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Abstract

In 1979, a paper (by King) was presented to the EQS/ESD
Symposium (1) thet broadly deseribed various impulse
waveform characteristics that were produced as a result
of charging humans to a known voltage level, and measur-
ing the Electrostatic Discharge (ESD) impulses by con—
tacting the subjects to a known load in a specific
evaluation condition. The paper explored ESD events
only at initial charge levels of 5,000 Volts and 10,000
Volts, although a specific T.5kV example was noted from
a push-cart. In general, various waveforms were shown
as measured that exhibited risetimes ranging between
one nanosecond and a few tens of nanoseconds, with cer-
tain events stated to exhibit risetimes in the area of
300 picoseconds, although the photographic data provid-
ed displayed an obvious 'ring' in the measurement
equipment or test setup. This 'ring' made full charac-
terization of the super-fast events difficult. In
addition, the 1979 paper noted that multiple ESD
impulses were encountered during the study effort, with
the multiple impulses derived from what had been
initially perceived as a single event from a single
initialization (charge) level.

This paper was developed during ESD waveform research
conducted during 1980-81, representing an extension of
the previous effort, end based on a similar test
methodelogy with improved stability at higher frequen-
cies. The focus of this effort was to determine the
various ESD waveform characteristies as produced across
a full speetrum of initializing charge levels. Emphasis
is placed on displaying the ESD waveforms and waveform
modifications that are encountered as the amplitude
level of the initislizing charge is incrementally
increased, and on displaying the various components
that are inherent within each "event' which exist within
a framework of multiple impulses. Using fundamentelly
a wide bandwidth messuring system, the waveforms

and waveform components exhibiting risetimes faster
than one nanosecond are explored and expanded for clear
‘presentation. Variations in the waveforms are provided
to describe both the human (finger-tip) direct event
characteristics as well as the event spectrum when a
small hand-held metallic objJect is intervening in the
discharge path. (A small metallie object consists of
a key, coin, writing pen, ring or screwdriver).
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The conceptusl goal of this effort was to provide
sufficient informastion derived from amctual ESD events
to be eventually utilized as a base of characterization
for the development of ESD simulation equipment , under
the premise that electronic systems would exhibit egqual
response to test simulators providing similar waveforms
to those found in this study as measured in an identi-
cal test (measurement) system. Empirical results that
have been gathered during evaluations of actual systems
for susceptibility response have confirmed the premise
that test simulators providing waveforms that match the
results of this study will cause essentially identical
susceptibility responses in the systems as the actual
personnel ESD events that were applied to the system

in the same manner. The correlation has been excellent.
It is projected that a similar waveform match may be
found useful to those concerned with component damage
effects caused by ESD events during component handling.

Measurement Approach

The general approach of this study was aimed at deter-
mining the ESD impulse waveforms and waveform charac-
teristies for the 'source' ESD events, rather than
attempting to determine what resultant waveshapes may
occur as propagated to a system. The basis of this
approach was that if the 'source' ESD waveforms were
known, and eventually simulated, then the ultimate Bys—
tems under test would respond to the 'matched' (or simu-
lated) 'source' waveforms in a manner essentially equal
to the actual ESD events themselves. As indicated
sbove, empirical data gathered on systems during com—
parative tests between actual-versus-simulsted ESD
events have confirmed this premise during confirmation
tests of a simulator providing the "matched' waveforms.

