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Foreword

(This foreword is not a part of IEEE Std C62.47-1992, IEEE Guide for Electrostatic Discharge (ESD): Character-
ization of the ESD Environment.)

An electrostatic discharge (ESD) event can cause equipment malfunction as well as physi-
cal damage. Equipment malfunction may include corruption of data and equipment lock-ups.
Physical damage may include equipment damage and even loss of life.

In order to achieve meaningful ESD immunity, the design of an entire system must be con-
sidered, both for direct discharge and for fields. Various design tools are available to assist in
increasing the ESD immunity of electronic equipment. The utility of these tools is limited,
however, if the character of the ESD threat is not understood.

There are standards for simulating the ESD environment at the equipment level. They
have been published by several organizations, including IEC and ECMA; others are in prepa-
ration, including one by ASC C63. However, much has been learned about ESD since early
versions of some of these standards were published. In addition, all of these standards are
exclusively test standards; repeatability has been a major goal, sometimes at the expense of
realism. Therefore, these standards are not necessarily fully accurate sources of information
regarding the ESD threat itself; presentation of such information is typically not their
purpose.

To date, no other organization has written a guide that describes the characteristics of the
real-world ESD event itself. This guide has been written to fill that void. This guide is not an
ESD test standard. Rather, it is intended to be a resource for equipment designers, and for
preparers and users of ESD test standards. This guide will allow all those who are responsible
for ESD immunity to judge the relative realism of proposed ESD tests by comparing them to
the real-world ESD events described.

The reader of this guide is encouraged to use an appropriate test standard to define actual
ESD immunity tests for equipment.
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IEEE Guide on Electrostatic Discharge (ESD):
Characterization of the ESD Environment

1. Scope and Purpose

The purpose of this guide is to describe the electromagnetic threat posed to electronic equip-
ment and subassemblies by actual Electrostatic Discharge (ESD) events from humans and
mobile furnishings. This guide organizes existing data on the subject of ESD in order to char-
acterize the ESD surge environment. This guide is not an ESD test standard. An appropriate
ESD test standard should be selected for equipment testing ([1], [3], [B .t

The manufacturing, handling, packaging, and transportation of individual electronic com-
ponents, including integrated circuits, are not discussed, and this guide does not deal with
mobile items such as automobiles, aircraft, or other masses of comparable size.

ESD results in a sudden transfer of charge between bodies of differing electrostatic poten-
tials. In this guide, the term ESD includes charge transfer whether or not an arc occurs or is
perceived.

ESD phenomena generate electromagnetic fields over a broad range of frequencies, from
direct current (dc) to low gigahertz. The term ESD event includes not only the discharge cur-
rent, but also the electromagnetic fields and corona effects before and during a discharge.

In this guide the intruder is often a human, but it may be any object that is moved, such as
a chair, an equipment cart, a vacuum cleaner, or the equipment victim itself, whether or not it
is in conductive contact with a human. The equipment victim is usually a fabricated electronic
equipment or subassembly and is generally, although not necessarily, at local electrostatic
ground potential.

The equipment victim may be the receptor to which the discharge takes place from the
intruder; less frequently, the equipment victim may be the intruder. Alternatively, the equip-
ment victim may be affected by the electromagnetic fields generated by a discharge between
an intruder and a receptor. Receptors and intruders that may not themselves be equipment
victims include furniture such as metal chairs, carts, tables and file cabinets, as well as other
electronic equipment.

This guide discusses and cites references that describe the ways in which a body builds up
charge and the characteristics of discharge currents and fields. Descriptions and references
are also given for electrical equivalent circuits to be used in understanding and simulating the
discharge current between intruder and receptor masses.

Publications that are specifically referenced in the text of the guide are listed in the Section
3, while Section 9 cites additional publications in both ESD and related areas.

Most of the work that has been published in connection with actual ESD is related to dis-
charges from humans, usually grasping or in association with a metal object. Far less pub-
lished data exists for discharges from humans without metal objects, and from mobile
furnishings, and virtually no data exists for discharges from human torsos or clothing. For
this reason, primary emphasis is placed on discharges from humans with associated metal
objects, with some additional material relating to ESDs from mobile furnishings. All dis-
charges are assumed to take place in an air environment.

Finally, all of the published time-domain data on which this guide relies were taken using
instrumentation with either a 400 MHz or a 1 GHz bandwidth.

1The numbers in brackets correspond to those of the references in Section 3, and the numbers preceded by the let-
ter “B” in brackets correspond to those of the bibliography in Section 9.
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2. Definitions

antistatic. A property of materials that resist triboelectric charging.
approach speed. The rate at which the intruder approaches the receptor.

body/finger ESD. An electrostatic discharge from an intruding human finger or hand. Also
called body/finger discharge.

body/metal discharge. See hand/metal ESD.
body/metal ESD. See hand/metal ESD. Syn: body/metal discharge.

brush-by. An electrostatic discharge from the human torso, such as from the hip or shoulder.
Syn: brush-by ESD, brush-by discharge.

brush-by discharge. See brush-by.
brush-by ESD. See brush-by.

charge voltage. The voltage difference between the intruder and the receptor just prior to an
ESD.

DES. Discharge Electrostatic; an alternative name for ESD.

direct ESD event. An ESD event that takes place between an intruder and a receptor in
which the intruder or the receptor, or both, is an equipment victim.

equipment victim. The electronic equipment or subassembly that is subjected to the effects
associated with an ESD event. It may be the intruder or receptor, or it may be in proximity to
the discharge between the intruder and receptor and therefore subjected to the stress of ESD-
related electromagnetic fields.

ESD. Electrostatic Discharge: the sudden transfer of charge between bodies of differing elec-
trostatic potentials.

ESD current wave. The waveform of the discharge current between an intruder and a
receptor.

ESD event. An interval that includes the ESD current, electromagnetic fields, and corona
effects before and during an ESD.

fast approach. Approach speeds that engender short, subnanosecond risetime ESD current
waves. Fast-approach speed depends on the voltage difference between the intruder and
receptor, e.g., for rounded electrodes of 8 mm diameter, greater than 0.05 m/s, 1 m/s, and 10
m/s at charge voltages of 4 kV, 8 kV, and 16 kV respectively [13].

furniture ESD. An electrostatic discharge in which the intruder is an inanimate object such
as a cart or chair, with or without a human in electrical contact with the object.

hand-to-metal impedance. The impedance between the human hand and the metal object
with which it is associated in a hand/metal ESD. The metal object is usually the intruder dis-
charge electrode. Examples of hand-to-metal impedance include resistance and capacitance
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between the fingers and a key, between the wrist and a metal watch or bracelet, and between
the hand and a screwdriver.

hand/metal discharge. See hand/metal ESD.

hand/metal ESD. An electrostatic discharge from an intruding human hand which occurs
from an intervening metal object such as a ring, tool, key, etc. Syn: hand/metal discharge.

indirect ESD event. An ESD event taking place between an intruder and a receptor in prox-
imity to equipment that is the victim.

initial current pulse. The subnanosecond risetime, and greater than 1 ns to perhaps 3 ns
duration pulses that can occur at the start of the current wave from an ESD. Also called ini-
tial pulse, initial spike, and fast discharge mode. Its leading edge is the initial slope.

initial slope. The slope, in amperes per nanosecond (A/ns), that occurs at the start of the
ESD current wave. Syn: rising slope.

intruder. The body that is in motion in an ESD event. The intruder is usually but not neces-
sarily charged relative to its surroundings. It is always at a potential different from that of
the receptor.

intruder electrode geometry. The size and shape of that surface of the intruder, termed the
intruder electrode, at which the ESD takes place.

main discharge current wave. The relatively long portion of the ESD current wave that
follows the initial current pulse, or that occurs by itself when the initial current pulse does not
exist. It may be unidirectional or oscillatory; its initial slope may be fast or slow.

multiple ESD event. An ESD event in which more than one discharge occurs. The time
interval between successive discharges may be several microseconds to several tens of milli-

seconds. Related terms include multiple ESD, multiple discharge, and multiple.

normalized peak ESD current. Ratio of the peak current to the charge voltage (e.g.,
5A/kV).

normalized rising slope. Ratio of the initial slope to the charge voltage (e.g., 3.75 A/ns/kV).

proximity discharge. See proximity ESD.

proximity ESD. See indirect ESD event. Syn: proximity discharge.

receptor. The body that is at rest in an ESD event. The receptor is usually but not necessar-
ily at the same potential as its surroundings. It is always at a potential different from that of

the intruder.

receptor electrode geometry. The size and shape of that surface of the receptor, termed the
receptor electrode, at which the ESD takes place.

rising slope. See initial slope.

SED. Static Electric Discharge; an alternate name for ESD.

10
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static dissipative. Having a level of resistivity that typically leads to charge dissipation.
(See Table 1.)

triboelectric charging. The generation of electrostatic charges when two pieces of material
are brought into intimate contact and are then separated. Syn: triboelectrification.

triboelectric series. A list of substances in an order of relative positive to negative charging
as a result of the triboelectric charging effect. (See Appendix A.)

triboelectrification. See triboelectric charging.

3. References

This standard shall be used in conjunction with the following publications:
3.1 Standards Publications

[1] ECMA TR-40, Electrostatic Discharge Immunity Testing of Information Technology Equip-
ment, 1987.2

[2] EIA 571 (March 1991), Environmental Considerations for Telephone Terminals.3

{3] IEC Pub 801-2 (1991), Electromagnetic compatibility for industrial process measurement
and control equipment. Part 2: Electrostatic discharge requirements.*

[4] MIL-STD 883D, Test Methods and Procedures for Microelectronics.?

(5] NEMA, “Environmental Testing for Electronic Controls—Residential Controls,” Part DC-
33, Draft proposed June 24-25, 1982.

[6] SAE J1113 (Aug. 1987), Electromagnetic Susceptibility Measurement Procedures for Vehi-
cle Components (Except Aircraft).®

[71 UL ?91-1989, The Standard Test for Safety-Related Controls Employing Solid-State
Devices.

3.2 Other References

[8] AT&T Technologies, Electrostatic Discharge Control Handbook, Issue 3, 1990.
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4. Principal Methods of Charging Humans and Mobile Objects

Static electrification or charging refers to all processes that produce segregation of positive
and negative electrical charges into relatively stationary groupings. This section describes
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those processes considered directly relevant to the purposes of this guide. Supplemental infor-
mation is given in Appendix A.

4.1 Triboelectric Charging. The most common charging mechanism is triboelectric charg-
ing. This mechanism involves electron or ion transfer upon contact, due to the frictional local-
ized heating of microscopic contact areas on solid surfaces. The localized microscopic regions
of material are melted, allowing increased charge mobility.

Distinctions among various levels of material resistivity are based on surface and volume
resistance. Categories with corresponding ranges of surface and volume resistivity are given
in Table 1. The electrostatic charge that can be developed between two materials is a function
of their relative position in the triboelectric series, and of their resistivity. Those materials in
the series that also have a higher resistivity can accumulate significant charge because a
longer time is required for charge to bleed off such materials. However, under certain circum-
stances even conductive materials, such as metals, can be charged (see Table Al).

Table 1
Resistivity Classification for Purposes of Electrostatic Discharge

. . Surface Resistivity Volume Resistivity
Classification
(Q per square) (Q cm)
Conductive <10° <104
Static-Dissipative 105- < 1012 10%- < 101
Nonconductive >1012 >101

4.2 Induction. Induction, or electrostatic induction, is a means by which portions of humans
or other items can become differentially charged.

