around
3 GHz for its transfer impedance !, while the transfer impedance was also shown in
Ref. [6] to have a flat frequency response below 1 GHz . This finding shows that the
observed waveform with a rise-time of over 0.35 ns should be identical to the injected
current from the ESD-gun via the target, which ensures that Eq. (3.2) holds for the
slow approach.

For the fast approach, however, all the obtained rise-times are shorter than 0.35 ns,

which needs to modify Eq. (3.2) according to the frequency response of the target.
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Nevertheless, the specific relation expressed as Eq. (3.2) must be helpful to understand
the current behavior and available to predict the worst-case ESD immunity testing for

the air discharge even though it has poor reproducibility for the injected currents.

Note that we confirmed the specific relationship by the similar measurement using
another commercially available ESD-gun (the Schaffner product), which is given by
é—’(’j oc 7950 [7 In addition, the above equation has also been proven by Ref. [8] in
the following way. The reference used a charged spheroid to simulate the ESD event
from a hand-held metal piece, and experimentally showed the dependence on the arc
length of the rise time and current peak for air discharge of a charged metal spheroid
with a charge voltage of 5 kV. Using those results, we newly derived an approximated

equation that can explain the relationship between the rise time and current peak for

air discharge of such a metal spheroid, which is given by

le —0.61
— xt . 3.3
iC’ " ( )

These findings support that Eq. (3.2) holds between the rise time and current peak due

to air discharge injection despite the poor reproducibility of the current waveforms.
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Figure 3.3: Measured waveforms for (a) fast approach and (b) slow approach of the

ESD-gun with a charge voltage (Vo=3 kV).
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Frequency spectra of discharge currents
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Figure 3.5: Power spectra of discharge currents (Vo=8 kV).
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3.1.4 Conclusion

In conjunction with the approaching speed to the target and charge voltages, wide-
band measurement of the discharge currents injected onto the target for air discharge
of an ESD-gun has been done. As a result, it was found that the approaching speed
greatly affects the waveforms of the discharge current with respect to the rise-time and
current peaks. In comparison with the contact discharge, the fast approach produces
the shorter rise time and the higher current peak, while the slow approach gives the
shorter rise time but the lower peak, which was also confirmed from the frequency
spectra of the discharge currents. Moreover, a specific relationship between the rise
time and current peak was observed for air discharge of the ESD-gun regardless of its

approaching speed, as follows:

.
P_T = constant (€ < 1). (3.4)
Ve

In view of the frequency response of the target, further measurement of the rise-time
versus current peak with respect to the approaching speed for the air discharge should
be done. From this perspective, in the next section, air discharge onto a ground is
conducted in order to confirm whether or not the specific relationship described here

holds.
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3.2 Discharges onto a ground

3.2.1 Introduction

In the preceding section, to grasp the characteristics of discharge currents for the air
discharge in view of the approaching speed of the ESD-gun, intentionally changing
approaching speed of the gun, we conducted a wideband measurement of discharge
currents with a 6-GHz digital oscilloscope.

As a result, we have shown that, for air discharge onto the target, despite the depen-
dence of peaks and rise time of the discharge current waveforms on the approaching

speed, there exists a specific relationship of

I, -t
LT = constant (£ = 0.75 < 1) (3.5)
Ve

1. However, transfer impedance

between them regardless of approaching speed of the gun
of the target is frequency dependent =6 and the specific relationship above can be

affected by the frequency characteristics of the target.

In this section, we investigated experimentally whether or not the relationship in
Eq. (3.5) can be obtained for air discharge onto a ground. In case of discharges onto a
ground assumed a chassis, discharge currents cannot be directly observed, and in case
of air discharge, there may be a discrepancy of the tip electrode from the discharge tar-
get point, which would make the current estimation via a magnetic-field probe difficult.
From this reason, in this section, we proposed a method that can estimate discharge
currents from magnetic fields simultaneously measured with two magnetic-field probes

regardless of the distance between the discharge target point and the probes.
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3.2.2 Estimation method of discharge currents

Measurement method for magnetic near-field

Figure 3.7 shows a measurement set-up for air discharge onto the ground of an ESD-
gun. Figure 3.7 (a) shows the overall measurement set-up, and Figure 3.7 (b) shows
an enlargement around the tip electrode and magnetic field probe. As can be seen
in Figure 3.7 (a), a l-meter square aluminum plate is placed as a ground, and the
ESD-gun is positioned above the center of the ground. The gun is hung via a spring
from a wooden frame so that the approaching speed is kept relatively constant. The

same shielded magnetic field probe shown in Figure 2.2 was used 1% .

In the set-up in Figure 3.7 (b), we assume that generated discharge current flows
uniformly and concentrated along the axis of the tip electrode of the gun. Let v(t) be
the voltage induced in the magnetic field probe set at a distance d from the axis of the

tip electrode, then the discharge current i(t) is given by

i(t):ﬁ g+ <g> -1 {%Z)—f-/otv(t/)-dft/}. (3.6)

Here, 11 is magnetic permeability in vacuum, L is self-inductance of the magnetic field

probe, and Zj is the characteristic impedance.

Eq. (3.6) indicates that the discharge current can be calculated from the induced voltage
waveform in the magnetic field probe. However, this value is dependent upon the
distance d between the tip electrode and the probe, which means that a deviation of
the discharge point from the discharge target point can cause an error in the estimated

current.

Figure 3.8 shows an image which represents this deviation of the tip electrode from
the discharge target point in case of discharges onto the ground. In the air discharge,
when the charged gun approaches, let § be a deviation that appears in the distance d
between the discharge point and center of the magnetic field probe. Then the estimated

discharge current has the relative error € due to the deviation ¢, which is represented
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=2 : (3.7)

where d indicates the distance between the center axis of the tip electrode and the
center of the magnetic field probe. The minimum distance, apperaing when the probe
is pushed against the tip electrode, is d=12 mm.

Figure 3.9 shows the relative errors of estimated currents due to the deviation of the
tip electrode from the discharge target point, which are calculated from Eq. (3.7). In
the figure, the horizontal axis indicates the rate d/a of the deviation § with respect to
the probe radius a(= 4.5 mm), and the vertical axis indicates the relative error ¢ for
the discharge current. This figure indicates that a deviation comparable to the loop

radius causes the estimated error exceeding 35 %.