Based on experience provided during the 1979 effort,
it was recognized that in order to measure the 'source'
ESD waveforms it was necessary to 'capture' the trans-
fer impedances between the human and the measurement
system within the framework of a relatively low imped-
ance reference plane system. Additiconally, it was
realized that the reference plane system would have to
capture the distributiwve impedance represented through
the 'feet-through-floor' plane as well as the surface
plane which is expressed as a surface-to-surface dis-
tribution. The following describes the reference plane.
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The peneral arrangement of the measurerment planes and
the measurement system is illustrated by Figure One.
The reference plane systen was comprised of two hori-
zontal planes febricated from 0.032" copper which were
interconnected vertically by a third plane which was
sesm-connected to the two horizontal planes. The first
of the two horizontal planes was located on top of a
bench surface, approximately 82cm above the floor sur-
face. The measurements of this plane were approximately
2hlem in length by 90em in width. (The lenpth was found
helpful to minimize radiated susceptibility which had
been eticountered with the oscilloscope by permitting a
position of the "scope that was somewhat removed from
the point of the ESD impulse application). The second
horizental plane measured approximately 122em x 122cm
and was placed directly on the floor surface. A spacer
fabricated from wood was placed above the floor-plane
to separate the surface of the shoes worn by the human
under evaluation from the metsl-surface of the fleor
plene. As a precaution, the humans were equipped with
rubber-soled shoes asvaileble from a standard source.
The thickness of the wood spacer was one inch.

The measurement system was placed on the bench-top
plane. The measurement system consisted of a wide band-
width oscillescope, a wideband discharge 'load', =
calibrated 107 D.C. source that was utilized to charge
the human subjects, an oscilloscope camera, and an
electrical power distribution bex. The power distribu-
tion box was mounted to the surface of the plane to
facilitate connecting the plane to the ground of the
building power system, and to provide a single ground
distribution point for the oscilloscope A.C. power cord
end the D.C. power supply. EBEetween the discharge 'load'
and the oscilloscope, & one meter length of coaxial
cable (RGC 223/u) wes used for interconnection. This
ecable was overshielded with a tinned-copper braid shield
to minimize radiated susceptibility responses from the
oscilloscope. The tinned-copper braid also served to
ground the front-end of the oscilloscope frame/casework
to the plane, in that the overbraid was connected to
plane at approximately 15cm intervals. The ground sur=
face of the EED '"load' was bolted directly to the plane.
It should be noted that the output irpedance of the D.C.
power supply was established at 200 Merohms in order to
prevent shock hazard to the personnel. The D.C. supply
was metered to determine the D.C. level that was being
applied to the personnel.

Measurement Oscilloscope: Based on the experience
rained during the previcus {1979) effort, it was known
that an extremely wide bandwidth oscilloscope was re-
guired for these measurements with e write-enhanced
CRT. At this writing, there is only one oscilloscope
system that is known to the authors to be capable of
measuring the full spectrum of ESD event waveforms
that have been characterized. This oscilloscope system
is comprised of a Tektronix Type T10L main freme with
a Tektronix Type TA29 Vertical Amplifier, and either =
Tektronix TB15 or a TB1l0 Time Base. This system yields
a 'flat"' instantanecus analogue bandwidth of 1.0 GHz,
and a write capability that approaches approximately
200 picoseconds for single-shot high-level impulses.

Measurement 'Discharpe' Load: [rom the evidence
gathered previously, the discharpge loesd was required to
provide a relstively uniform immedance from D.C. to
approximately 1.0 CHz, althourh a hipher bandwidth was
desirable. Additionally, the 'load' was required to
mateh the 50 Ohm input impedance of the oscilloscope
system, and provide a sufficiently low impedance to
prevent overload of the oscilloscope. FEventually, the
load hnd to be fmbricated speeifically for this effort,
in that a standard product was not located. Given the
empi rical backrround, a load resistance of 0.2 Ohms was
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determined to be acceptable. This 0.2 Chm loed would
provide a response of 1.0 fmperes per 100 millivolts
when the 6db loss seross the 50 Chm matching resistor
to the oscilloscope system was teken into consideration.
The mechanical confipuration of the leoad is shown below
as Figure Two.