Such charge redistribution takes place on a body when the electrostatic field of a nearby
charged object, such as the face of a cathode ray tube, polarizes charges of a nonconductive
body or redistributes charges on a conductive body. As a result, even though the person or
object as a whole may remain electrically neutral, its charge may be distributed unequally,
thereby creating the possibility of an electrostatic discharge from some portion of the person
or object.

4.3 Physical Charge Transfer. This type of charging occurs when charged particles are
physically transferred to an object that is itself not creating the charge. For example, a person
who is pushing an equipment cart, which is accumulating charge due to rolling friction, may
be charged by the cart. Also, charging via an ion stream is another example of physical charge
transfer.

4.4 Examples of Common Charging Processes

4.4.1 Motion, Walking, and Friction. One of the most common methods of charging is the
act of walking. The human body, in the process of walking, builds up electrical charge with
respect to its surroundings. Walking on a floor with footwear of an insulating material leads
to charge buildup on the underside of the shoe sole by triboelectrification. The charged shoe
soles cause charge redistribution on the human body by induction. As each step is taken, this
charge redistribution increases. The maximum total electrostatic charge that can accumulate
is on the order of microcoulombs, and significant electrostatic potentials can thus be devel-
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oped. For example, walking across a synthetic fiber carpet in a relatively dry room (less than
about 30% relative humidity) can easily result in an electrostatic potential from several kilo-

electrostatic charge that may be developed. Rolling mobile furnishings, including chairs and
carts, can also lead to charge buildup due to contact between the rollers and the floor. Other
friction- based charging methods exist. For example, the simple movement of the body within
clothing can develop large electrostatic potentials.

4.4.2 Ion-Generation Imbalance. Ionizers are often used to reduce the tendency of mate-
rials to build up or store electrostatic charge. However, if the ionizing equipment does not pro-
duce both positive and negative ions more-or-less equally, the ion stream may actually charge
objects in its path. The electrostatic charging in this situation is not eliminated and may, in
fact, be intensified.

internal voltage. It is typically the field surrounding the screen that can charge humans and
nearby objects, including other portions of the CRT assembly, because charges may be redis-
tributed on objects near, but not touching, the CRT. (See 4.2.) However, if a person or a small
mobile furnishing should physically contact the CRT, a portion of the CRT charge may be
transferred to the person or object. (See 4.3.)

5. Charge Accumulation: Characteristics and Variables

The static charge that can be accumulated by an object is influenced not only by the physi-
cal characteristics of the object itself, but also by the environment in which the object is
located.

5.1 Charge. The electrostatic potential or potential difference that exists between two
charged objects, or between a charged and an uncharged object, may be considered to exist
between two electrodes of a charged capacitor, where the objects represent the capacitor elec-
trodes. The charge @, expressed in coulombs, is related to the capacitance and voltage by the
equation:

Q=CV (Eq 1)
where
c Capacitance (in farads)

1% = Voltage (in volts)

The values of C and V depend upon the composition and geometry of the materials and the
environment. Depending upon the exact physical and environmental conditions, the charge
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may range from a fraction of a microcoulomb to several microcoulombs. The geometry of the
surface of a charged object limits the surface charge density and the electric field intensity
associated with it. For a given electrostatic charge on a body, charge density is greater at
sharp edges or corners. The corona discharge voltage, approximately 3 x 108 V/m, limits the
amount of charge that an object can sustain [12].

Consider the example of a person walking across a carpet and becoming charged to 10 kV.
Assuming a body cagacitance of 100 pF, the charge the person carries may be calculated as
@ =CV=[100x 101% [10 x 10%] = 1 uC.

5.2 Electrostatic Potential. The voltage that is developed on both human bodies and on
mobile objects, with respect to local electrostatic ground potential, is a strong function of a
number of environmental variables. Foremost among them are relative humidity and the
materials of floor coverings, clothing, etc. High relative humidity increases the conductivity of
many materials and thus permits charge to drain from the object, lowering the maximum
achievable electrostatic potential. Conversely, low relative humidity allows an object to
achieve a relatively high electrostatic potential. Nonconductive materials will retain a charge
almost indefinitely while static-dissipative and conductive materials permit charge to drain
off.

The voltage on a human body or on a mobile object can therefore vary widely from one envi-
ronment to another. It can remain well below 5 kV in controlled humidity situations involving
only antistatic or static dissipative materials. It can range from 5 kV to over 10 kV in low
humidity environments with synthetic materials.

The general expression relating @, C, and V, i.e., @ = CV, indicates that if the capacitance of
a body is reduced, its voltage must increase as long as its charge does not change. This occurs,
for example, when a seated person elevates his or her feet, e.g., placing them on a cross-mem-
ber under a table. The resulting reduction in body capacitance with reference to earth causes
a multiplication of the voltage carried just prior to lifting the feet. The voltage multiplication
factor can be 1.5 or even higher in extreme cases.

Finally, it has been claimed that charge voltage can be as high as 20 kV to 25 kV when both
extremely low humidity environments—below 20% to 30% relative humidity—and noncon-
ductive synthetic materials are involved [11], [25], [33], [34]. An ultimate limit for such
extreme environments would be 30 kV to 40kV, at which voltage levels corona would bleed off
charge via rings, watches, and other sharp points on the human body or mobile object [11].
However, more recent work may put some of these extremely high-charge voltages in ques-
tion; at issue is the inaccuracy of some charge meters when the charged object is as large as
the human body.

The minimum voltage necessary for a person to be aware of his or her involvement in an
electrostatic discharge is approximately 3000 V. Nevertheless, electrostatic discharges that
occur below this threshold of human perception may contain sufficient energy to cause upset
or damage to electronic equipment. In fact, the faster initial slopes of current waveforms that
result from ESD events at these low voltage levels can make such discharges even more dis-
ruptive than ESD events originating at higher charge voltages. (See 7.2.)

5.3 Capacitance. The capacitance of an object with reference to its surroundings is directly
proportional to the size of the object and is a function of the proximity and characteristics of
the surroundings. The shape or geometry of the object also affects its capacitance. A body with
no nearby surroundings still has capacitance to free space. There is typically only a small dif-
ference between capacitance to free space and capacitance to objects more than a meter away.

As an example, effective human body capacitance is on the order of 60 pF to 300 pF. The
range of variation includes not only size and geometry, but proximity to grounded surfaces or
objects and the dielectric constant of the intervening material(s), e.g., air and shoe sole
material.
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5.4 Energy. The energy stored on a human body or mobile object is a function of its capaci-
tance and its voltage and is determined by the relationship:

W = (1/2) CV?2 (Eq 2)
where

c = Capacitance (in farads)

|4 = Voltage (in volts)

W = Energy (in joules)

As an example, consider a person walking across a carpet and becoming charged to 10 kV,
Assuming a body capacitance of 100 pF, the stored energy would be determined as
W = (1/2)CV? = [1/2] [100 x 10"12] [10 x 10%]2 = 5 mJ.

5.5 Environmental Factors. Variables such as relative humidity; temperature; atmospheric
pressure; materials; contaminants; object shapes; and the proximity of the intruder, the recep-
tor, and the equipment victim will control the charge that is developed on the bodies with
respect to each other and with respect to local electrostatic ground. Of all these variables,
materials and relative humidity are prime factors in determining the relative ease with which
objects will become charged to a given voltage.

In addition, the geometry of the object surfaces, as well as object spacings, affect charge
density and electric field intensity. All of these factors must be considered when evaluating an
electrostatic environment,

6. ESD: Characteristics and Variables

6.1 Intruders, Receptors, and Equipment Victims. The intruder is often a human hand,
with or without an associated metal object such as a key, ring, or tool. But it may be any object
such as a chair, an equipment cart, a vacuum cleaner, etc.

The receptor is the stationary object that the intruder approaches and to or from which it
transfers charge. Often the receptor is at local electrostatic ground potential.

The equipment victim is an electronic device that is often the receptor, but may also be the
intruder or an object that is neither the intruder nor the receptor. In this last case, the equip-
ment victim is in close proximity to the ESD event and may be upset or damaged by the elec-
tromagnetic fields generated by the discharge between the intruder and the receptor.

When either the intruder or the receptor is an equipment victim, the ESD is termed direct.
When the equipment victim is neither the intruder nor the receptor, the ESD is termed
indirect.

Fig 1 shows a direct ESD event. The intruder may be human (Figs 2 and 4), inanimate (Fig
8), or a combination of the two (Figs 3, 6, and 7).

Table 2 lists the various kinds of intruders, with the names of the ESD events that result
from each.

In the case of a human intruder, the ESD event may be a body/finger ESD that takes place
directly from the skin (Fig 2). It may also be a brush-by that takes place from the torso (Fig 4)
(12].

In the case of a human in contact with a small metallic object, a body/metal or hand/metal
ESD is one that takes place from a metallic object associated with a hand such as a ring,
watch, screwdriver, or key (Fig 3). If the human is not in conductive contact with the small
metallic object, the source of the ESD charge is only the metallic object (Fig 8).

In the case of a large inanimate intruder, the ESD event is called a furniture ESD and takes
place from a specific conductive location on the intruder. Inanimate intruders include equip-
ment carts without a human (Fig 5), with a human (Fig 6), and chairs (Fig 7).
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Fig1
Direct ESD Event

Table 2

ESD Intruders and Resulting ESD

ESD Intruder Type of Resulting ESD

Human Body/Finger—from finger without associated metal object

Brush-By—from hip, torso, or shoulder

Metal object Hand-Associated—tool or other object not in conductive contact
with the hand or body

Furniture—not in conductive contact with the hand or body

Combination human Body/Metal or Hand / Metal—tool, ring, watch, or other metal
and metal object object in conductive contact with the hand or body

Furniture and Human—in conductive contact with the hand or
body; human seated in chair, pushing cart, or vacuum cleaner;
holding and in conductive contact with a tool, etc.

The energy transferred from an intruder to a receptor during an ESD depends on the
impedance ratio between them and on the energy dissipated in the arc.

Fig 9 shows an indirect ESD event. The equipment victim is irradiated by fields from three
principal sources as a result of the electrostatic discharge: the ESD arc, the intruder mass,
and the receptor mass. Additional sources include wires and cables that may be connected to
the intruder or to the receptor, and reflections from adjacent objects and walls. All of these
fields may affect the equipment victim.

6.2 Conditions Affecting Discharge Current. Just as the environment affects the charg-
ing process, it also affects the discharge current. Humidity, atmospheric pressure, and elec-
trode shapes will affect the discharge current wave. In addition, the speed at which the
intruder approaches the receptor is important. A rapid approach will result in a discharge
current with a faster initial risetime than for a slow approach [13], [26]. (See B1 and B2).

As mentioned in 5.3, the capacitance of both intruder and receptor are dependent on adja-
cent ground structures. Therefore, the presence of such structures will also impact the dis-
charge current [17].

18



CHARACTERIZATION OF THE ESD ENVIRONMENT

IEEE
Std C62.47-1992

ESD | ReCEPTOR:
EQUIPMENT
VICTIM
Fig 2
Direct Body/Finger ESD
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Fig 3

Direct Hand/Metal ESD or Body Metal ESD

Fig 4
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Direct Brush-By ESD
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Direct Furniture ESD: Rolling Cart Alone
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Direct Furniture ESD: Rolling Cart With Human
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Fig 7
Direct Furniture ESD: Rolling Chair With Human
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Direct Furniture ESD: Screwdriver Alone
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Indirect ESD Event

6.3 Frequency of Occurrence of ESD. The primary source of ESD incidence information is
a 1.3 year study of metallic-covered, floor-standing, information processing equipment [32].
This equipment was installed at several different locations. Some locations were computer
rooms, in which an attempt was made to control ESD by maintaining high relative humidity
(the mean relative humidity was 31% to 43% for these sites) by using special carpets, etc.
Other locations were offices in which no special effort was made to control ESD.