Estimation method for discahrge current

In this section, we propose a method for estimating discharge currents for air discharge
of an ESD-gun, which is independent of the distance between the discharge point and
the magnetic field probe. Figure 3.10 shows the measurement configuration for esti-
mating the discharge currents from the induced voltages in two magnetic field probes.
As shown in the figure, the two magnetic field probes (called probe A and probe B)
are arranged so that they are equidistant (2d = 28 mm) from the center axis of the tip
electrode. In a real air discharge, however, the tip electrode is not necessarily in the
center of the two probes and some deviation toward one of the probes can be expected
(in the figure a deviation toward probe B is shown). If this deviation § occurs along
the center line on a surface parallel to the loop surface of the two probes, then the
distance between the center of each probe and the axis of the tip electrode is d + §
or d - 0 as shown in Figure 3.10. Letting v(t) and vp(t) be the voltages induced in

probes A and B, respectively, one has the discharge current i(¢) given by

o= gl ) e e )
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In Eq. (3.8), using

I, = al) +/0th@') - dft/, [P 10 (3.9)

Zo

one has ¢ given by

B Ii—Ip\? (d\* 1 (Ia—1Ip)?
5_Q'J@g+h) Q) 1 iy (3.10)

Substitution of Eq. (3.10) into Eq. (3.8) yields,
i(t) = —

y%(u—@fc121(u—bf
foa | a Iy+1p a 4 Ialp

AR ()] o o

which shows that the discharge current can be calculated only from the voltages induced

L

in probe A and B.
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Figure 3.7: Measurement set-up for air discharge onto a ground (a) and configuration
of the tip electrode and the magnetic field probe(b)
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Figure 3.10: Measurement configuration for calculating discharge currents from induced
voltages through two magnetic field probes.
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3.2.3 Results and discussion

In this section, firstly, by simultaneous measurement of discharge current and magnetic
near-fields for contact discharge on a 50-2 SMA connector, we validate the method
proposed in the previous section.

Secondly, we estimate the discharge current for air discharge onto the ground based
on the measured waveforms for magnetic near-fields with respect to the relationship

between charge voltage and approaching speed of the gun.
Contact discharge on an SMA conncetor

We conducted contact discharge on a 50-2 SMA connector, whose frequency charac-
teristics are flat up to 12 GHz, and then estimated the discharge current using the
proposed method. Figure 3.11 shows the configuration of the magnetic field probes.
The magnetic field probes are fixed on the ground surface in opposition to each other
(2d=28 mm), and their outputs are connected via coaxial cables to a digital oscilloscope
(input resistance: 50 €2; bandwidth: 6 GHz; sampling frequency: 20 GHz; quantization
bits rate: 8 bits). The output for the SMA connector was connected to another digital
oscilloscope (input resistance: 50 2; bandwidth: 1.5 GHz; sampling frequency: 8 GHz,
quantization bit rate: 8 bits).

Figure 3.12 shows voltage waveforms induced in the two magnetic field probes placed
equi distantly from the tip electrode (a) and measured and calculated current wave-
forms for contact discharge on a 50-2 SMA connector (b). From the figure, it is found
that because the frequency characteristics of both probes are not the same and thus
the measured waveforms do not match perfectly even though the two magnetic field
probes are equidistant. On the other hand, the discharge current waveforms estimated
from them closely match the measured waveforms.

Figure 3.13 represents voltage waveforms induced in the two magnetic field probes
placed intentionally at a different distance from the tip electrode (a) and measured and
calculated current waveforms (b) for contact discharge of on a 50-2 SMA connector.
In this case, the deviation d is set 2 mm, and thus the distance between center of

the probe A and axis of the tip electrode is 16 mm, while the distance between that
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of the probe B and the axis is 12 mm. The figure shows that the measured induced
voltage is higher in the magnetic field probe B than in probe A. On the other hand, the
discharge current estimated from the induced voltages of the two probes is found to be
between the estimated waveforms for either probe, and to closely match the measured

waveforms.

Air discharge onto a ground

In the set-up in Figure 3.11, by approaching the charged ESD-gun with pressing the
switch toward the ground until a discharge happens, we simultaneously observed the
voltages induced in the two magnetic field probes. Note that by using a stainless-steel
pole as a guide when approaching the gun toward the ground, and by approaching the
gun closer to the ground with pushed the side opposite to the gun handle against the
pole, the tip electrode of the gun was moved without any deviations perpendicular of the
loop of the two probes. Charge voltages Vi were from 1 kV to 5 kV in 1 kV increments,
and twelve trials were performed for each of two methods for the each charge voltage:
a method in which discharge was performed by moving the gun toward the ground
rapidly (approaching speed: about 20 - 25 cm/s; referred to as the fast approach),
and a method in which the discharge was performed by moving the gun as slowly as
possible (approaching speed: about 1.5 - 2 cm/s; slow approach). Measurements were

performed in a room at 28 °C and a relative humidity of 30 %.

The results are shown in Figures 3.14 and 3.15. Figures 3.14 (a) and 3.15 (a) represent
the induced voltage waveforms for probe A. Figures 3.14 (b) and 3.15 (b) represent
an example of the discharge current waveforms estimated from the induced voltage
waveforms in the probes A and B. These figures demonstrate that the peak currents
increase with the increase of charge voltages, and the rise time tends to be gentle, and
the tendency is more noticeable for the slow approach than for the fast approach at
high charge voltages.

Figure 3.16 shows the relationship (mean value + standard deviation) between rise

time and current peak of the discharge current waveforms. Note that the vertical axis
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indicates the current peak divided by the charge voltage. The open circles in the figure
indicate the results for the fast approach, and the gray circles represent those for the
slow approach. From the figure, it is found that among the discharge current waveforms
for air discharges onto the ground, there exists a particular relationship between rise
time and normalized current peak regardless of the charge voltages and approaching
speed of the gun. It is also found that as charge voltages decrease the normalized peaks
increase and rise time decreases and that these trends are not always independent of
the approaching speed. The thick solid line in the figure represents a regression line

for all of the data, and is given by

It
LT = constant (£= 0.57), (3.12)
Ve

which shows a relationship of the same type seen in Eq. (3.5).
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Magnetic field probe B

Figure 3.11: Validation of discharge currents estimated through two magnetic field
probes for contact discharge to a 50-{2 SMA connector.
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Figure 3.12: Voltage waveforms (a) induced in the two magnetic field probes placed at
the equi-distance from the tip electrode and measured and calculated current waveforms
(b) for contact discharge on a 50-2 SMA connector.
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3.2.4 Conclusion

To improve the EM immunity of electronic equipment, grasping the characteristics
of discharge currents for air discharge of an ESD-gun is useful. Thus we previously
measured the discharge currents for air discharge onto an IEC-recommended target,
and found that there exists a specific relationship given by Eq.(3.5) (£=0.75). In this
section, we evaluated whether or not the same relationship holds in an air discharge to
the ground.