P
l e -/ Ground Flene
C
| Connector
25mm
H Hote: 50 Chms
- < coupling "BR"
. - at Centerline
TED Load
Plane Fisure Two: ESD
Circular Array, Logd, 0.2 Ohm, 1.0 Amp
9, 1.8 Ohr Cer. Res, A per 0.1 Volt 2 50 Ohms

As illustraeted, the load consisted of a eircular arrey
of % watt carbon composition resistors by the Allan-
Bradiey Compeny. The circular array was comprised of
nine resistors, measured at 1.8 Chms each for a totel
of 0.2 Ohms. The resistors were soldered to & circular
plate of copper which had an outside diameter of 25mm.
The plate was drilled-through to pass-through and sold-
er the resistor leads, which were arranged concentri-
cally sbout the circumference with the diameter across
the lead centers of 20mm. At the center of the plate,

a 50 Ohm carbon composition resistor of the same manu-
facturer {eectually a U] Ohms rated resistor that was
selected for its 50 Ohms actual value) connected the
plate to a BIC connector that was mounted on the para-
1lel pround plate. The separation between the circular
plate and the ground plate was epproximately lkmm. The
ground plate was similarly drilled with a 20mm circular
pattern in order to pass-through and solder the resis-
tors. Immediately behind and centered with the 50 Ohm
coupling resistor was = BlC connector, which was also
soldered to the ground plate. The 25mm diameter circu-
lar plate served as the Electrostatic Discharge 'Load'
surface for all measurements, although it wes occasion-
ally necessary to install a 20 db attenuator in series
with the coaxial connection to the oscilloscope to
facilitate higher amplitude measurements.

Measurement System Response

Initially, it was intended to validate the load and
measurement system response in the time domain by
applying a rapid step-function impulse to the surface
of the losd in order to investigate for 'ringing' or
other impedance disruptions. Unfortunately, the band-
width need indicated that if wvalidation of a 200 to 300
picosecond risetime response was to be accomplished, an
impulse penerator providing approximately a 50 pico-
second risetime with the sbility to drive a 0.2 Ohm
load with sufficient amplitude to deflect the 'scope
would be required. The authors could not locate such
an instrument, indicating that validation in the fre-
quency domain would be required. This exploration was
performed across the freguency range to 1.5 GHz.

Measurement Discharpge 'Load' Response

Tn that sufficient sensitivity was not availaeble from
the 1.0 GHz Oscilloscope System to permit a dynamie
insertion loss sweep of the load with a standard lab :
sipnal source, a hiphly-sensitive spectrum analyzer wes
utilized. The equipment selected to perform the fre-
quency ranpe scans consisted of a Hewlett-Fackard 63504
Sweep Dscillator utilized in conjunction with a liewlett
Packard Model 8568A Spectrum Analyzer. Prior to
determining the performance of the measurement compo-
nents, a sweep to determine flatness of the test items



response was performed. To perform this evaluation,
the Sweep Oscillstor was connected to the Spectrum Ana-
lyzer, with the following response cbserved from 0-1.5
Cilz.

lote: Scale 10db/Div.
3 - Response of Osecillater to Analyzer

Fig.

The profile demonstrated by Figure Three above indicates
that the corbination of the Sweep Oscillator and the
Spectrum Analyzer were mutually within the specified
eriteria for flatness of ®ldb each, #2db total.

lext, the measuring equipment noted above was setup to
perform an insertion loss scen on the ESD 'Load'. In
order to partially isclete the Sweep Oscillster from
the very low impedance of the load (0,2 Ohms), = 6db
attenuator was installed between the Oscillator and the
discharge plate of the load. The load was setup in a
coaxial test fixture to minimize coupling losses between
the oscillator and the load surface, with a type 'N'
connector facilitating the interconnection. The total
test nrrangement is described by the following diagram.

83504 5684
Sweep Osc. nalyzer
+11dbm P ]

Zource level

Fig. L = Insertion loss Test of load
A ealeulation was performed to determine the probable
ingsertion loss that would result in this srrangerment.
The total insertion loss, including the 6db pad as
termineted to the 0.2 Ohm load was caleulated as 51.hdb.
The Sweep Oscillator was adjusted to an output level of
+11dbm, with the Analyzer reference line setup at =10.0
dbm. The following insertion loss scan resulted across
the frequency ranpe of 0 - 1.0 OHz.