Current monitors were installed in order to detect ESD current in equipment. The detected
current pulses were recorded and grouped by amplitude (see Fig 10). In this way a record was
created that indicated the frequency of incidence of various ESD current amplitudes.

The limits of the current ranges in Fig 10 are the maximum that may be expected in an
uncontrolled environment. In a controlled environment, high current levels may not occur.
The maximum level in a controlled environment will depend on the effectiveness of the control
methods used. For example, the study indicates that the occurrence of ESD is not related to
humidity in a linear manner. As the relative humidity is reduced from 50% to 5%, the rate of
ESD occurrence was found to increase nearly 100 times.
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*In each specific controlled environment, the actual maximum charge voltage may well be much less than these lim-
its. The actual limits will depend on the success of the control methods employed.
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The bandwidth of the current monitor was 100 MHz. Since ESD current bandwidth can
extend beyond 1 GHz, this would appear to cast doubt on the results of the study. However,
this was not actually a problem. A 100 MHz current monitor can measure current pulses with
a rise time of 3.5 ns. This is sufficient to determine the peak amplitude of the main discharge
current wave in an ESD (see 6.4.2). Measurements of ESD currents indicate that the peak
amplitude of the main discharge current wave is roughly proportional to the ESD charge volt-
age for a given intruder and receptor. Using the measured peak current, the charge voltage
may be calculated using the equation V = IZ, where Z is the impedance of the ESD current
path.

6.3.1 Occurrence of Personnel and Furniture ESD. An impedance based on furniture
ESD was used to calculate the voltage scale (specifically 48 Q). This impedance included the
average impedance of the charged furniture, the ESD arc, and the path to the current monitor
(see Fig 10) [10].

Since most equipment designers are usually interested in human ESD as well as furniture
ESD, Fig 10 also has charge voltage scales for body/finger ESD and for hand/metal ESD. The
impedance used to relate the body/finger ESD current to the charge voltage was 1500 Q.

Although 1500 Q is somewhat higher than the lowest theoretical human body impedance
[12], measurement of actual human ESD events indicate that 1500 Q should be considered a
reasonable worst-case impedance for body/finger ESD. Therefore, this value is the human
body impedance used in UL and MIL standards [4], [7].

For the hand/metal ESD scales in Fig 10, the impedance used to calculate the charge volt-
age was 330 Q. This value was chosen because measurement of actual hand/metal ESD indi-
cates that this is a reasonable worst-case impedance, and it therefore is used in several test
standards [1], [3], [B1l.

Of course, in the real world the impedances of ESD discharge paths will vary. For all three
types of ESD, the impedance could easily be at least a factor of two different from the imped-
ances used to develop the voltage scales of Fig 10. Therefore, the voltage scales shown in Fig
10 are not to be considered precise. In addition, the ESD current measurements that form the
basis for Fig 10 represent an average over many sites, and variation from site-to-site can be
much larger than a factor of 2. In spite of these limitations, however, Fig 10 gives a useful
indication of how often ESD will occur, on the average, at various charge voltages in both con-
trolled and uncontrolled environments.

The three voltage scales of Fig 10 overlap. Since the study counted all types of ESD, it is not
possible to say what the ratio of occurrence was for furniture ESD, hand/metal ESD, or body/-
finger ESD. Therefore, in the regions where the voltage scales overlap, it is only known that

the number of ESDs events that occurred was due to a combination of the overlapping types of
ESD.

6.4 General Characteristics of the ESD Event. It is the purpose of this section to estab-
lish common nomenclature to facilitate description and analysis of ESD events.

6.4.1 ESD Voltage Regions. All of the current waves generated by ESD events fall into
two general classes: those with, and those without, an extremely steep initial slope.

The current wave from a human ESD often includes an initial spike preceding the main dis-
charge wave; such an initial spike usually has a steep initial slope. The current wave from
furniture ESD may not include an initial spike, yet often has a steep initial slope. The ESD
current waves that include such steep initial slopes often have rise times that are so fast that,
when 1 GHz bandwidth instrumentation is used, the rise times are displayed as the instru-
mentation's own, namely 350 ps. It is presumed that when wider bandwidth instrumentation
is available, ESD rise times may be shown to be even faster. B1 and B2 give additional back-
ground information on the initial pulse and on the conditions that may determine whether or
not an initial pulse is generated in a particular ESD. Bl also includes information on the
importance of a steep initial slope on equipment failure probabilities.
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Those ESD current waves that do not have a steep initial slopes have rise times ranging
from one or several nanoseconds to tens of nanoseconds; typical values lie between 2 ns and
20 ns.

Three different ESD voltage regions are defined, as shown in Fig 11:

Region I: From 0 V to 3—4 kV. The typical ESD current wave is repeatable, and it has
an initial slope with a rise time of greater than 1 ns. Human ESD in this region almost
always has an initial current pulse; ESD-generated fields also typically have initial
slopes with rise times greater than 1 ns, but field wave data in the technical literature
is limited at this time.

Region II: From 3—4 kV to 8-10 kV. This transition region is intermediate to regions I
and II1. In it, current wave repeatability becomes poor. A steep initial slope and an ini-
tial current pulse can appear and disappear from one ESD event to the next, under
apparently invariant test conditions. Thus, region 1I starts where rise time varies and
the initial current pulse may not appear for human ESD, and ends where rise time is
almost always relatively slow and the initial current pulse almost never appears. ESD
current and field characteristics lie between those of regions I and III; waves are highly
variable.

Region III: Above 8-10 kV. The ESD current wave has an initial slope with a relatively
long, 2-30 ns rise time. The initial current pulse is absent, and current waves are often
notched. ESD-generated fields also typically have initial slopes with 2-30 ns rise times,
but field wave data in the technical literature is limited at this time.

It should be emphasized that while the voltage region representation permits some catalog-
ing of ESD waveforms, in fact the voltage region system is not absolute. However, it does
serve to introduce the manner in which current, rise time, and the existence of the initial cur-
rent pulse depend on charge voltage, when all other conditions are equal. In fact, human ESD
events with very fast rise times and initial current pulses can be produced at charge voltages
over 10 kV for extremely fast approach speeds, particularly at low humidity [26]. By the same
token, human ESD events with no initial current pulses, and with quite slow (2-30 ns) rise
times, can be generated at only 1-2 kV, using supersharp metal objects and quite slow
approach speeds, particularly at high humidity [26]. However, these are extremes. For classi-
fying ESD current waves in terms of their basic characteristics, it is useful to define 3—4 kV
and 8-10 kV demarcations between voltage regions as given above for typically rounded elec-
trodes in medium speed approaches. Different points of demarcation may be established,
when desired, for special purposes.

A discharge in region I is roughly equivalent to a switching operation, since the discharge is
essentially free from the variability that may be introduced by corona and possibly by other
effects at higher voltages. Therefore, tests with both human and furniture discharge can be
extremely repeatable in this region; in some circumstances, successive current waves can
almost overlay one another for reasonably constant test conditions [13], [26]). On the other
hand, such repeatability is not characteristic of transition region II, or of the always slower
rise time, no initial current pulse of region IIL In both regions II and III, a high degree of vari-
ability exists in the discharge current waveform.

Because of the high variability in regions II and III, ESD models in this guide refer only to
region I. The models may not be accurate for regions II and III, since the quantitative effects
of corona or other effects have a very limited data base.

6.4.2 Time Domain Characterizations of the ESD Current Wave. In the time domain,
ESD current waves depend on whether the ESD source is human or furniture. An additional
consideration is whether conditions lead to generation of a steep initial slope and to the exist-
ence of an initial spike.
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REGION 1

CURRENT Initial Slope
>20A/ns
<1 ns Risetime,
Wave Repeatable

FIELD
< 1ns Risetime,
Wave Data Incomplete

REGION II

CURRENT Initial Slope
>20A/ns to <0.4A/ns
<1 to > 20 ns Risetime,
Wave Highly Variable

FIELD
2 to >20ns Risetime,
Wave Data Incomplete
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REGION III

CURRENT Initial Slope
15A/ns to <0.4A/ns
2 to > 20ns Risetime,
Wave Often Notched

FIELD
2 to >20ns Risetime,
Wave Data Incomplete
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Fig1l
ESD Voltage Regions

NOTES: (1) Typical examples of current waveforms and field characteristics are shown for each region; amplitudes
are normalized.
(2) Applicable for 3 mm to 10 mm diameter metal electrodes and typical approach speed (.02 m/s to .2 m/s).

ESD wave parameters that may be related to malfunction of electronic equipment, and are
therefore of interest in ESD characterization, are:

— Initial slope of the current pulse (A/ns)
— Peak amplitudes of
— The initial slope
— The initial current pulse
— The main discharge wave
— Amplitudes of the ESD current wave at specific time intervals after its start

The waveform and magnitude of the current that flows during charge transfer between the
intruder and the receptor are critical factors in determining both the character and the level
of the ESD threat to the equipment victim. In particular, ESD can be grouped into three volt-
age regions (see 6.4.1 and Fig 11). A complementary classification results from consideration
of the type of discharge involved: body/finger, hand/metal, or furniture (see 6.1 and Table 2).

Body/finger and hand/metal ESD events generate similar discharge current waveshapes;
however, those of hand/metal ESD are typically between five and ten times larger in magni-
tude than those of body/finger ESD [22]. Waveforms from furniture ESD are totally different
both in character and in magnitude from both types of human discharge waves, due primarily
to the far lower total circuit resistance and inductance of metal furniture versus the human
body. However, it would appear that a fast furniture discharge rise time or initial slope may
occur under the same general conditions—electrode shapes, approach speeds, charge volt-
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ages—as are required for generation of the initial current pulse in a human ESD; in other
words, the voltage region characterization of 6.4.1 appears to hold with equal validity.
Although 6.4.1 indicates that waveforms can vary significantly, only four to six basic wave-
shapes are generally needed to cover all of the different possibilities [23], [26].

Fig 12 shows current waves for typical hand/metal ESD events, Fig 12(a) shows a wave
from ESD taking place in what may be presumed to be voltage region I; it therefore has a
steep initial slope and an initial spike. Fig 12(b) shows the leading edge of the wave of Fig
12(a), emphasizing the initial slope, the current range of the initial slope, and the peak of the
initial current pulse.

Various points are identified in Fig 12(a), including the peak of the main discharge current
wave and the peak amplitude of the initial spike. Also indicated are the values of the current
at 30 ns and 60 ns after the start of the wave. These two points are recommended for specify-
ing main discharge wave amplitude for hand/metal and body/finger ESD. The 50% point on
the decay of the main discharge wave (not shown in the figure) is deprecated as an indicator of
amplitude, since anomalies on the tail of the wave can be severe, depending on adjacent
ground structures and other variables. In any case, it can often be difficult to determine the
peak value of the main discharge wave since in many ESD events the initial spike overlies the
main wave peak. The 30 ns and 60 ns points are less sensitive to such factors and are unam-
biguous; their use is therefore preferred.

Fig 12(c) shows a hand/metal ESD wave initiated from a higher charge voltage (or from a
sharper point or slower approach). This wave displays a much slower initial slope and has no
initial pulse, both of which characterize some ESD events in region II and virtually all ESD
events in region III.