Firstly, we proposed a method that can estimate discharge currents from magnetic fields
simultaneously measured with two magnetic-field probes regardless of the distance
between the discharge target point and the probes. After verifying the proposed method
for contact discharge on a 50-{2 SMA connector, we showed that the above-mentioned
specific relationship between peaks and rise time of discharge currents holds also for air
discharge onto a ground. Regardless of the charge voltage or the approaching speed,
the specific relationship described above holds in £ = 0.57.

Future tasks include elucidating the mechanism of the specific relationship which holds

between peaks and rise time of the current waveforms for the air discharge.
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Chapter 4

Characteristic comparison of
discharge currents for contact and
air discharges

4.1 6-GHz measurement
O

4.1.1 Introduction

In conjunction with high speed and low voltage operation of ICs, electromagnetic (EM)
immunity of electronic devices has been degrading. Especially the transient EM fields
due to electrostatic discharge (ESD) events have broadband frequency spectra, which
cause a serious failure in high-tech information equipment =2/, From this perspective,
an ESD-immunity test is being prescribed in the IEC 61000-4-2 ¥l which gives two
types of discharge methods, that is to say, contact and air discharges of an ESD-gun.
The test levels are set from 2 kV to 8 kV for contact discharge, and from 2 kV to 15
kV for air discharge. As a strange phenomenon of ESD, low voltage ESD events (for
example, below 3kV) are known to cause more serious damage in electronic devices

than high voltage ESD does I, This mechanism still remains unknown.

In this section, in order to grasp the behavior of current waveforms injected by the
ESD-gun with lower charge voltages below the IEC prescription, we measured with a
6-GHz digital oscilloscope discharge currents for contact and air discharges and show

the dependence of rise time and current peak on the charge voltages. Because the

60



61

current waveforms for air discharge are affected by approaching speed of the gun with
charge voltages in kilo volt [, we tried two speeds of approach. In addition, to avoid
the influence of transfer impedance of IEC-recommended targets, we used as a current

injection target a 50-{2 SMA connector which has flat frequency characteristics up to

12 GHz.
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4.1.2 Measurement method of discharge currents

Figure 4.1 shows a measurement set-up for air discharge of an ESD-gun (a) and an
enlargement around the tip electrode and the inner conductor of a 50-2 SMA connector.
As a ground an aluminum square plate of 1 m each was placed and at the center of it
a 50-2 SMA connector is fixed. The connector is connected via a 50-§2 coaxial cable
to a digital oscilloscope with a frequency band of 6 GHz and a sampling frequency of
20 GHz. The ESD-gun was hung vertically above the SMA connector through a spring
from a wooden flame, and was connected to the ground through a 2m-long earth return
cable. As shown in Figure 4.1 (b), for the purpose of easy contact, a metal plate with
a diameter of 6 mm is attached to the inner conductor of the SMA connector.

While pressing the switch for charging, the gun was approached from a distance of
about 6 cm the inner conductor of the SMA connector until a spark occurs. The
discharge currents injected into the inner conductor were observed as voltage waveforms
appearing across a termination load of 50 €2, and by dividing them with 50¢2 the current
waveforms are obtained. The charge voltages were set 500 V, 700 V, and from 1 kV
to 2.5 kV every 0.5 kV. The gun was approached with two intentionally different
speeds: fast approach (approaching speed: approximately 20 cm/s) and slow approach
(approaching speed: approximately 2 cm/s). Ten times measurements were conducted
every charge voltage and approaching speed.

For contact discharge, the ESD-gun was fixed perpendicularly on the inner conductor
of the SMA connector, and observed the discharge current waveform by the same way.
Five times measurements every charge voltage were done.

The measurements were performed in a room at 26 °C and a relative humidity of 40

%.
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Figure 4.1: Measurement set-up for air discharge of the ESD-gun onto an inner con-
ductor of a 50-Q SMA connector (a), and enlargement around the tip electrode and
the inner conductor (b)(B=6GHz).
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4.1.3 Results and discussion

Figure 4.2 shows examples of measured current waveforms for charge voltages Vi of
0.5 and 2.5 kV. The horizontal axis indicates time in ns and the vertical axis indicates
discharge current in A. They are shown from the beginning of the discharges to 5
ns, and the waveforms for Vi=0.5 kV are shifted the horizontal axis for viewability.
Thick solid black lines indicate the measured waveforms for fast approach, the thin
gray line indicate those for slow approach, and the dotted lines indicate those for
contact discharge. From this figure, in Vo=0.5 kV, we found that the waveforms
for air discharge is not affected by the approaching speed of the gun, and the rising
slopes and current peaks for them are almost in good agreement. It is also found that
compared with contact discharge, air discharge produces the higher current peaks and
the steeper rising slopes. In V=2.5 kV, it is found that the fast approach gives the
higher current peak than the slow approach, while contact discharge produces the same

current peaks but the more gentle rise time than air discharge.

Figures 4.3 (a) and (b) indicate the dependence of peak current and that of rise time
on charge voltages, respectively. The horizontal axes indicate charge voltage in both
figures, and the vertical axes indicate current peak in Figure 4.3 (a) and rise time in
Figure 4.3 (b).

In the figures, the open and closed circles, and crosses show the average values for fast
and slow approaches, and contact discharge, respectively. The Error bars denote the
standard deviation. For air discharge, they were average of 10 times measurement, and

for contact discharge, they were that of 5 times.

In Figure 4.3 (b), the shaded regions indicate the IEC specification of rise time for
contact discharge (¢,=0.7-1.0 ns) and the measurement limit due to the limitation of
a bandwidth of the 6-GHz oscilloscope (rise time of the oscilloscope=70 ps) based on

the flat response of the oscilloscope (rise time=0.40/3dB bandwidth) [l.

In Figure 4.3 (a), comparing the current peaks for contact and air discharges at charge
voltages of below 2 kV, we found that the current peaks of air discharge are higher

than those of contact discharge. We also found that below 2 kV the approaching
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Figure 4.2: Measured waveforms for air discharge of the ESD-gun onto the inner con-
ductor of the 50-Q SMA connector (Vo=0.5, 2.5 kV)(B=6GHz).

speeds of the gun do not almost have influence on current peaks. Figure 4.3 (b) shows
that measured rise time for contact discharge is almost constant and satisfies the IEC
specification, while current rise time due to air discharge is shorter by far than the
specification and it becomes shorter as charge voltage decreases. We also found that
below 1 kV rise time is not almost affected by the approaching speed of the gun, and

above 1 kV fast approach gives the shorter rise time.
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4.1.4 Conclusion

In this section, to understand the behavior of current waveforms for contact and air
discharges of an ESD-gun with low charge voltages, we measured the discharge current
waveforms onto a 50-(2 SMA connector and investigated the dependence of rise time
and current peaks on charge voltages. As a result, we found that regardless of the
approaching speeds, air discharge at charge voltages of below 1 kV gives the higher
current peak and the shorter rise time than those of contact discharge.