1.0GHz

Freauency
Initial Toss Scan of 0.2 Ohm Load

Displayed: =U0 to =36dbm from +11dbm Ref.
Insertion Loss Result: -51cbr to -L7dbm

In zeneral, the results of the initisl scen provided by
Figure Five zhove are in peneral apreement with the
caleulated walue of 51.4db. It wes decided to expand
the characterization of the load sbove the 1.004z limit
specified for the Oscilloscope System, then to examine
the response of the 'scope sbove its specified 1limit

in order to broaden the peneral characterization of the

measurement system used for these ESD evaluations.
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The results of the expanded insertion loss scan on the
0.2 Ohm Load described in Figure Two as illustrated by
Fipure Six indicate that sbove spproximately 1.050CHz,
to 1.5GHz a deviation of as much as approximately 9dh
(as a nominal) was encountered. The results of this
scan indiecate that the load approximates 0.55 to 0.6
Ohms at 1.5GHZ.

Oscilloscope System Measurement Response

Various frequency scans were taken to determine the
uniformity of the 7104 Oscilloscope System as previous-
ly described. In the lowest voltspe ranges, the "scope
was found to exhibit more response loss at 1.0 GHz than
in the voltapge settings utilized during this ESD effort.
Accordingly, the measurement evalustions were centered
for only the higher voltage settings (i.e., preater
than 100mV/Div.) of the vertical amplifier. The curve
below describes the response of the 7104 Oscilloscope,
with the scan performed beyond the range stipulated as
eriteria by the manufacturer.
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Fig. T - Frequency Response, 7104 System
Yote: Loss at 2.6 GHz was 26db

A comparison of the frequency response curve yielded by
the 1.0 GHz Oscilloscope System tzken to 2.6 GHz to the
insertion loss scan for the discharpe 'load' provides
the conclusien that the imnedance increase of the load
was partially compensating for the response loss from
the Osellloscope system. #Accordingly, a net deviation
profile became possible as an indicator of the response
for the overall messurement system. It should be noted
that the frequency response curve provided by Fipure
Seven, includes the insertion loss of the cable used
for interconnection.

Combined Measurement System Response

The following curve approximetes the net performance
response deviation pathered by combining the effects
the insertion loss of the losd end the response scan
of the oscilloscope system with esble.

of

db db

*5- gl
o =

g -5

Poo JZo0 I5PO
FREQuevEy, MHZ
Fiz. 0 - Net (Approximate) Response Deviatioen

Performance of Composite Cystem

Based on the spproximation provided by the graph of Fig.
Fight, it can be recognized that the broadband response
of the composite measurement system was generslly with-
in ap envelope of =ldb to +2db with the exception of
the msres centered on 300 Miz where the deviation was
spproximately +3db, and the arez centered on epprox-
itmately 1.3GHiz where the deviation was spproximately
+3.9db. Although certainly not ideel, the suthors
believe that this oversll response performance of the
system is generally adequate to pather the desired

ESD waveform charscteristic data bese within a reason-
able accuracy given the unexpected dynamies of the data
thet is reported in this peper.

ESD Measurement Procedure

The foundation of the FSD wavelorm messurement method



(or approach) wes relatively sirple: Cherge the human in
evaluation to = known D.C. initialization level, and
discharre the human throurh 'normal' contact to the FED
"1pad' surface. During this process, the D.C. Volt-
meter provided on the [.C. supply wes monitored for the
emount of deflection during the charpinpg process to be
certain that the human subject was brourht up to the
full desired level. Additicnally, experiments were per-
forred to ascertain that any significant smount of level
was not dissipated between the peint in time when the
person left contaet with the output of the power supply
and the tirme of discherre to the load surface. Under
the controlled relative humidity conditions of the
facility, and with the person wearinz the previously
stated rubber-soled shoes, there was no significant dis-
sipation encountered between the time points noted.

Discharge Motion, Velocity end Approsch

nuring the previous (197¢) study efforts, sipnificant
varietions in the resultant ESD waveforrms were observed
concomitent with varietions in the veloecity of the
approach to the discharge load, the angle of approach,
and other attendant circumstances such as # mechanircal
"hounce' effect once contact with the load plane was
executed, The dats presentation of this effort that
follows represents the 'typical' variations in the wave-
forms that may be anticipated to exist due to the usuel
{and norrmal) alterations of velocity, motion and
approach technique. As various waveforms were observed,
multiple impulses were applied in sufficient quantities
as derived from the human subject in order to capture
waveforms on Tilm that were indicative of sll sipnifi-
cant varistions encountered at each incrementzal level.