Fig 13 shows current waves from typical furniture ESD events. Fig 13(a) shows a wave from
an ESD taking place in what presumably was region I. It therefore exhibits a steep initial
slope, but it does not have an initial spike; initial spikes occur less frequently with furniture
ESD events than with body/finger or hand/metal ESDs, even in the same voltage region. The
main discharge wave for furniture ESD is typically oscillatory, since the total resistance in the
discharge path is not much more than the ESD arc resistance, i.e., there is minimal damping
in the circuit.

Fig 13(a) includes the peak of the main discharge wave (which is also the peak of the first
half-cycle of the oscillation), the duration to the first axis crossing, and the amplitude of the
first negative peak.

Fig 13(b) shows leading edge detail for the furniture discharge wave of Fig 13(a), emphasiz-
ing the initial slope and the current range of the initial slope. The peak of the initial current
pulse is not shown since an initial current pulse has been assumed not to exist in this exam-
ple. Note that the current range of the initial slope for furniture discharge may correspond
fairly well with the peak of the initial spike for the hand/metal ESD. However, it is typically
only 30% to 50% of the peak of the furniture ESD itself,

Fig 13(c) shows a wave from a furniture ESD initiated from a higher charge voltage (or from
a sharper discharge point or slower approach), displaying the much slower rise time that is
characteristic of some ESD events in region II and virtually all ESD events in region III.

Finally, Fig 14 shows an overlay of the typical waves of Figs 12(a) and 13(a) for region I
hand/metal ESD and furniture ESD respectively. The initial slope portions of the two waves
overlie one another, as these typical region I events may well do. After reaching the peak of
the initial slope portion of the wave, the hand/metal wave drops and starts its much lower
main discharge portion (shown later to depend on the discharge from the human body). The
furniture wave, on the other hand, after reaching the peak of its initial slope, continues
upward at a much slower rate to the peak, often twice as great as the current at the top of the
initial slope portion. This is the first peak of the main furniture discharge wave oscillation, a
function of the physical size of the main body of the furniture from which the ESD takes place.
The almost identical initial slopes for hand/metal and furniture ESD events in region I, with
vastly different main discharge waves following the initial slope, are explained in 6.5, describ-
ing models for the ESD event.
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Hand/Metal ESD Current Waves
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Furniture ESD Current Waves
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Fig 14
Overlaid Current Waves From Hand/Metal and Furniture ESD Current Waves

NOTE: Note the relative amplitudes and the common fast initial rise for the same charge voltage.

6.4.3 Spectra. The results of electromagnetic field measurements cited in 7.2 suggest that
the slower current wave risetimes in voltage region III and in the upper portion of voltage
region II are responsible for the limited energy above a few hundred megahertz for the spec-
tra of ESD events in these regions [18], {19], [38].

Direct calculations for ESD current wave spectra indicate that ESD that include initial
spikes may have spectral components that extend to several gigahertz [38].

6.4.4 Multiple Discharges. What is apparently a single ESD event may in fact incorpo-
rate more than one pulse of electromagnetic energy, taking the form of multiple pulses of cur-
rent and associated electromagnetic fields. Multiple discharges are more likely to occur at
higher charge voltages, above 10 kV or 12 kV; they are usually in a sequence of diminishing
rise times [37]. The several pulses in a multiple ESD event are spaced by tens of microseconds
to tens of milliseconds. Therefore, more than one theory has been developed to explain these
phenomena (see B3). To date, no research has been reported to verify which of these theories
are correct.

Since succeeding ESDs in a multiple discharge occur at descending charge voltage levels,
many if not most high-voltage ESD events are accompanied, in multiples, by subsequent
medium- and low-voltage ESD events. Therefore, the initial high-voltage ESD, which has a
current waveform with a slow initial slope (see 6.4.1, 6.4.2, and 6.4.3), may be followed by one
or more subsequent ESD events generated from lower charge voltages, which therefore often
display steep initial slopes. In this way, a region III slow rise time ESD event may, via multi-
ple discharge, also generate one or more region I fast initial slope ESD waveforms. This may
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be one reason for the reappearance at high charge voltages, in region III, of equipment fail-
ures that occur at lower voltages, in region I, and sometimes disappear at medium voltages, in
region II. The failures may simply be reappearing due to the fast rise time lower voltage ESD
waveforms, which naturally follow many high-voltage discharges as a consequence of multi-
ples. However, the total energy of the typical discharge current wave due to high voltage is
also of course much greater than at lower voltage, and that may instead be the reason for the
reappearance of equipment failures in region III. In fact, both explanations may be valid, each
accounting for failure reappearance in different circumstances. The issue will remain an open
question until additional work is performed and reported.

6.5 Electrical Models of the Direct ESD Event. The three sources of ESD that are of
greatest interest to designers of electronic equipment, and that are therefore most important
to model, are:

(1) Body/Finger ESD: Discharge from a fingertip without an associated metal object (Fig
2)

(2) Body/Metal or Hand/Metal ESD: Discharge from a metal object in contact with a
hand (Fig 3)

(3) Furniture or Inanimate Object ESD: Discharge from a cart, chair, or other inanimate
object, with or without a human in conductive contact with the object (Figs 5-8)

NOTE: Models are accurate only for voltage region L.

6.5.1 Simple Resistor Capacitor (RC) Model for Human ESD. The historical model of
a human body ESD typically consisted of a simple series-connected resistor-capacitor net-
work. This circuit is illustrated in Fig 15. Values contained in the literature for the capacitor
range from 60-300 pF and, for the resistor, from 150-10 kQ. [1], [2], [3], [4], [5], [6], (7], [12],
[B1].

The historical model ignores the inductance of the human body, as well as the inductance
inherent in any actual circuit that may be constructed to duplicate the model..

— <
o}

Fig 15
Simple RC Model for Human Body ESD

6.5.2 Developing a More Realistic ESD Model. Every portion of any object has a capac-
itance to free space, or to its surroundings, including other objects and portions thereof. Each
object also has inductance between its capacitances and the point of electrostatic discharge.

The unique electrical characteristics of an ESD event result from interaction among the
resistance, capacitance, and inductance parameters for all of the individual sections of every
object, including humans, involved in the event. These electrical characteristics and their
relationships may be used to construct an electrical model of the physical bodies involved in
the discharge. The model is then useful in understanding currents and fields produced during
the ESD event, and to assist in designing products and in developing standards for ESD
immunity testing [9].

Fig 16 shows the capacitances involved in an ESD. Inductances and resistances are ignored
in this simplified diagram since it is the capacitances that store the energy that is transferred
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during an ESD event, and therefore their topology must be understood first. Those capaci-
tances involved in the subnanosecond, discharge-current rise times are the ones associated
with physical areas on the intruder and on the receptor that are closest to the points at which
the discharge occurs.

LOCAL AREA

ESD I:*ARC
e ——'\IW—T
11

1r RECEPTOR
INTRUDER Ci/R

INTRUDER —
TO — RECEPTOR
CAPACITANCE

DISTANT
l AREA _| L L ¢

Cip (TOTAL CiL 5 CRL T  °“RD
INTRUDER “SKIN") INTRUDER RECEPTOR RECEPTOR
DISTANT LOCAL LOCAL DISTANT
CAPACITANCE CAPACITANCE CAPACITANCE CAPACITANCE
/77 777 777
Fig 16

Capacitance Model for Participants in an ESD Event

Each of the local intruder and local receptor areas has capacitance to its surroundings, Cyy,
and Cgy, respectively, in addition to the capacitance between the two areas Cpg (The subscript
I refers to intruder, R to receptor, and L to area that is local with respect to the discharge.)
Capacitances to the surroundings from areas on the intruder and receptor that are distant
from the points of discharge are termed Cip and Cgp, respectively; these account for the longer
duration and slower rise-time portions of the current wave. (The subscript D refers to area
that is distant with respect to the discharge.)

Fig 17 shows the same circuit as Fig 16 except for the addition of inductance, and, where
applicable, resistance, in series with each of the capacitors. Subscripts associate each induc-
tance or resistance with its corresponding capacitance: Lip with Cip, ete.

Inductances must be included in realistic circuit models representing both the intruder and
the receptor [9]. The initial slope of the current waveform, di/dt, is in fact determined not by
the values of resistance and capacitance in the circuit model, but is proportional to the quo-
tient of charge voltage divided by the total circuit inductance in the discharge path, or V/L
[31]. Smaller objects, and small portions of larger objects in the immediate vicinity of the
ESD, have geometries that generally result in low values of inductance. They can therefore
produce discharge current waveforms with steep initial slopes in the subnanosecond range.
The more distant portions of larger objects can generate greater peak currents, particularly if
they are metal and therefore have very low equivalent series resistance. However, they will
typically generate slower discharge current initial slopes, due to the higher inductances
implied by greater distance from the point of discharge.

The three capacitances associated with areas close to the ESD, Cyy, Cyg, and Cg;,, are quite
small. Typical values for each lie in the range of 3 pF to 20 pF. However, each of the three
capacitors has extremely low series inductance; the total of Ly, Lyg, and Ly, is only in the
range of 0.01 pH to .2 uH [27], [31]. In addition, series resistance, Ry, is so small as to be
negligible; Ry, and Ryg are at most several hundred ohms for hand/metal ESD, which
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Fig 17
Capacitance/Inductance Model for Participants in an ESD Event

includes hand-to-metal impedance. Thus, even though these capacitors are small, the
extremely low inductance and low resistance in the discharge paths for Cyp, Cyg, and CgL
may allow a discharge current spike of relatively high amplitude (see [9] for additional infor-
mation). This current spike routinely reaches tens of amperes for charge voltages of only a few
kilovolts, and under some conditions for furniture ESD can exceed 100 A. The initial spike
duration is usually less than a few nanoseconds.

The subnanosecond rise time and relatively high peak amplitude of the initial spike result
in initial slopes for discharge current that may exceed 10 A/ms/kV or 15 A/ns/kV of initial
charge voltage on Cyy,.

The capacitances associated with intruder and receptor areas more distant from the ESD,
Cip and Cgp respectively, have appreciably larger inductances; each has a value lying from
0.1 pH to over 2 pH [27], [31]. While resistance Rgp is normally negligible for a metallic
equipment chassis, Ryp is tens or hundreds of ohms for a human intruder. As a result prima-
rily of their large associated series inductances, the distant capacitances do not play a major
role in generating the fast initial slope.

Instead, they cause the main discharge current wave that follows the initial slope. It has a
slower rise time and longer duration.

The shape of the main discharge current wave is also affected by any equipment-ground
connection that may exist. This connection is represented by Lg and Rg in Fig 17. Normally
Rg will be very small, but Lg will normally be about 1 pH per meter of ground wire. The
ground path represented by Rg and L¢ will act to shunt a portion of the main discharge cur-
rent around Cgy, and Cgp.

The risetime of the main discharge current wave is typically 2-30 ns or more, and its dura-
tion is typically 30 ns to over 100 ns. It is undirectional for body/finger and hand/metal ESD,
and usually oscillatory for furniture ESD. Its amplitude ranges from less than 1 A for body/-
finger discharge, to a few amperes or tens of amperes for body/metal or hand/metal ESD, to
hundreds of amperes for furniture discharge. For both body/ finger and hand/metal ESD, the
peak amplitude of the main discharge current wave is typically less than half of the initial
spike amplitude. For furniture ESD, its amplitude is typically greater than that of the initial
slope; as a result, the initial fast-rising slope often appears simply as a fast leading edge for a
fraction of the main discharge peak amplitude; no, or very little, initial spike is apparent.