This indicates that if the test levels of the ESD-gun are set 1 kV and below, air discharge
can provide a severer immunity test method than contact discharge.

The rise time was also found to reach a measurement limit due to the limitation of
a bandwidth of the oscilloscope (70 ps). Thus in the next section more wideband

measurement for air discharge is described.
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4.2 12-GHz measurement

4.2.1 Introduction

In the preceding section, in order to understand the behavior of discharge currents
for an ESD-gun with low charge voltages , we measured with a 6-GHz digital oscillo-
scope discharge currents for air discharge for charge voltages below 2.5 kV. From the
viewpoint that the rise time and current peaks of discharge currents are the dominant
factors of the severity for immunity testing, we investigated them. As a result, we
found that for charge voltages below 500 V, the rise time reaches a measuring limit

due to a bandwidth of the digital oscilloscope [©.

In this section, at first, with a 12-GHz digital oscilloscope, we measured discharge
currents for air discharge at charge voltages below 1 kV, and investigated the charac-
teristics of discharge currents for contact and air discharges focusing on their rise time

and current peaks.
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4.2.2 Measurement method of discharge currents

Figure 4.4 (a) shows an experimental set-up for measuring discharge current waveforms
for air discharge of an ESD-gun. Also shown in Figure 4.4(b) is an enlargement around
the tip electrode of the ESD-gun and a 50-2 SMA connector. An aluminum square
plate with a size of 1 m was placed as a ground horizontally on a wooden desk at
a height of 0.65 m from the floor. As can be seen in Figure 4.4 (b), a 50-Q SMA
connector was fixed at the center of the aluminum plate, which was connected through
two 20-dB attenuators in series and a 50-(2 coaxial cable to a digital oscilloscope with
a frequency band of 12 GHz and a sampling frequency of 40 GHz. The ESD-gun was
hung vertically above the SMA connector through a spring from a wooden flame, and
was connected to the ground plate through an earth return cable with 2 m long.

While pressing the switch for charging, we approached the gun from a distance of about
6 cm the inner conductor of the 50-2 SMA connector until a spark happened. The
charge voltages were set from 200 V to 1000 V (every 100 V) and 7-times measurements
were conducted for each charge voltage. The approaching speeds were about 20 cm/s.
Since we have already shown that below 1 kV the approaching speed of the gun does
not affect the discharge current waveforms, in this section, we used one kind of the

approaching speed (the same speed as the fast approach in the previous section).
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Figure 4.4: Measurement set-up for air discharge of the ESD-gun onto an inner con-
ductor of a 50-Q SMA connector (a), and enlargement around the tip electrode and
the inner conductor (b) (B=12GHz).
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4.2.3 Measurement result

Figure 4.5 shows observed current waveforms at charge voltages of 300, 600, and 900
V. The abscissa and ordinate indicate time ¢ in ns and current i(¢) in A, respectively.
The upper figure shows an enlargement of the waveforms in the lower figure during the
period of -0.5 to 1.5 ns. Each dot indicates measured points at 25 ps interval. The
time origin of ¢ = 0 was taken at the intersection time point of the tangent line to the
rising slope of each current waveform. This figure demonstrates that as charge voltages
increase, the peak currents increase, while rise time does not almost change.

Figure 4.6 shows the dependence of measured rise time ¢, on charge voltage V. In
this figure, red and blue circles indicate measurement results and the results that
we previously measured with a 6-GHz oscilloscope ¥, respectively. Here, the above-
mentioned rise time is defined as the time interval of the leading edge between the
instants at which the instantaneous value first reaches specified lower and upper limits
of 10 % and 90 % of current amplitude, respectively. Figure 4.6 demonstrates that
for charge voltages below 600 V, the rise time is close to 35 ps corresponding to the
measuring limit specified for the 12-GHz digital oscilloscope we used, which is shown
with solid line. The measuring limit (70 ps) specified for the 6-GHz oscilloscope was

also shown in the same figure with dotted line.
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Figure 4.5: Observed current waveforms for air discharge of an ESD-gun onto the inner
conductor of the 50-2 SMA connector (V==300, 600, 900V) (B=12GHz).
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4.2.4 Conclusion

With a 12-GHz digital oscilloscope, we measured discharge currents for air discharge
with low charge voltages below 1000 V. We found that the rise time for charge voltages
below 500 V reached a measurement limit of 35 ps due to the limitation of a bandwidth
of the oscilloscope.

In the previous section, we have already shown with a 6-GHz measurement that below
a charge voltage of 1 kV the current peak of air discharge is higher than that of contact
discharge and the rise time for air discharge is shorter than that of contact discharge.
The results obtained by 12-GHz measurement support those by 6-GHz measurement.
Moreover, these results imply that air discharge can provide a severer immunity-test
than contact discharge.

Future tasks are estimation of the rise time limit for air discharge at low charge voltages,
comparison of these results with the real ESD phenomena, and proposal for the test

condition for low charge voltages.
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Chapter 5

Conclusion

This thesis is a summary of a study on characteristic measurement of discharge currents

from an ESD-gun.

In chapter-2, to grasp the levels of magnetic near-fields generated by contact discharge
of an ESD-gun, we calculated the resultant magnetic near-field generated by contact
discharge with an equivalent circuit model aimed at calculating the discharge current
for contact discharge. Firstly, the feasibility of the circuit model was validated by si-
multaneous measurement of the discharge current and induced voltage at the magnetic
field probe for contact discharge on a 50-2 SMA connector. The measured and calcu-
lated waveforms from the rising slope to the first peak of induced voltage at the probe
were in good agreement. Next, we investigated the dependence on charge voltages of
the magnetic fields generated by contact discharge.

As a result, we found that the peak levels of the measured magnetic near-fields increased
in proportion to charge voltages and its tendency approximately agreed with calculated
results from the equivalent circuit model.

Future tasks, for example, are estimation of discharge currents for air discharge and
elucidation of the dependence on charge voltages of peak levels of the magnetic near
field for the air discharge.

In chapter-3, for the purpose of grasping the behavior of discharge currents injected
by air discharge, firstly we observed with a 6-GHz digital oscilloscope the discharge
current waveforms through the IEC-recommended target, with intentionally fast and

slow approaches of the gun to it. As a result, we found that the approaching speed of
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the gun greatly affects the waveforms of discharge currents with respect to rise time
and current peaks. In comparison with waveforms of contact discharge, the waveforms
of fast approach have the higher current peak and the shorter rise time, while those
of slow approach have the lower current peak but the shorter rise time. A specific
relationship between the rise time and current peaks for air discharge was also found
regardless of the approaching speed of the gun.