LED Waveform Messurerment Environment

111 measurements reported herein were tasken under the
relative humidity condition of LOZ et o temperature of
TOOF. During the evaluations, these values were held
within a tolerance of 5% for relative humidity and
temperature. It should be noted that preliminary tests
have indicated that no sipnificant waveform variation
hes been observed when the relative humidity level was
altered between 20% and €0%, although these results are
currently inconclusive due to the limited number of LED
impulse samples gathered.

Personnel Electrostatie Discharpe:
Impulse Waveform Characteristies

The survey results of two measurement conditions have
been selected for presentation in this paper: ESD wave-
form measurements taken with direct discharpes from a
finFer-tip; and, ESD waveform measurements derived from
the ES0 of a human that was holding & small hand-held
metnllic object that was intervening in the ESD path.
Examples of such objects are keys, finper-rings, watch-
bands, coins, and small hand-held tools. This study was
extended to include waveform characterizations of ESD
throurh and from furnishings, such as push-carts and
desk chairs, however limitations of available publica-
tion space do not permit inclusion of these measure=-
ments in this report.

Incremented Tnitialization Amplitude Approach

Empirical backpround pained from the previous studies
had suprested that the dynamic waveform characteristics
of personnel EGD were dramatically impacted by altera-
tiens of the initialization (charre) amplitude. These
wave form alteraticns had been cbserved to be far more
significant than simply inecreasing or decreasing the re-
sultant arplitude of the actual impulse current peak and
holding the fundamental risetime and pulse width as con-
stants. These empirical observations had yielded the
suprestian that in conjunction with sirnificant chanpes
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in the fundamental waveshapes, a non-proportionality in
the relationship between the initialization level and
the pesk impulse current ESD level was additionally
possible. Acecordingly, it was decided to perform this
study as an exploration of the dynamic ESD waveforms by
storting the measurements at relatively low initializa-
tion amplitudes {250 Volts to 500 Volts) and examining
the alterations in irpulse current and waveshape as the
initiplization amplitude was incrementally increased
in steps found appropriate during the sequence of the
measurement series.

Multiple Impulses and Periodicity of Segquence

A5 in the other effects, enmpirical efforts by the auw-
thors in antecedence to this study hed illustrated the
effect that multiple EED impulses were possible, if not
inherent, in whet was usually perceived as a 'single’
ESD impulse event. Within the confines of limited pub-
lication space, the periodieity and sequence of this
aspect of the ESD vhenomens is overviewed in this study.
The following description of the multiple-impulse-event
is sugrested by the measurrment results.

ft initielization levels primarily sbove the 3kV to LkV
range, multiple ESD impulses appesr to be caused by the
following sequence, which has been found frecuently un-
der the condition of a discharge through a small metal
object intervening in the FSD path. First, an initial
ionization-based pulse is executed in the sequence.
During the conduction through ionization time frame, the
charge level on the human is rapidly decreesing. On
oceasion, the charpe level is decreased through the dis-
charge fester than the humen veloeity in motion can
close the discharpe pep to a point where the ionizaticon
path could be maintained. At some point in time and
charre level, largely dependent on the velecity of gap
closure, the ionizetion is extinpuished due to the
effect that the rate of pap closure does not track the
decrease in amplitude. This results in a temporery in-
terruntion in the overall discharre process, until the
rap becones sufficiently small to enable a process of
re-establishment of the ionizetion peth, at a lower
level, or until direct mechanical contact with the ESD
load point is achieved. Once contact is made, added
pulses are possible throurh a 'switch bounce' effect.
T'ssentielly the same phenomenon is possible in ESD of
humans without metallic objects, but the quantity of
rultiple impulses and the probability of the effect is
less in that there is less '"field enhencement' due to
the shape of the finger-tip, and the compliant nature of
human tissue minimizes the possibility of contact
'switch bounce'.