The circuit of Fig 17 is only a rough approximation to the actual situation, which is better
characterized by a model with distributed parameters than by a lumped parameter model
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[30]. Nevertheless, lumped parameter models constitute a practical basis for computer simu-

lations of ESD currents. Such simulations agree reasonably well with measured waveforms
[27], [31].

6.5.3 Electrical Parameters of Human Bodies. Table 3 gives calculated values of capac-
itance to free space, as well as calculated values for series inductance, based on spherical or
cylindrical approximations of the human body segments involved in an ESD [11], [31].

While the geometry of various body segments is largely responsible for determining their
effective inductances and capacitances, their resistances depend on many highly variable,
nongeometric factors. Bulk resistance of various body segments have been estimated [11],
[12]. However, in both a body/finger and a hand/metal ESD, skin resistance is in series with
bulk resistance, and effective skin resistance is believed to vary not only with humidity, but
also with the chemistry of individual skin secretions. In a hand/metal discharge, additional
factors not relevant to a body/finger discharge include area of contact with the metal object
and the force between the object and the skin. For example, a bracelet may be in fairly loose
skin contact over a substantial area, while a tool or a key may be held with different amounts
of force over areas of widely differing sizes (see Fig 3).

Since the effective resistance depends on so many variable factors, appropriate resistance
values for modeling purposes may best be determined by comparing computer models incorpo-
rating the more readily calculable L and C values of the body with a number of actual ESD
events. Results of such comparisons give ranges of 300-1000 Q for the total resistance in a
hand/metal ESD event [27].

Table 3
Approximate Dimensions, Estimated Capacitance, and Estimated Inductance for
Various Sections of the Human Body [31]

Diameter Length C L
(cm) (cm) (pF) (uH)

Fingers holding key 2 6 2 .02
Entire hand holding key (to wrist) 75 12,5 5 .02
Forearm (wrist to elbow) 9 30 10 1
Full arm (wrist to shoulder) 9 60 20 .27
Torso (shoulder to waist) 30 60 20 .13
‘Whole body (torso plus lower body) 30 120 60* 43

*The calculated capacitance values are those that would exist for a human who is not in close proximity
to a ground plane. For a person standing on a ground plane, the proximity of the ground plane to the feet
would result in a much larger whole-body capacitance. For a person who is standing on a ground plane,
the whole-body capacitance can be 100 pF to 150 pF.

6.5.4 The Two-Resistor-Inductor-Capacitor (RLC) Circuit Model for Human ESD.
A two-RLC circuit model has become generally accepted to approximate the electrostatic dis-
charge from a human body, including the fast initial pulse from the hand [31]. The circuit
model is shown in Fig 18 and includes two parallel RLC paths, one representing the hand and
the other the body. The receptor is modeled as an ideal ground.

Values for the hand capacitance to free space as well as for hand resistance and for hand
inductance, corresponding with local parameters Cy, Ry, and Ly, in series with Rgy,, Ly,
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Fig 18
The Two-RLC Model for Human ESD in Region I

and Cgy, in Fig 17, are shown as Cy, Ry, and Ly respectively. Also, Ch, Ry, and Ly include

the effect of Cyg, Ryr, and Lyg, which are in parallel with the previous series components.
Parameters for the body are Cg, Rp, and Lg. The parameter Cpg corresponds to the series

combination of Cyp and Crp of Fig 17; however, Rg corresponds to the total of Ry, Rip, RRL,

and Rgp; Ly corresponds to the total of Lip, Lyr, LRD; and Lgy As a result, the initial current

pulse is provided by Cy, Ry, and Ly, and the main discharge current wave is provided by Cg, .

RB N and LB' ‘1
Therefore, Fig 18 emphasizes independent generation of the initial spike via the hand/fore-

arm RLC, and the main discharge wave via a body RLC. The parameter values shown in Fig

19 are typical of the ranges for hand/metal ESD.
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Fig 19

The Two-RLC Model for Furniture ESD
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6.5.5 The Two-RLC Model for Furniture ESD. In addition to human ESD, furniture
ESD can also be explained and modeled by a two-RLC circuit, as shown in Fig 19.

Based on both measurements and calculations, intruder parameters for furniture such as
carts, with and without associated human bodies, include capacitance Cgp on the order of
100-300 pF, resistance Ryp from a few ohms to several tens of ohms, and inductance Lgp in
the range of a few tens of nanohenries [12], [23]. These distant furniture parameters corre-
spond with Cg, Rp, and Ly in Fig 18 for human ESD. The equivalent of hand parameters Cy,
Ry, and Ly in the same figure also exist for furniture; the small local area of the object within
a few centimeters of the discharge usually has a low inductance to the point at which the ESD
takes place. This low inductance will cause a fast initial slope or even an initial spike.

It is possible that Cpy, is equal to or exceeds Cy, while Rgy, and Ly, may be presumed to be
very much smaller than Ry and Ly respectively. However, these parameters have not been
reported on to date.

As mentioned in 6.5, when the furniture is large, such as a chair or cart, the initial spike
can be swamped by the main discharge wave; it may appear as a 30-50% subnanosecond ini-
tial slope and will lose its initial spike character as such.

If a person is in electrical contact with a mobile furnishing that contains sharp edges, the
voltage on the furnishing and the person may be less than the highest value that can be sus-
tained by the person alone. However, the total capacitance will be higher than that of either
the person or the object [32].

The relationship between a person pushing a rolling metal cart and a receptor in the form of
an equipment console has been modeled [12]. Results indicate that the maximum calculated
peak current obtained from the cart pushed by a person charged to 10 kV was 770 A, with a
rise time of 2-3 ns. From [12], the component values for the circuit model of Fig 19 for distant
capacitance Cpp, inductance Lyp, and resistance Rgp are 229 pF, 0.03 pH, and 2 Q respec-
tively. The total value of each of these circuit components includes both the furniture and the
charged human body. Reference [23] shows peak currents of a few tens of amperes to over 100
A. Specifically, 170 A was measured for a charge voltage of 10 kV. The model in [12] did not
include local parameters Cgy, Lpy, or Rpy, but the fast rise times of [23] indicate that they
exist.

6.5.6 Adjustment of ESD Event Models for Receptors of Different Sizes. Receptor
component values used in circuit models like that of Fig 17 may change significantly. Even
though the equivalent circuit configuration of the intruder may remain the same, changes in
the receptor will result in waveform changes. The interrelationships among all of the capaci-
tances, including those of the receptor, must be taken into account. Therefore, in order to
develop electrical models of ESD events, it is necessary to include standardized characteris-
tics for the receptor.

A measurement target [3] mounted in a large plane receptor has been used for virtually all
work to date on characterizing discharge currents in both human and furniture ESD, and for
all models of ESD. A typical size is 1.5 X 1.5 m [1], but the solid wall of a shielded enclosure is
also commonly used to measure waveforms [15].

Therefore, all of the ESD circuit models of 6.5.1 through 6.5.5 were based on using a very
large ground plane as the receptor. In other words, Cgy, in Fig 17, the local receptor capaci-
tance to ground or the nearby surroundings, is quite large, ranging from 200 pF to over
500 pF.

As a first approximation, receptors may be categorized as large or cabinet-size units,
medium size units representing desk-top equipment, and small size units such as calculators
or telephones.

As a practical matter, the capacitance of large cabinet-sized receptors is close enough to
that of the large ground planes that have been used to collect ESD waveform data. As long as
the receptor capacitance is several times the largest intruder capacitance, no further increase
in receptor capacitance is significant because intruder and receptor capacitances are effec-
tively in series.
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However, the waveforms that result for medium-size receptors may be different, and for
small receptors significant waveform changes may result [17].

Since both of the two-RLC models assume the receptor is an ideal ground, changes in the
RLC parameters are required in order to model different receptors. If Cgy, in Fig 17 is compar-
atively large, for example, as it is for the large planar receptor, then Cp and Cy in Fig 18 will
be essentially equal to Cp and Cyy, of Fig 17, respectively. On the other hand, for a small
receptor, the capacitance of the receptor is comparable with Cyp, and probably less than Crp. If
the small receptor is 60 cm to 80 ¢cm from ground, its capacitance will be on the same order as
that of a sphere of 1215 cm diameter, or 7-10 pF [30]. This is comparable with CIL for a hand
or hand/forearm [30], so that the equivalent series capacitance, which is what is expressed by
Cy in Fig 18, will be approximately halved. This will diminish both the amplitude and the
duration of the initial current pulse.

Cp in Fig 18 is affected even more by receptor size. It represents the series combination of
intruding body capacitance Cp in Fig 17 with receptor distant capacitance Cgp in the same
figure. For small ungrounded receptors, Cgp in effect does not exist, so that the distant
intruder capacitance, Crp, is in series with the 7-10 pF capacitor Cgy, to make up Cg in the
two- RLC circuit of Fig 19. The implication of this extremely low effective body capacitance is
that there will be a negligible main discharge wave with a small ungrounded receptor that is
60—80 cm from ground.

For small grounded receptors, the ground wire path, including its stray capacitance, acts as
Cgp- Therefore, the main discharge wave will still exist, although at a reduced level compared
with the main discharge wave that would exist for a large receptor.

6.5.7 Multiple Discharge Models. Although multiple discharge phenomena are described
in 6.4.4, no model for the phenomenon of multiple discharge is generally accepted.

7. Representative Measurements of Specific Electromagnetic Inter-
face (EMI) Effects Generated by or Related to ESD

This section describes the general EMI parameters, due to ESD, that are believed to cause
malfunction of electronic equipment. Representative waveforms and parameter ranges are
included.

7.1 Injected Current. As far back as 1968, data have been published on the ESD current
waveform [36]. More recent data using both 400 MHz and 1 GHz instrumentation have shown
the existence of the fast initial slope and, in the case of most hand/metal ESD events and
some furniture ESD events, the initial spike [13], [14], [15], [19], [201, [21], [22], [23], [24],
[26], [27], (28], [29], [30], [31], [35], [37]. The most recent published work is usually relied on
in this section, since it usually, if not always, involves the most up-to-date measuring tech-
niques and equipment.

Fig 20 shows a representative fast-rise human ESD current wave, as measured with
400 MHz instrumentation: i.e., current transducer, cabling, and oscilloscope [26]. It resulted
from a hand/metal discharge with the intruder initially charged to 4 kV. In this specific case,
the discharge electrode of the intruder was a ring on a finger, and the approach speed was
fast. The wave that resulted had an initial current pulse and an extremely fast rise time, as is
typical of region I waveforms for human ESD. Peak current is 19.2 A, and the displayed rise
time is limited to just under 1 ns by the 400 MHz oscilloscope used for this particular test. Ini-
tial slope, approximated as the ratio of the peak current to the time required to reach peak, is
thus greater than 20 A/ns; how much greater is not known, in view of instrumentation band-
width limitations.

Fig 21 shows a typical region I hand/metal discharge current, also at 4 kV, using 1 GHz
instrumentation (current transducer, connectors, cables, and oscilloscope) [87]. Fig 22 shows
discharge current resulting from a similar ESD on a time scale of 200 ps per division, instead
of 10 ns per division [37].
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Fig 20

Typical Fast-Rise ESD Current Wave From Hand With Ring, Showing Initial
Current Pulse and Main Discharge Wave [26]

NOTES: (1) 400 MHz oscilloscope and current-viewing resistor.
(2) 4 kV initial charge voltage (region I); body/metal discharge, fast approach; 4 ns/division, 4 A/division.
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Fig 21
Measured Discharge Current From a Hand/Metal ESD [37]

NOTES: (1) 1 GHz oscilloscope and current-viewing resistor.
(2) 4 kV initial charge voltage (region I); body/metal discharge, fast approach; 10 ns/division, 5 A/division.