Secondly, air discharge onto the ground assumed the chassis was conducted, and the re-
lationship mentioned above was confirmed. In that case, because the discharge current
for air discharge onto the ground can not be directly observed, and the discrepancy of
the tip electrode of the gun from the discharge targeted point exists, we proposed an
estimation method for discharge current for air discharge onto the ground using two
magnetic field probes, which enable us to estimate discharge currents independent of
the distance between the electrode and the probes. The estimated method was vali-
dated by simultaneous measurement of the discharge current and magnetic near-field
induced at the probes for contact discharge on a 50-2 SMA connector. As a result,
we showed that the above-mentioned relationship also holds for air discharge onto the
ground.

The future tasks are to elucidate the mechanism of the specific relationship between
current peaks and rise time for air discharge, and to apply the relationship to ESD-
immunity tests.

In chapter-4, grasping the characteristics of discharge currents for contact and air dis-
charges of an ESD-gun with low charge voltages of 2.5 kV and below, we measured
with wideband digital oscilloscopes discharge currents with respect to the charge volt-
ages. As a result, we found that air discharge at charge voltage of 1 kV and below
gives the higher current peaks and shorter rise time, and that the approaching speeds
of the gun do not almost affect these characteristics. The finding above suggests that
if the test levels of the ESD-gun are set 1 kV and below, air discharge can provide a
severer immunity test method than contact discharge. The rise time was also found to
reach a measurement limit due to the limitation of a bandwidth of the 12-GHz band

oscilloscope (35 ps).
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Future tasks are estimation of the rise time limit for air discharge at low charge
voltages®, comparison of these results with the real ESD phenomena, and applica-
tion of this result to the test condition for low charge voltages. In addition, because
the waveforms for air discharge have very steep rising slopes, to measure them more

accurately, to build more wideband measurement system should be considerd.

Finally, we would be grateful if this study will be of help to the investigation of ESD

phenomena as well as ESD-immunity test methods.

«The rise time limit of air discharge for low charge voltages are discussed in the ap-

pendix.
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Appendix A

Rise time limit of discharge
currents for air discharge

A.1 Introduction

In Chapter-4, with a 12-GHz digital oscilloscope, we measured discharge currents for
air discharge with low charge voltages below 1000 V. As a result, we found that the
rise time for charge voltages below 500 V reached a measurement limit of 35 ps due to

the limitation of a bandwidth of the oscilloscope.

In this chapter, based on the frequency responses of the oscilloscope, we estimated rise
time of the input waveforms from observed waveforms. Firstly, the estimation based on
the Gaussian response is done. Secondly, the estimation based on the first and second

order low pass filter is conducted.

A.2 Estimation based on Gaussian response

Based on the Gaussian response of the oscilloscope, we simulated the rise time t,; of
an exponential input waveform from its rise time t,,, to be observed, which is shown

in Figure A.1.

The measured results on rise time t,.,, for a charge voltage of 300 V (shown in Chapter-
4) are plotted again with red circles on the abscissa in Figure A.1. Thick black solid line
indicates simulated results of the Gaussian response with a bandwidth of 12-GHz. Red

dotted line indicates approximate rise time t,; obtained from the Gaussian response,
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Figure A.1: Estimated rise time of input waveform versus observed rise time
(Ve=300V).

which is given by

trs = \J2y — 12, = /2, — (0.35/B)’ (A1)

where t,, = (0.35/B)? is the rise time determined by a bandwidth B of the oscilloscope.
Figure A.1 shows that the approximate values agree with the simulated result. We
found also from the figure that the measured average rise time ¢,; (36 ps), which is
shown with a red diamond, is 21 ps, while the minimum rise time simulated for the
measured one (29.8 ps) is 8.6 ps.

The first result may be supported by Ref. [1] that gives a rise time limit of 20 ps for
the fastest discharges from a theoretical consideration on a 50-Q2 TEM transmission
line discharge model. For the latter result, however, it is too short to measure even
though the fastest commercially available oscilloscope could be used.

The finding validity was investigated in the following way.

Even to the situation as shown in Figure 4.4 (b), we can apply a discharge circuit
approach 2 for a charged stray capacitance between the tip electrode and the ground

plate. Based on a spark resistance formula, the approach can provide a discharge
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current ¢(t) in a closed form, which is expressed as

v (&) () e {(2) (%) - )

t) = 5 X 5 Tl (A.2)
e {(2) (%) (- )]

Current peak i, and maximum rising slope di/dt|yax are also given by

_ove(5) (B)
ip = Ve (A.3)

/ 2/21 — ? 4
di — QCVC (Q) (&) . (A.4)
At |ax  751/6 — V21 p) \ 9o

Then the rise time ¢,; of discharge current i(t) is expressed as

C08xi, 08 756 a1 <a>1 , (E)Q (A.5)

di T 3v3  2v21 -3

where i, is the peak current, « is the spark coefficient decided by the atmosphere, p is

max

the pressure in atm and 0 is the gap length in m. The above equation should give the
minimum rise time of a discharge current to be measured through a 50-€2 coaxial cable
as shown in Figure 4.4 (b). As regards the gap breakdown field Vi/d, Ref. [3] estimates
2x 107 V/m for charge voltages below 1000V, which gives t,; =51 ps from Eq. (A.5).
According to Ref. [1], on the other hand, a theoretical consideration of field emission
shows that the gap breakdown field never surpasses 3x 107 V/m for polished surfaces
of electrodes in very dry air, which yields t,; = 23 ps. However, Ref. [4] experimentally
gives 7x 107 V/m for a charge voltage of 400 V, which leads to very short rise time of
t.i =4 ps.

The above-mentioned discussion implies that the rise time of discharge currents through
air discharges of ESD-guns is likely to be below 10 ps despite a claim in Ref. [1] that
the rise time limit is 20 ps. Note that Ref. [3] gives estimated gap breakdown length
using the measured discharge currents through a hand-held metal piece from a charged
human body, while Ref. [4] gives measured gap length with a micrometer when a
discharge happened between a needle electrode with a curvature of 0.5 mm and flat-

plate electrode.
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A.3 Estimation based on first and second order low-
pass filters

Though the Gaussian response is well known as one of the frequency responses of oscil-
loscopes and has been widely used, today a frequency response called ”flat response”
is adopted for the latest digital oscilloscope ). The characteristics of the flat response
are not easy to be numerically expressed. Thus we actually measured the frequency
response of the oscilloscope we used, and compared it with those of first and second

order low pass filters, and as a reference, the Gaussian response.