From the surrested sequence of multiple ESD impulses
provided ebove, it may be recornized that since each
individual impulse occurs at an incrementally reduced
initialization-equivalent level, then the waveshape of
each impulse should be correlatable to a primary wave=
form derived from a primary initialization level at the
equivalent (as the reduction) emplitude. The results of
this study confirm this contention in that all wave-
shapes of the sequence hold ccrrelation to the primary
waveshape of a reduced amplitude. Tt should also be re-
cornized from this deseription that the ESD event may be
executed as an event 'continuum'.

Incremental level Measurements
Hunman-Pirect EED

The following ESD waveform data base was gathered in
discharpges from a human finper-tip. Every attempt was
made to present the envelope range of waveforms encoun—
tered, throurh the observation of thousands of ESD
events, the photography of hundreds, and selection of
the few presented in this paper. The person under eval-
uation executed the ESD throurh normal contact methods.
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human- ESD evaluations was observed with the wave=
Torm o.“ ]” ure 22 abowve, at a pesk amplitude of 60 Amps.
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profiles across the incremental level results tends to
surrest that: =) At low levels, the surface-to-surface
localized distri between hand & finrer to load
plane dominate th ulse execution; and, b) at higher
initislization 1 s, the presence of increased ioniza=
tion in the impulse path tends to extend the risetimes,
vhich in turn permits more efficient transfer of con-
ventional ESD levels from the storare capacitance bet-
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These peneral projections are expanded in the descrip-
tion of a model circuit, later in this paper.
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Human-Direet ESD: 10,000 Volts Initielization lLevel

Fuman-Direct

Due to the discomfort level to the test personnel, only
a comparatively small number of impulses were cbserved
and sempled photographically at the 15kV level. Since
the photorraphie recording process requires many pulse
sarples to actuelly record (on film) the envelope leve]
ranfe produced, it was decided to photograph only a
tynical waveform that was penerally indicative of those
cbserved, and to report other peak currents as a note
of others seen.

Fipure 3L
Vert: 2.0 Amp/Div

Ip ¢ 8.7 Amps
Width: S508-50%
300 nSec
Approx.

played:
: 6.4

-

Peak Current Range: The cbserved peak current range
Tor the 1S5kV initialization level was 5 to 15 Amps
with essentiaslly the waveshape of Firure 3k shown
shove.
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sipgnificantly more severe than the impulse currents
produced by the human-direct ESD condition. Tn addi tion,
the mejority of dipital-product menufecturers contacted
by the authors during the past three years have indica-
ted thet since their products were constantly utiliged
by personnel that frequently contacted their products
through small metellic objects (pens, coins, rines),
the manufacturers preferred to evaluate the products
1y in tests to the worst-cese condition: D of
humans through srall metallic objects. These manufac—
turers have been adjusting their corporate standards
t for product performance under simulation of
ecndition. The date that follows indicates the
idity of the conclusion that the ESD of a human with
a metel objJect is significantly the worst-case condi-
tion when compared to the wavelorms of ISD from human
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basis for the 2nd-impulse events that occur with smalier
intervals. With very slow ESD contact velocities and
hirh initialization voltapes it was found thest the Znd
pulse events could be delayed beyond cne second from the
initiel 'time zero' pulse of the seguence. The conclu-—
sion pained from the periodicity data, albeit limited,
is that the sequential displays of multiple pulses are
suffieiently displaced in time so that each impulse of
the series g¢an be viewed ns a single-acting event.