The wave of Fig 21 includes the steep yet narrow initial current pulse, as well as the main
discharge wave. Fig 22 shows just the initial spike. The peak current in Fig 21 is about 32 A,
and since the test was performed at an initial charge voltage of 4 kV, normalized peak current
is 32/4 = 8 A/kV, while for Fig 22 it is about 8.5 A/kV. The risetime from Fig 22 is about 350 ps,
approximately equal to the risetime of the oscilloscope/current transducer combination used
for the test. Thus, the actual risetime of the ESD current only known to be faster than the
350 ps figure; it is probably less than 150-200 ps, or else the measured 350 ps risetime would
be 400 ps or higher. More important is the rising slope of the wave. In Fig 22 it is about
100 A/ns. Normalized rising slope is thus 100/4 = 25 A/ns/kV.
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Same as Fig 21 Except 200 ps/Division
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Fig 23

Typical Slow-Rise ESD Current Wave From Hand With Sharp Metal Object,
Showing No Initial Current Pulse [26]

NOTE: 4 kV initial charge voltage (region I); body/metal discharge, slow approach; 10 ns/division, 2 A/division.

In contrast with the fast-rise human ESD examples shown in Figs 20 through 22, Fig 23 is
a typical slow-rise human ESD current wave with no initial current pulse. This current wave
resulted from a body/metal discharge with the intruder again initially charged to 4 kV, but the
discharge electrode was a sharp pointed electrode and the approach speed was slow. Thus, the
ESD took place in region II. Note that this is an example of the fact that even though the volt-
ages for Figs 20 through 23 were the same, i.e., 4 kV voltage regions dominated in these
examples by electrode shapes, they varied between regions I and II.

The front in Fig 23 displays the notch that is typical of some region II and most region III
waveforms for human ESD [20], [2 1], [26]. The difficulty of defining a meaningful rise time for
this kind of wave has contributed to the attempt to use initial slope to describe ESD current
wavefronts.
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Measuring the fastest rising slope from Fig 23 and assuming it would last from 10 to 90% of
wave peak yields a “fastest rise time” of 2-3 ns; simply measuring the 10% to 90% time differ-
ence in Fig 23 gives 8 ns. This is an important point; a simple 10% to 90% rise time figure
(e.g., 8 ns) would be a misleading description for a front that rises from 10% to 50% in less
than 2 ns. Use of rise time to characterize complex wavefronts is therefore deprecated. In any
case, all parts of the front of Fig 23 are slow compared to the front of the initial current pulse
of Figs 20 through 22.

Many variations of these two broad waveform categories exist, and they are covered in
greater detail in various references [13], [14], [22], [25], [28], [35], [36].

7.1.1 Initial Current Pulse. Reasonable worst-case values for the most important parame-
ters of the initial current pulse for hand/ESD have been developed on the basis of data
reported by a number of investigators [14], [15], [22], [23], [24], [26], [29]. These parameters
are peak current, risetime or initial slope, and duration. Ranges for these are given for fast
approach speed in Table 4; peak current and initial slope are normalized for charge voltage.
(Comparable information for the initial slope on initial pulse for furniture ESD is not avail-
able in sufficient quantity and detail in the literature at the present time.)

Table 4
Reasonable Worst-Case Values for Initial-Current Pulse Parameters for Hand/Metal
ESD in Fast Approach (400 MHz and 1 GHz Oscilloscopes)

Value When Value When
Parameter Using 400 MHz Using 1 GHZ
Oscilloscope Oscilloscope
Normalized peak current 3-6 A/kV 5-10 A/kV
Rise time 7-9ns .25-.35 ns
Normalized rising slope 3-6 A/ns/kV 5-25 A/ns/kV
Duration 2-4 ns 1-3ns

Values in Table 4 are included for two oscilloscope bandwidths, 400MHz and 1 GHz, to illus-
trate the importance of instrumentation bandwidth on the results. It is anticipated that when
ESD is viewed with still higher bandwidth-current-viewing resistors and oscilloscopes, the
ESD event will be shown to be faster.

Depending on charge voltage and approach speed, the initial spike can become much
smaller, in which event it will start to blend into the start of the main discharge wave until it
finally disappears altogether. In this case, the main discharge wave will constitute the entire
ESD current. The consequence of this situation is dominance by the main discharge wave
characteristics: relatively long rise time, relatively low initial slope, and relatively low peak
current.

7.1.2 Main Discharge Current Wave. The main discharge current wave is essentially
independent of the size of the initial current pulse for hand/metal ESD or of the duration of
the initial slope for furniture ESD. Reasonable worst-case figures for main discharge wave
parameters of hand/metal ESD are given in Table 5, and parameters for furniture ESD are
given in Table 6. There is no need to provide performance for different oscilloscope band-
widths, since the phenomena being measured are no faster than the rise time of the specified
400 MHz instrumentation.
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Table 5
Reasonable Worst-Case Values for Main Discharge Current Wave Parameters for
Hand/Metal ESD (= 400 MHz Oscilloscope)

Parameter Value
Normalized peak current 3 A/KkV
Rise time 2 ns to 20 ns
Duration 30 ns to 80 ns
Table 6

Reasonable Worst-Case Values for Main Discharge Current
Wave Parameters for Furniture ESD

Parameter Value
Normalized peak current 7 A/kV to 25 A/kV
Rise time <10 ns
Duration to axis crossing 12 ns to 35 ns

7.1.3 Multiple Discharges. As indicated in section 6.4.4, when multiple discharges occur,
successive discharges are initiated at lower charge voltages than the first discharges. As a
result, the subsequent discharges can have much faster initial slopes than the first dis-
charges, i.e., they may display characteristics of the lower end of region II or even of region I,
instead of region III or the upper end of region IL, in which the earliest ESDs presumably orig-
inate.

Fig 24 shows the results of a single hand/metal ESD from a high charge voltage, i.e., one
taking place at 15 kV, or in region III (37]. The 1 GHz oscilloscope that was used to obtain the
data was set up to retrigger immediately after each wave, so that all the waves in a single
multiple ESD could be shown on the same display.

Note that all five of the waveforms in Fig 24 occurred during what is normally thought of as
only one hand/metal ESD, i.e., only a single approach to the receptor. The voltage regions in
which each of the five discharges apparently took place are marked on the figure. It is striking
that the highest peak was the second one to occur. The first to occur, marked as taking place
in region III, had a much lower peak; it is presumed that corona effects reduced its amplitude.
The second peak occurred at a lower charge voltage, where there presumably was lower
corona, and actually had a higher peak. It is assumed that it probably took place in region II.
The three subsequent, final waves took place in region I, i.e., rise times were in the nanosec-
ond or subnanosecond range, and the waves displayed initial spikes as might be expected.

Fig 25 shows another hand/metal multiple ESD with all of the same conditions as for Fig 24
[37]. Two notched waves occurred first, presumably in region III. Following them was a wave
with an extremely large initial spike; it and all subsequent waves were most likely in voltage
region L.

Generation of subsequent multiples, with fast initial spikes, can be the reason why dis-
charges from higher voltages can cause upsets otherwise caused only at quite low voltages.

7.2 Electromagnetic Fields. The electric and magnetic fields produced by an electrostatic

discharge will vary depending upon the charge voltage and other parameters, but it is possi-
ble to identify general characteristics.
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Fig 24

Multiple (Five) Human ESDs From the Same ESD Event [37]

NOTE: 15 kV, 5 A/div, 5 ns/div; 1 GHz scope.
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Fig 25
Multiple (Seven) Human ESDs From the Same ESD Event [37]

NOTE: 15 kV, 5 A/div, 5 ns/div; 1 GHz scope.

Spectra are broadband, i.e., from low kilohertz to low gigahertz. The fields are transient.
Their maximum levels are on the order of a kilovolts/meter for the electric field and a few tens
of amperes/meter for the magnetic field at a distance of 10 cm from the discharge [38].

Field levels and characteristics produced in any ESD are dependent on the discharge cur-
rent waveform, as well as on the intruder and receptor.

The intruder and receptor, as a set, act as an antenna, the radiated energy levels will vary
as their geometry, shapes, and materials are changed.

Data have recently been reported on both theoretical and experimental work on fields gen-
erated by ESD [38]. All of the discharges were generated by a commercial ESD simulator.
Measurements were made of the electric field at a distance of 1.5 m from the discharges, and
of the receptors to which the discharges occurred. Newly designed, broadband, time-domain
antennas of several types were used for these measurements by the US National Institute of
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Standards and Technology (NIST). [This was formerly known as the National Bureau of Stan-
dards (NBS).] These antennas have bandwidths from 40 MHz to several gigahertz.

H-field (magnetic field) calculations were made based on measured discharge currents. Pre-
dictions were also made for both E and H fields at distances closer than 1.5 m, based on a gen-
erally acceptable correlation between measured and calculated results for the E fields (electric
fields) at 1.5 m.

The data were taken using an ESD simulator in a fixed location, discharging to one of sev-
eral different receptors. Tests were performed from voltages of 1kV to as high as 12 kV. Only
at the lower voltages, i.e., primarily in region I, do the subnanosecond rise times for discharge
current have counterparts in subnanosecond measured E-field rise times. In addition, dis-
charges from 2-4 kV, again in region I, excited fields with the largest peak magnitudes. The
low-voltage, fast rise time (i.e., region I) discharges might therefore cause the most severe
upset to many equipment victims.

Theory showed that near E fields and near H fields depend directly on the ESD current, and
that far E fields and far H fields depend on the time derivative of the current.

Measured E-field magnitudes in some cases exceeded 100 V/m at a distance of 1.5 m from
the discharge point. Calculated H-field magnitude reached.3 A/m at the same distance, specif-
ically for a 4 kV charge voltage.

Calculated values for both E and H fields reached over 4000 V/m and 15 A/m respectively at
a 10 cm distance from the discharge.

Figs 26 through 35 show the measured results from reference [38]. For all of the data in
[38], the so-called “clean time,” or time before the first reflection from the walls and ceiling of
the room was 10 ns. Thus, most of the data should be quite valid as the features of interest
generally required less than this time to occur. However, with the plate and trash can experi-
ments of Figs 33, 34, and 35 this is not the case; data beyond the 10 ns point in time in these
three figures therefore must contain significant reflection components from the walls and ceil-
ing. The authors of [38] point out that this may represent a realistic situation for actual ESD
threats to equipment, however, as such threats will typically occur in rooms of finite dimen-
sions.

Figs 26 through 29 give measured E-field results from reference [38] for 1 kV, 2 kV, 4 kV,
and 6 kV charge voltage tests, respectively.® In all four cases, discharges were made directly
to a ground plane, and the antenna was located 1.5 m from the discharge. Fig 30 shows the
calculated H field, also 1.5 m from the discharge, for the 4 kV charge voltage.

Figs 31 and 32, again from [38], give calculated E-field and H-field magnitudes, respec-
tively, for various distances from the discharge, ranging from 1.5 m down to 10 cm; both sets
of calculations were performed for a 4 kV charge voltage.