Generally, frequency responses of oscilloscopes (bandwidth: B) G(jw) are given as
follows. Let Gi(jw), G2(jw), and G4(jw) be the frequency responses of the first,
second orders and the Gaussian response, respectively. According to Ref. [6], they can

be expressed as

G (jow) = (1 4 er—wB)l (A.6)

2B

1 1)\?
p:l_@+¢(l_@) o

Jjw

G,(jw) = exp { (% In 2) : (ﬁ)Q} - exp(—jwr). (A.8)

Gg(jw):{1+P( Jw )2+‘/ﬁ(~7“ )}1 (A7)

Figure A.2 shows the measured frequency response of an oscilloscope (bandwidth: B=12
GHz, sampling frequenccy: 40 GHz). In the figure, red circles indicate masured data,
th gray solid line indicates calculation result for the first ofder, and the dotted line
shows calculated results for the Gaussian response.

The thin blue line, thick red line, and thin pink line indicate the calculated results for
the second order of Q=0.6, 0.7, and 0.8, respectively. From Figure A.2, measured data
at frequencies below 14GHz agree well with the frequency response of the second order

(Q=0.7) as Ref. [6].
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Table A.1: Examples of estimation results of rise time of input waveforms (300 V).

Estimated [ps]

Measured [ps] ond  1st  Gauss

29.8 26.6 309 59
33.5 33.0 34.7 16.5
36.9 27.0 304 225
43.6 39.9 399 320

Let v;(t) and v,,(t) be the input waveform of the oscilloscope and observed (measured)
waveform, respectively. By directly changing Eq. (A.6) and Eq. (A.7) into time domain

expression, the input waveforms can be given by

vi(t) = v (t) + ﬁdvgt(t) (4.9)
P dvu(t) VP 1 dun(t) (A.10)

vi(t):vm(t)+(27TB)z e Q 2B dt

From measured waveforms for air discharge of an ESD-gun (300V), input waveforms
are estimated by Eq. (A.9) and Eq. (A.10). They are shown in Figure A.3. In the
figure, the black line with circles is measured data, and blue and red lines indicate
calculated results for first and second order, respectively. Rise time is read by the
same way as the previous chapters. Examples of the results for some of the fastest
measured data are shown in Table A.1. From this table, we found that the rise time
given by the Gaussian response is fastest, followed by that of the first order and that
of the second order. Since the second order characteristics can well explain measured
frequency response of the oscilloscope, the results from Eq. (A.10) are appropriate.
Thus the fastest rise time obtained from measurement is estimated to be 27 ps at

300V.
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A.4 Conclusion

We found that the rise time for charge voltages below 500 V reached a measurement
limit of 35 ps due to the limitation of a bandwidth of the oscilloscope we used. Based
on the Gaussian response of the oscilloscope, we estimated that the rise time limit may
be below 10 ps. Based on the second order low-pass filter that well explains the flat
responses of actual digital oscilloscopes, however, we estimated that the fastest rise
time obtained from our measurement is 27 ps a charge voltage of 300 V.

Our future task is to elucidate the factors that determine rise-time limit of the discharge
current waveform for air discharge of an ESD-gun with a few hundreds of charge volt-

ages.
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Appendix B

Wideband measurement of
discharge current caused by air
discharge through hand-held metal
piece from charged human-body

B.1 Introduction

As described in the main chapters, in conjunction with high speed and low voltage
operation of ICs, the electromagnetic (EM) immunity of electronic devices has been
degrading. Especially it is well known that the transient EM fields due to electrostatic
discharge (ESD) events have broadband frequency spectra, which cause a serious failure

=2 From this perspective, an ESD-immunity test

to high-tech information equipment
is being prescribed in the IEC 61000-4-2 ¥ which is normally conducted by contact
discharge of an ESD-gun. The ESD-gun is a device that simulates the ESD event from a
charged human body, while it consists of a lumped resistor and a lumped capacitor cor-
responding to a skin resistance and a human-body capacitance, respectively. In actual
ESD events, however, charges distributed on the body surface are discharged through
a spark and thus its situation should be quite different from that of the ESD-gun. To

achieve a better method of immunity testing, we need grasping the characteristics of

discharges from a charged human body.

In addition, a strange phenomenon observed in low voltage ESD events is well known
in the related industries. The ESD of this kind causes more serious failure to electronic

equipment, while the mechanism has not yet been elucidated 2.
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In order to understand the behavior of discharge currents from a human body charged
below 1 kV, we previously measured the discharge current through a metal piece from a
charged human body with a 6GHz band digital oscilloscope, and proposed an equivalent
circuit model to explain it from a time invariant spark-resistance and human-body

impedance 4.

In this study, with respect to its approaching speed of the hand-held metal piece, we
measured discharge currents through a metal piece from a human-body with a charge
voltage ranging from 200 V to 1000 V, and estimated the resultant voltage waveforms
from the above-mentioned equivalent circuit model. Through the results, in conjunction
with the metal piece speed, we demonstrated the dependence on the charge voltage of

current rise time, time-varying spark resistance, spark length and breakdown field.

B.2 Measurement and calculation methods

B.2.1 Measurement method and an equivalent circuit model

Figure B.1 (a) shows an experimental set-up for measuring the discharge currents from
a charged human body. Also shown in Figure B.1 (b) is an equivalent circuit model

to calculate the discharge currents, which was proposed in M.

An aluminum plate
(Imx2m) was placed as a ground vertically on a square aluminum plate with a side of
Im. As can be seen in Figure B.1 (a), a 50-€2 SMA connector was fixed at the center
of the vertical aluminum plate, which was connected through a 50-{2 coaxial cable to
a digital oscilloscope with a frequency band of 6 GHz and a sampling frequency of
20-GHz. For easy contact, a small circular metal plate (hereafter called target) with a
diameter of 6mm was attached to the inner conductor of the SMA connector. The tip
electrode for air discharge of the ESD-gun was used as a metal piece. In the Figure
B.1 (a), Zp(jw) is the human body impedance including the tip electrode seen from
the point of contact between the target and the edge of the electrode.

After a subject with a metal piece, standing on form polystyrenes, is charged through

a resistor of 100 M2 from a DC power supply, the hand-held metal piece is approached

the target from a distance of about 5.5 cm. When a spark occurs between the metal
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Figure B.1: Measurement set-up for observing current waveforms through a hand-held
metal piece from a charged human body (a) and an equivalent circuit model to calculate
discharge current (b).



92

piece and the target, a charge accumulated in the human-body is discharged and a
discharge current flows through the SMA connector into the coaxial cable.