Conceptual ESD Composite Circuit Model

Conventional wisdom has held that the 'equivalent ESD
circuit' is comprised of a capacitive element value
connected to ground, as the storsge component, discharg-
ed to a load through a resistive element value, in rep-
resentation of the 'body resistance'. Considering the
messurenent condition of & 'hupan with small metallic
object', which the majority of dipital product manufac-
turers contacted by the authors have expressed an in-
terest toward for purposes of systems products evelua-
tion and criteria, the follewing composite circult model
is advenced as suggested by the results of this study.

o

14
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Primary capacitance of the body, developed
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parallel product planes

sd
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object {or finrer) and the immediate
loeal surface under ESD exrosure
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The structural impedence of the legs,
torse, vwiewed ns a series element

= Geries impedance of the arm
Zere
= Series ionization path impedsnce of the
arc, a variable with time and rate of
re=inftializaticn
ireuit Model: Proposed Fouivalent Operatien

Tt is surrested thet the 'equivaelent' ESD circuit is
nctunliy comprized of the sepments ncted sbove. For
purroses of deseription, consider first thet the human
hand represents az distributive canascitance above a plane
betwzen epproximately 1pfd snd 20pfd, typiecally 5pfd,
depending on the mngle of incidence sbove the plane in
the exis of the finger. This segment is 'Cld' and may
be viewed ms a sphere sbove a plane yieldine v surface-
to-surface distribution. Ilext, consider thst the impe-
dance of the arm, Zarm, is a relstively high number as
conpared to the impedence of the fonization path, Zarc,
at low woltares when Zarc is inherently srall. Fer low
initialization levels, then, the larpest current propee-
rated will flow from the local storase element, Clé,
throurh the lew path irpedance of Zare. Under this condi-
tion, the srall=value of current oropogated throurh the

" impedance, Zarm, is generally neglectsble when compared

to the local impulse current derived through ©ld, all of
which results in the ultra-fast risetimes and very nar-
row pulses such as illustrated in Fipures 10, 1L, 17,
36-b2, L5-L47, with others also evident.

Continuing the ESD process into hipher initialization
levels requires an incressed introduction of the path
irpedance Zerc. Tt is proposed that two effects occur
that are associated with this Zarc introduction. First,
it is sugrested that the dynamic action of Zarc slows
down the risetime as the ionization is formed. Second,
Zarc forms a structural impedance that tends to balance
out with the impedance of Zarm and Zbody, particularly
in the lower ranges of spectral energy distribution
across frequency. Assuming that Zarm (and/or Zbody)
forns en impedance that is lower in the lower frequency
range, and higher in the higher frequency range, then
it can be recognized that with the introducticn of the
longer (end thereby, lower-frequency displaced) rise-
times through the formation of the ionization path, the
ability of enersy transfers through Zarm and Zbody be-
comes more pronounced, which results in the wider ESD
irpulse widths concurrent with longer risetimes (1-2ng
plus). It is significant that the data presented does
not illustrate a sub-one-nanosecond risetime that is
directly connected to & larger basewidth pulse without
first the presence of & sharp "spike' overshoot that is
projected to be attributable to the energy transfer
from Cld. .In such examples thet demonstrate the 'spike'
overshoot, such as Figures 17, 19, 2k, 26, L, 4o & 5k,
it is suggested thet & combination of factors minimized q
the extensive development of ionizztion, allowing the
initial energy impulse to first transfer from Cld, and
subsequent to that transfer, the remeining exergy in
Cp and Csd transferred throuph Zbody and Zarm to form
the larper-width-but-lower-amplitude impulse.

Surrary Conclusions

The ESD ewvent series, networks, and network functicns
that are responsible for the production of the event
series, appecr to be substentislly more complex and

dyneric than had been previcusly considered by the [
authors. In nartieular, we believe the possibility
exists that advanced dipitsl systems and products that i

are [or will be} equipped with cperative bandwidths
which are capable of circuit responses in the hundreds
of picoseconds may experience ZOD susceptibility re-
sponse to 'actual' I'0D events that many test simulators
ere not cepsble of simulsting, simply because their de=-
sirn base did not include the fast-event waveform com-
plexity now recopnized. ODmpirical data gathered by the
authors in actusl systems susceptibility response eval-
untions heve confirmed the premise that a system will
exhibit essentially equel susceptibility response o
test sirulators that ean reproduce the wavefarms de-
lineated in this study, es compared against the suscep-

tibility levels ond conditioms of 'actual ESD events'.
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