Finally, Figs 33, 34, and 35 give the measured E field radiated respectively by a vertical
.9 m x .9 m metal plate excited by a 5 kV discharge, by a metal chair excited by a 3 kV dis-
charge, and by a metal trash can excited by a 6kV discharge. All three tests were done over a
ground plane, and the discharge itself was purposely obscured from the antenna by the object
to which the discharge was made.

The spectral content of fields from ESD is recognized as containing significant energy to at
least 2 GHz [18], [19], [38], and perhaps as high as 5 GHz (38].

8. Conclusion

As this guide indicates, the characteristics of a specific ESD event will vary significantly as
a function of the exact conditions associated with the event. However, this guide also indicates

8Note that for Figs 26 through 35, the position of the start of the wave versus ¢ = 0 is arbitrary. Some of the waves
result from a deconvolution process that effectively removes the known frequency limitations of the antenna. The
position of zero time was not preserved as the data was operated on during that process. For other waves, the oscillo-
scope trigger versus the start of the ESD was uncertain. The validity of the data is believed to be unaffected by this
uncertainty.
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Fig 26

Measured Vertical Electric Field for a 1 kV ESD Simulator Discharge to a
Ground Plane [38]

NOTE: Antenna 1.5 m from the discharge.

200 ————————r—————F——————————
1se}- 4
€
= 1eefk -
<
K]
< sef _
(&)
T
-t
] ] .
o
bt-1-14 —
-1 | ! o
2 S 12 IS
Time (ns)
Fig 27
Measured Vertical Electric Field for a 2 kV ESD Simulator Discharge to a Ground
Plane [38]

NOTE: Antenna 1.5 m from the discharge.
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Fig 28
Measured Vertical Electric Field for a 4 kV ESD Simulator Discharge to a Ground
Plane [38]
NOTE: Antenna 1.5 m from the discharge.
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Fig 29
Measured Vertical Electric Field for a 6 kV ESD Simulator Discharge to a Ground
Plane [38]

NOTE: Antenna 1.5 m from the discharge.
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Fig 30

Calculated Magnetic Field for a Discharge to a Ball Target at 4 kV [38]

NOTE: Antenna 1.5 m from the discharge.
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Fig 31
Calculated Vertical Electric Field for a Discharge to a Ball Target at 4 kV [38]

NOTE: Antenna at various distances from the discharge.
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Fig 32

Calculated Magnetic Field for a Discharge to a Ball Target at 4 kV [38]

NOTE: Antenna at various distances from the discharge.
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Fig 33
Measured Vertical Electric Field Radiated by a Vertical Square Metal Plate Over a
Ground Plane; 5 kV Spark [38]

NOTES: (1) Antenna 1.5 m from plate; ESD simulator; discharge behind plate.
(2) Antenna clean time approximately 10 ns.
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Fig 34
Measured Vertical Electric Field Radiated by a Metal Chair Over a Ground Plane;
3 kV Spark [38]

NOTES: (1) Antenna 1.5 m from discharge; ESD simulator; discharge behind chair.
(2) Antenna clean time approximately 10 ns.

that there are limits to this variation. It is therefore possible to identify the characteristics of
reasonable worst-case ESD events. While a knowledge of these reasonable worst-case events
can be useful in the development and interpretation of ESD test standards, they are not
themselves intended for direct use as test standards.

The conclusions of this guide are that the two ESD current waveforms shown in Figs 36 and
37 represent reasonable worst-case human ESD current waveforms, and that the two ESD
current waveforms shown in Figs 38 and 39 represent reasonable worst-case furniture ESD
waveforms. The waves of Figs 36 and 38 take place in voltage region I; those of Figs 37 and 39
take place in region II or III. All four waveforms are based on measurements made using 1
GHz instrumentation. 8.1 and 8.2 give information on the influence of charge voltage and
receptor size, respectively. Table 7 summarizes the relationship of charge voltage and receptor

size to worst-case ESD current waveforms by indicating the waveform that corresponds with
each condition in the matrix.

8.1 Influence of Charge Voltage Control. If the environment is such that charge voltages
are controlled to known levels, then the peak ESD current for each worst-case waveform may
be estimated by using the known maximum charge voltage in the controlled environment
(Figs 36 through 39). If charge voltage is not specifically controlled, then the worst-case peak
ESD current should be assumed to be the maximum value associated with each of the four fig-
ures.

In addition, the range of charge voltages in the environment will determine whether region

IT or III waveforms of Figs 37 and 39 apply or if only the lower charge voltage, region I of Figs
36 and 38, applies.

8.2 Influence of Receptor Size. For direct ESD, the receptor itself will be important in
determining the worst-case ESD event. As indicated in 6.5.6, the amplitude and duration of
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Fig 35
Measured Vertical Electric Field Radiated by a Metal Trash Can Over a Ground
Plane; 4 kV Spark [38]
—~
NOTES: (1) Antenna 1.5 m from discharge; ESD simulator; discharge behind can.
(2) Antenna clean time approximately 10 ns.
/
=/ —8A/kV PEAK OF INITIAL SPIKE
25 A/ns/kV
INITIAL
SLOPE*
— — 3A/kV PEAK OF MAIN WAVE
— —1A/kV
/ 30 ns 60 ns
Fig 36
Region I Hand/Metal ESD -

NOTE: 4 kV maximum charge voltage.
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— — — 3A/kV PEAK

2A/ns/kV
INITIAL
SLOPE *

— —2A/kV

— —1A/kV

Fig 37
Region II or III Hand/Metal ESD

NOTES: (1)15 kV maximum charge voltage (very little data for human ESD exists above 15 kV).
(2) At voltages above 8 kv, multiple discharges may occur; therefore, the waveforms of both Figs 36 and 37 may well
exist in a single ESD event.

— — —15A/kV PEAK

2 or 3 CYCLES
EXPONENTIALLY DECAYING

L

INITIAL
SLOPE
25A/ns/kV

— —7A/kV

Fig 38
Region I Furniture ESD

NOTE: 4 kV maximum charge voltage.

the ESD current waveform is partially dependent on the size of the receptor. The worst- case
waveforms shown in Figs 36 through 39 apply for relatively large receptors, with surface
areas exceeding 1 m2. For smaller receptors, peak amplitudes and durations will be less than
those of Figs 36 through 39. In addition, the characteristics of worst- case direct ESD events
are related to equipment location as well as to equipment size. For example, desktop equip-
ment is normally inaccessible to direct furniture ESD.

For indirect ESD, worst-case waveforms and their associated fields are unrelated to the size
of the equipment victim, since it is not directly involved in the event; instead, they depend on
the sizes of the intruder and receptor. Indirect ESDs will often involve large receptors such as
desks, and the ESD currents will therefore look like those of Figs 36 through 39 without mod-
ification. The ESD-related fields at the equipment victim will, of course, depend on its location
with respect to the intruder, to the receptor, and to the discharge itself.
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/ — — —15A/kA PEAK

2 or 3 CYCLES
EXPONENTIALLY DECAYING

INITIAL
SLOPE
2 A/ns/kV

— —7A/kV

Fig 39
Region 1I or III Furniture ESD

NOTE: 8 kV! maximum charge voltage.
1Because furniture typically has sharper radii, corona will prevent the development of extremely high voltages.

Table 7
Reasonable Worst-Case ESD Waveforms for Different
Equipment and Environments"

Cé‘:’;gilvﬂg‘?ge Equipment Size Type of ESD Threat
Hand/Metal Furniture
Direct Indirect Direct Indirect

To<4kV Large (e.g, floor 36 36 28 38
standing
cabinet)

To <4 kV Medium (e.g., 36 36 N/A¥ 38
desktop
computer)

To < 4 kV Small (e.g., 36} 36 38} 38
telephone)

None Larger (e.g., 36 36 38 38
floor standing 37 37 39 39
cabinet)

None Medium (e.g., 36! 36 N/A} 38
desktop unit) 37t 37 39

None Small (e.g., 36" 36 38} 38
telephone) 37" 37 39% 39

*Numbers in the table refer to figure numbers in the text of the guide.
'Slightly reduced amplitudes and durations.
Desktop or benchtop equipment is unlikely to be the victim of a direct furniture discharge, but it is as likely as
any other equipment to be the victim of an indirect furniture discharge.

Significantly reduced amplitudes and durations. Small receptors can be the victims of direct furniture discharge
when they are hand-held.
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Appendixes

(These appendixes are not a part of IEEE Std C62.47-1992, IEEE Guide on Electrostatic Discharge (ESD): Charac-
terization of the ESD Environment, but are included for information only.)

Appendix A
Static Decay, Surface and Volume Resistivity,
and Triboelectric Series

Static decay measurements are often made by charging the material of interest alternately
to +5000 VDC and -5000 VDC, and measuring the decay time to 0 V in a controlled environ-
ment. Because of the difficulties associated with measurements of “zero volts,” investigators
frequently use cutoff points such as 10% of the original charge voltage.

Surface resitivity is measured in ohms per square, and volume, or bulk, resitivity is mea-
sured in ohm-centimeters.Documents often specify the use of a 500 VDC test voltage and an
electrification time of 60 s before recording the resistance value. The test methods define vari-
ous fixture configurations along with the associated calculations required for true readings. A
major source of error is due to fringing effects at the edges of measurement fixture electrodes.
The use of a concentric circular fixture or other improved versions overcomes the “fringing
effect” problem.

For the purpose of ESD protective materials qualification, surface resistivity or volume
resistivity measurements should be performed at the lowest relative humidity anticipated in
the usage environment. Hygroscopic material will show significant variations in surface resi-
tivity with relative humidity, particularly at low values of relative humidity.

A number of common materials are contained in the triboelectric series of Table A1l. Materi-
als higher up in the series will generally develop a positive charge relative to materials listed
lower in the series. The farther apart the materials are in the series, the greater will be the
magnitude of the static charge developed.

The order of ranking in a triboelectric series is not fixed. It is not always possible to dupli-
cate a series in the same order. Further, the separation on a triboelectric series chart does not
necessarily indicate the magnitude of the charge assumed by a substance due to triboelectric
charging. The order and degree of charge depends on many factors such as surface cleanli-
ness, ambient conditions, pressure of contact, speed of rubbing or separation, and the surface
area over which the rubbing occurs.
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Table Al
Triboelectric Series [9]

Materials Polarity
Asbestos Positive
Acetate Positive
Glass Positive
Human hair Positive
Nylon Positive
Wool Positive
Fur Positive
Lead Positive
Silk Positive
Aluminum Positive
Paper Positive
Polyurethane Positive
Cotton Positive
Wood Positive
Steel Positive
Sealing wax Positive
Hard rubber Positive
Mylar Positive
Epoxy glass Positive
Nickel, copper, silver Positive
Brass, stainless steel Positive
Synthetic rubber Positive
Acrylic Positive
Polystyrene foam Positive
Polyurethane foam Positive
Polyester Positive
Saran : Positive
Polyethylene Positive
Polypropylene Positive
PVC (Vinyh) Negative
Teflon Negative
Silicon rubber Negative
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Appendix B
Additional Background on Specific
ESD Phenomena

B1. Fast-Rise Initial Current Pulse; Effects on Electronic Equipment

B1.1 Fast-Rise Initial Current Pulse. It has been supposed, but not as yet proven, that the
difference between discharges with and without the initial current pulse or a steep initial
slope may relate to absence or presence of significant corona, or partial discharge, at the time
of the ESD. The correlation between the existence of the initial pulse in a human ESD and the
absence of significant corona has been assumed because of the apparent correspondence
between conditions conducive to the existence of the pulse with those conducive to the absence
of significant corona. Among the most important of these conditions is the presence of rounded
(as opposed to sharp) electrodes, particularly in conjunction with charge voltage in the low
kilovolt range. Measurements made with sharp electrodes show both earlier inception of
corona versus increasing charge voltage and earlier disappearance of the initial spike with
increasing charge voltage {26]. However, while the existence of the initial pulse and the
absence of significant corona seem to track in this general way, a cause-and-effect relationship
between the two phenomena has not been proven.