The charge voltage is set from 200 to 1000 V, in increments of 200 V, and the approach-
ing speeds of the metal piece are the fast approach (approaching speed: about 20 cm/s)
and the slow approach (approaching speed: about 2 cm/s). Five times measurements
were made for discharges at each of the two approaching speeds of a charge voltage.

Measurement were performed in a room temperature at 23 °C and a relative humidity

of 40 %.

In the equivalent circuit model to calculate the discharge current, shown in Figure
B.1 (b), Vi and 276 (w) Ve indicate a charge voltage of the human-body and its Fourier
transformed expression, respectively. Note that d(w) indicates the Dirac delta function.
Zp(jw) is a human-body impedance, and Z,(=502) is a characteristic impedance of
the coaxial cable. v(t), 75(t) and i(t) are the discharge voltage appearing between the
metal piece and the target just before the contact (hereafter called discharge voltage),
the time-varying spark resistance, and the discharge current, respectively.

The discharge voltage vs(t), which can not be directly observed by this measurement

se-tup, can be given from Figure B.1 (b) as

vs (1) = 7rs(t)i(t)

1 +o0o “+o00 .
= Voo [ [ T {Z+ Zo ()} i (r) - 0D drde
T J—oco J—o0

1 400 p4oo .
= Vo—Zo-i(t)— o / Z5 (jw) i (1) - € drdw
T J—00 —00
t
— VC—ZO-i(t)—/ 25 (t —7) i (1) dr. (B.1)
0

The above equation enables us to calculate the discharge voltage v,(t) from measured
human body impedance Zp(jw) and discharge current i(t).

Here, in Eq. (B.1), zp(t) is the inverse Fourier transformation of Zg(jw). Dividing
vs(t) by measured current i(t), we derive the time variation of the spark resistance
rs(t). We also estimate the spark length, which will be described later.

Under the assumption that Ohm’s law locally holds between current densities and elec-

tric fields, the spark resistance can be defined as v,(t)/i(t). In addition, the calculation
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of Eq. (B.1) was conducted by using subroutines in Ref. [5].

Figure B.2 shows the frequency characteristics of the human-body impedance seen from
the metal piece, which was measured with a network analyzer in the set-up shown in
Figure B.1 (a). The subject is a 35-year male, whose height and weight are 168 cm
and 60kg, respectively. In this figure, the abscissa and ordinate indicate frequency in
MHz and impedance in ohm, respectively.

The measurement condition of the discharge current i(¢) and human-body impedance
Zp(jw) and the calculation condition of them in Eq. (B.1) are shown in Table B.1.

In the next section, the calculation method will be validated.

Table B.1: Measurement and calculation conditions.

Range Sampling interval Total number
Measured 0-50ns 50ps 1000
i(t) Data used 0-50ns 5ps 9991 x1
Measured 300k—-6GHz 3.75MHz 1601
Zp Data used 300k—7.68GHz 3.75MHz 2049 *2
Calculated 0-266.6ns 65.1ps 4096 *3
*B Data used 0-133.3ns 5ps 53323 x4
Convolution of
Calculated 0-50ns ops 9991 *D

i(t) and zp(t)

x1: Used cubic Spline subroutine (DG1SPC).

*2: Added zero data from 6 GHz to 7.68 GHz.

*3: Used complex Fourier transformation subroutine (DFC1FB).
x4: Used cubic Spline subroutine (DG1SPC).

«5: Used fisrt-order convolution subroutine (DFCN1D).

B.2.2 Validation of the calculation method

It is quite difficult to examine the numerical errors of Eq. (B.1) from actual discharge
currents and measured human-body impedance under the conditions shown in Table

B.1. Thus we assume the human body with a metal piece as a capacitance C, and also
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Figure B.2: Measured human-body impedance seen from a metal piece.

assume that the discharge voltage v,(t) between the metal piece and the target rapidly
changes at the time ¢t=0 from the charge voltage Vi to 0. Then we can theoretically
derive the discharge current i(¢) and the inverse Fourier transformation zp(t) of the
human-body impedance Zg(jw). In case of the discharge voltage vs(t), by comparing
the theoretical results from Eq. (B.1) with calculation results based on the condition
shown in Table B.1, the numerical errors are examined.

From Zp(jw)=1/jwC, i(t) and zp(t) can theoretically be expressed as

V _L
it=12z°¢® (>0 (B.2)
0 (t <0),
) = 4 [ 24 ()t
B = 3 B (jw)e’ dw
T J—o0
400 .
= i/ —,1 et dw
21 Jeo JwC

_ {+i(t>0)

<o) (B:3)

Then the theoretical value of vy(t) is given from Eq. (B.1) as
Ve (1_¢ 5
vy (t) = 2 0 ¢ °) (t>0) (B.4)
Ve (t < 0)
The results calculated under the condition indicated in Table 1 are shown in Figure B.3.

In Figure B.3 (a), the solid line indicates the theoretical value of the discharge current
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i(t) given by Eq. (B.2), the diamonds indicate the measured data of 50 ps interval, and
the gray circles indicate the splined data. From Figure B.3 (a), it is found that the
rising slope of the discharge current based on the discrete data becomes gentler than

that of the theoretical waveform due to the spline interpolation.

In Figure B.3 (b), the solid line indicates the theoretical waveform of the inverse Fourier
transformation of Zg(jw) or zp(t) given by Eq. (B.3), the diamonds indicate the nu-
merical calculation results of 65 ps interval, and the gray circles indicate the results of
the spline interpolation. The rising slope of the numerical calculation is also gentler and
the waveform oscillates. The reason of the oscillation is due to the bandwidth-limited

discrete data of Zg(jw)=1/jwC.

In Figure B.3 (c), the solid line indicates the theoretical waveform of the discharge
voltage by Eq. (B.4), the diamonds indicate the result of the convolution of splined
data in Figures B.3 (a) and (b). Figure B.3 (c) demonstrates that, though the falling
slope of the calculation result of v,(t) is gentler than that of the theoretical waveform,
the discharge voltage waveform can be calculated from the discharge current and the
human-body impedance. Based on the fact that the estimated falling slope 40 ps of
vs(t) is below the sampling interval 50 ps of the digital oscilloscope, which is used to
obtain the discharge current waveform, the calculation results based on Table B.1 are

validated.

B.3 Result and discussion

Figure B.4 (a) shows examples of measured discharge current waveforms. Figure B.4 (b)
shows those of discharge voltage waveforms estimated by Eq. (B.1). Figure B.4 (c)
shows those of time-varying spark resistance, which was derived from dividing the
discharge voltage waveform by discharge current waveform. The thick amd thin solid
lines indicate the results for the fast and slow approaches, respectively, of the metal
piece. The left figures show waveforms of charge voltages ranging from 200 V to 600V,
and the right figures show those of charge voltages of 800 V and 1000 V. In Figre
B.4 (c), the results for only 200 V and 1000 V are shown. From Figure B.4 (c), it is
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found, except 800 V, that the approaching speeds of the metal piece do not affect the
waveforms.

The gap length (hereafter called spark length) was estimated as follows. Figure B.5
shows examples of discharge current waveforms (a) and of time-variation of spark
resistance (b) at charge voltages of 200 V and 800 V. According to the Rompe-Weizel’s

spark resistance formula, a spark resistance is calculated as

Y
0= T (B3

where p atm is the air pressure, « the spark constant, and § the spark length.

Eq. B.5, the spark length 6 can be calculated from the measured current waveform and
estimated spark resistance waveform, and the value which gives the minimal value of
the gap length 6 was adopted. They are shown in the figures. From the adopted spark
length, the time-variation of the spark resistance are shown in Figure B.5 (b) with thin
solid lines (the spark length 6 was 10um at V=200 V, and 45um at V=800 V. The
figure shows good agreement between the estimated spark resistance and calculated
one.

In this case, the breakdown fields (Vo /d) range from 1.8x107 V/m (6=45um) to
2.0x107 V/m (§=10um). Ref. [7] gives a breakdown field of 1.75x10” V/m for the
unpolished surfaces of the sphere versus sphere electrodes at atmospheric pressure.
Ref. [8] also estimated the maximum breakdown field as 3x 107 V/m for moving charged
metal object whose surface is polished. These findings validate our calculated spark
length 0.

From Ref. [5], assuming a time invariant spark resistance yields the discharge current

waveform given as

) =5 [ oy (B.6)
i(t) = — - —edw :
21 J—co T+ ZO + ZB(jW) jw

where r is the time-invariant discharge resistance corresponding to the minimal value
of the spark resistance (hereafter called spark resistance) in Figure B.5. This figure

indicates good agreement between the calculated and measured waveforms.
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This implies that the spark resistance, which is basically time-variant, at the time when

the current reaches the peak determines the behavior of the current waveform.

sE—T e e o o T
b= s = — Fast
o 4 o —— Slow
=) L g
3= 3F 8=
—Osn [ "Uﬁ

(a) BT S
z = Ot e

-
] 1~ [
2 L } B
S opmenl | V20V VM0V 5O
-0.5 0 05 1 15 2 25 . . ‘ 25
Time ¢ [nsec] Time ¢ [nsec]

e e e e e A e e e e
‘M'_\IOOOV — Fast | v — — Fast |
8 2, 800 — Slow] F > ~—— Slow |
%N [ 7 %Q 7
= 600 = 4 o = .

® 23 0 1 E% ]
g &b 400 1 g -
£ 2 I Wu: [ 1
o 2 -4 @® © 200 ———
@ g 2 N g 8 2 ]

Oxxxxlx_ﬁxxxlxxxxlxxxﬁxxxx P P N A E AN R

0.5 0 05 1 15 2 25 0.5 0 05 1 15 2 25

Time ¢ [nsec] Time ¢ [nsec]
1500VVHV- L e L '_‘ISOOV" w""y"'wvvvvyvvvvyvvFva
—_ [ ast |
=G i O 'Qfeg r —— Slow]
< r q ~ r q
2 = 1000 - 4 &< 1000 .

(€ g | 18 o ' ]
S o L 183 i 1
s Q i 1 e 2 i 1
S 500 4 € § so0f
< E 4 .= - = 4
g s °0f V=200V 1S % , ? 800V ]
= » 1m g ' ]
[-ng ol 1T —TT o T 2 O"H‘MMJHHMHAHHJ

-0.5 0 05 1 15 2 25 -0.5 0 05 1 15 2 25

Time ¢ [nsec] Time ¢ [nsec]
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Table B.2: Characteristics of air discharge through a hand-held metal piece from a
charged human body.

charge voltage Current peak  Rise time  Spark length Breakdown voltage

VelV] I,[A] t[ps] 6[pm] Ve /d[107V /m]
104+ 006 717+62 102+08 1.97 £ 0.17
200 1024003 731+87 102+04 1.96 + 0.08
2.06 £ 006 700 +44 194 £ 05 2.06 £ 0.06
400 224+ 011 71.6+80 190 +07 2.11 + 0.08
320 £ 009 67063 28000 214 £ 0.0
600 321 4009 756+52 204+ 009 2.04 + 0.06
380 £ 011 895 & 150 458 & 1.1 175 £ 0.04
800 296+ 018 1473 £ 355 644+ 44 1.25 + 0.08
160 £ 016 9l4L141 500+ 14 1.70 £ 0.04
1000 454+ 018 939+ 125 586+ 1.3 1.71 + 0.04

Table B.2 summarizes the characteristics of air discharge through a hand-held metal
piece from a charged human-body, which are the current peak, rise time, spark length
and breakdown field. The upper and lower rows show the results for fast and slow
approaches, respectively. They are also presented in Figure B.6 with the mean value
+ standard deviation. We found that for charge voltages below V=600 V, the spark
length increases with Vi, which results in a constant breakdown field of 2x107V /m,
and the discharge current waveform has a peak proportional to V> and a constant rise
time around 70 ps, while these properties are not almost affected by the approaching
speed of the metal-piece. For a charge voltage of V=800 V, however, the properties

are greatly affected by the approaching speed. The cause remains unknown at present.

B.4 Conclusion

In this study, with respect to the approaching speed of a hand-held metal piece, we
measured discharge currents through the metal piece from a human-body with a charge
voltages ranging from 200 V to 1000 V, and estimated the resultant voltage waveforms
from the equivalent circuit model. Through these results, in conjunction with the metal

piece speed we demonstrated the dependence on the charge voltage of current peak,
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102

rise time, time-varying spark resistance, spark length and breakdown field.

We found that for charge voltages below V=600 V, the spark length increases with V,
which results in a constant breakdown filed of 2 x 107 V/m, and the discharge current
waveform has a constant rise time around 70 ps and a peak proportional to Vi, while
these properties are not affected by the approaching speed of the metal piece. Note
that the rise time is affected by the bandwidth limit of the oscilloscope used to observe
the discharge current waveforms. We also confirmed that discharge current waveforms
can be calculated from the spark resistance value at the time when the current has its
peak.

Future tasks are checking whether or not this circuit model can be applied to the
discharges for charge voltages over 1000 V, and elucidating a strange discharge phe-

nomenon observed for charge voltages around 800 V.
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