A related explanation for the gradual disappearance of the initial current spike with
increasing charge voltage depends on the relationship of the voltage between the intruder and
the receptor at the time of the ESD, as a function of the spacing between their respective elec-
trodes at the same point in time. For any given distance between two electrodes of specific
shapes, in a particular gas or combination of gases such as air, there is a minimum voltage
required to establish a discharge arc. This minimum voltage is the static breakdown voltage
for the electrode spacing. The maximum spacing at which a discharge will occur for a given
voltage is the critical spacing, or critical distance, for that static breakdown voltage. (Both
the static breakdown voltage and the critical distance depend on many factors, including elec-
trode shapes, composition of the gas, temperature, humidity, and so on.)

If, due to a fast approach speed, the discharge does not take place until the actual voltage
significantly exceeds the static breakdown voltage, then when the discharge actually does
take place, the avalanche process is accelerated and the rise time of the discharge current
wave will be much faster than if the discharge takes place just at the static breakdown volt-
age. Obtaining a steep initial slope may thus require what might be termed an overvolted gap
[16]. The possible correlation between this mechanism and corona dependence is that the
existence of significant corona will prevent overvoltage of the gap.

B1.2 Rise Time Versus Effects on Electronic Equipment. The importance of the fast rise
time of the ESD current wave in regard to equipment ESD immunity has been investigated in
some detail.

The authors of [15] performed tests to determine upset levels for a number of electronic
equipments of what they termed “medium” susceptibility to ESD. Their tests included ESD
from actual hand/metal ESD events and from five ESD testers of different designs. The rela-
tively high sensitivity of this equipment to steep initial slope may be inferred from compari-
son of the hand/metal test results with results of tests using the five ESD testers. These five
testers included four commercially available air discharge ESD simulators and a relay-oper-
ated, so-called contact mode simulator designed by the authors of [15]. All four of the commer-
cially available simulators were designed as air discharge simulators to the same ESD test
standard (the 1984 version of [1]).

Distribution of initial slope versus charge voltage for the hand/metal tests is shown in Fig
B1. The data in that figure were taken for a planned distribution of approach speeds at each
charge voltage: 10% of the tests were performed using approach speeds that were as fast as
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possible, 10% with approach speeds that were extremely slow, and 80% were executed using
approach speeds designed to simulate what might be termed an “average” human approach
speed. Fig B1 shows means, standard deviations, and observed extreme values of initial slope
in amperes/nmanoseconds of the leading edge of the current wave for a series of hand/metal
ESDs. (Initial slope is referred to as rising slope in [15].) There is a wide range of initial slopes
for each charge voltage. In Fig B1, it varies from 5-32 A/ns at a charge voltage of 4 kV, from 7-
61 A/ns at 8 kV, and from 15-90 A/ns at 16 kV. This means the normalized rising slope at 4 kV
is actually larger than at 16 kV (i.e., at 4 kV the normalized rising slope is about 5.75 A/us/kV,
and at 16 kV the normalized rising slope is about 3.8 A/ns/kV). (This would seem to indicate
that the conditions of this study resulted in relatively slow rising slopes at lower voltages and
faster-than-normal rising slopes for high voltages.)

Distributions of initial slope versus charge voltage are shown in Figs B2 through B5 for the
four commercially available air discharge simulators, identified in the figures as simulators A,
B, C, and D, respectively. None of the testers displayed initial slope distributions that were
consistently as steep over the full voltage range as those of the hand/metal ESDs of Fig B1.
The distribution of initial slope versus charge voltage is shown in Fig B6 for the relay- oper-
ated simulator designed by the authors of reference [15]. Its initial current slopes are compa-
rable with those of the hand/metal ESD events of Fig B1.

Failure distributions are presented in Figs B7, B8, and B9 for three different items of equip-
ment under test (EUT) respectively, using actual hand/metal (Fig B1), the four air discharge
simulators (Figs B2 through B5) and the contact-simulator (Fig B6). (The authors omitted
data for simulator B from Fig B7, and for simulators C and D from Fig B8. They provided no
information on the omissions.)

For EUT #1, whose failure distribution is shown in Fig B7, slow simulators A, C, and D gave
good, fair, and poor replications, respectively, of the hand/metal failure distribution versus
charge voltage. Also from Fig B7, the fast, relay-operated simulator gave higher failure rates
than those obtained with real hand/metal ESD events. For EUT #2, whose failure distribu-
tions are shown in Fig B8, however, both slower simulators A and B gave far lower failures
than did actual hand/metal ESD events. Again in Fig B8 for EUT #2, the fast simulator gave a
better approximation to the failure distribution of actual hand/metal ESD events, although
again showing somewhat more failures than hand/metal. Finally, the failure distributions for
EUT #3 are shown in of Fig B9. This equipment showed no failures whatsoever with slow sim-
ulators A, B, and D. It showed some failures with slow simulator C at lower voltages, but few
failures at higher voltages.

Finally, Fig B9 for EUT #3 shows that the fast ESD simulator gave a failure distribution
reasonably close to the high failure rate distribution of hand/metal ESD events.

The authors of [15] concluded that for the three equipments chosen for the tests, initial
slope could be a key factor in producing failures due to ESD.

It should be noted parenthetically that the degree to which an ESD simulator replicates the
effects of actual hand/metal ESD events depends on the nature of the EUT and varies with
simulator design. ESD simulation is a statistical process; accordingly, the data presented by
Figs B1 through B9 are representative of real experience.
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B2. Initial Slope Versus Approach Speed and Other Variables

A definitive series of tests have been performed to relate initial slope to approach speed and
charge voltage [13]. Experiments using motor-driven electrodes permitted controlled and
repeatable approach speeds, which were used to determine the sensitivity of initial slope to
approach speed for a given charge voltage. Results of these tests for 4 kV, 8 kV, and 16 kV are
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shown in Figs B10, B11, and B12, respectively. There are essentially three zones of approach
speed at any charge voltage, as follows:

Zone A: From the smallest speed possible to a first threshold, the initial slope is below
10 A/ns and the dispersion of initial slopes is relatively small.

Zone B: Initial slopes increase and the dispersion of initial slopes is very high.

Zone C: The initial slope is limited due to the rise-time limitation of the measurement
system (400 MHz in [13]). Dispersion of the initial slopes in this zone is markedly
lower than in Zone B, but rise time limitations make it difficult to infer actual slope fig-
ures in this zone. It is therefore assumed that at least some initial slopes are greater
than those that were measured.

A/ns
4kV
30
w0d 00 == _—— (INSTRUMENTATION
0 //'f,/——— “‘t} LIMIT)
X'y L/
/
Ii—x—x"
1 1 1 I
T m T T m/s
0.01 0.1 1 10
ZONE A ‘ ZONE B | ZONE C © MEAN VALUES
T stanDARD DEViATION
APPROACH SPEED X EXTREMES OBSERVED

Fig B10
Initial or Rising Slope Versus Speed of Approach for 4 kV Charge Voltage [13]

It is extremely important to note that the horizontal line in Figs B10 and B1l termed
“instrumentation limit” is drawn to avoid confusion, above the highest indicated measure-
ment points.

In point of fact, the authors of [13] later indicated that the initial slope limitation in some or
all of those highest indicated measurement points was caused by the instrumentation limit.
The line could better have been left undrawn, or else drawn on a level with the highest mea-
surements. Also note that even those points that lie just below the limit may have been
affected by it, i.e., their measured slopes may have been reduced by the instrumentation limit
even though they had not quite reached it. This is particularly important also in connection
with Fig B12, in which no instrumentation limit line was specifically included by the authors,
but in which the measured initial slopes are obviously slowing down as they approach the
instrumentation limit that is only implicit in this particular figure due to the parameters
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involved. Also, it should be noted that the instrumentation limit in this series of tests was evi-
dently not the same as for the investigation of B1.2.

Therefore, precise information about the rising slope is not totally consistent for B1.2 and
B2. However, the basic concepts and trends described are not in conflict.

The authors of [13] note that “The statistical result and the limits of Zone B are not stable.
They depend on various external conditions. The result of the 8 kV tests of Fig B11, for exam-
ple, which shows a relatively small dispersion in Zone B, is the result of a measurement series
made immediately after cleaning and polishing the two parts forming the spark gap. As the
surface gets worn out, the spread of the results increases (second line in Fig B11). The result
also depends on humidity and other conditions. Breathing into the spark zone, for example,
shifts the result significantly.”

The authors of [13] continue, “The speed of approach, either when a person touches an EUT
with a metallic object or using the test generator, is normally in the range of 0.01-0.5 m/s. For
voltages between 4 kV and 16 kV, this speed is just in the transition Zone B where the results
are very unstable. Keeping the speed of approach constant (therefore) does not lead to con-
stant rising slopes.” Variations in the speed of approach and other variables can lead to a vari-
ation of the rising slope by a factor of 20 or more.

B3. Multiple Discharges

As indicated in 6.4.4, the pulses in a multiple ESD event are spaced by tens of microseconds
up to tens of milliseconds.

It is considered doubtful that this wide disparity in time delays would occur if all multiple
discharges had the same cause; at least two explanations are probably necessary, one for each
range of time interval.

An attempt has been made to explain the shorter intervals by postulating that the capaci-
tance of the arm and body is partially recharged, after a discharge, from the charge stored in
a layer between the feet and shoe dielectric [10].

A 100 kQ to 200 kQ skin impedance connecting the charge layers and the body could
account for a recharge time constant in the range of several microseconds, and the ratio of
capacitance for the two sections would determine the relative level of the charge voltage for
each successive discharge in a series. The impedance of most body tissues is not very high, but
skin resistance can be as high as 1 MQ; so an impedance of hundreds of kilohms is theoreti-
cally possible. The capacitance in this layer can also be quite large because of the close prox-
imity of the skin to the shoe dielectric.

The longer intervals have been explained by two possible mechanisms. The first is dielectric
hysteresis of the intruder capacitance, perhaps of the shoe leather (or other material) that
acts as a dielectric for a major portion of the human body capacitance [10]. The second possi-
ble mechanism, and the one that is the most probable cause of widely spaced multiple dis-
charges, is the phenomenon that, when the intruder approaches the receptor, the discharge
from the intruder is extinguished when current drops below a few tenths of an ampere
(roughly the range of arc extinction in air). A continuing approach will reignite the arc at the
critical distance for the remaining voltage, and so on. Physical approach speeds of several
meters per second can provide a rationale for intervals of milliseconds to tens of milliseconds
resulting from successive arc extinction and reignition.

Multiple ESDs are analogous to multiple strokes in a single lightning flash, a well-recog-
nized phenomenon in the field of lightning research. As multiples become more widely recog-
nized in conjunction with ESD, it may be useful to adopt nomenclature analogous to that used
for lightning: an ESD flash would describe the set of multiple discharges occurring in a single
approach of an intruder towards a receptor, with each individual discharge described as an
ESD stroke. Use of the terms ESD event flash and ESD event stroke are natural extensions of
this suggested nomenclature.
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