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Distortion of ESD Generator Pulse Due to Limited
Bandwidth of Verification Path

Janusz Baran and Jan Sroka, Senior Member, IEEE

Abstract—The paper deals with analysis of how limited band-
width of a setup for verification of electrostatic discharge (ESD)
generators affects reliability of testing. It is investigated how sup-
pression of a high-frequency part of an ESD pulse spectrum dis-
torts the pulse waveform and affects its standardized time domain
metrics: the rise time and the peak value. Restriction of a pulse
spectrum is achieved by low-pass filtering with a defined passband.
The filtering models high-frequency attenuation of a measurement
path, in particular that of an oscilloscope. The analysis is conducted
for theoretical ESD pulses, specified by the IEC Standard, as well
as for series of real noisy pulses recorded on setups with wideband
6 and 12 GHz oscilloscopes. Discrepancies of rise times and peak
currents of filtered pulses with respect to an original input pulse
are calculated as measures of distortion due to constraint of a pulse
spectrum. It is shown that above 3 GHz, the setup circuit noise is
the main factor contributing to measurement uncertainty of the
metrics.

Index Terms—Circuit noise, electrostatic discharges, frequency-
domain analysis, uncertainty.

I. INTRODUCTION

THE IEC Standard [1] deals with the human–metal electro-
static discharge (ESD). Such a discharge can take place

when a charged person holding a pointed metal object, like a
screwdriver or a ballpoint pen,1 rapidly moves the hand against
an electronic device (see Fig. 1).

According to the Standard [1], an idealized discharge current
pulse can be described analytically using the formula
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with the following set of parameters: τ1 = 1.1 ns, τ2 = 2 ns,
τ3 = 12 ns, τ4 = 37 ns, I1 = 16.6 A, I2 = 9.3 A, and n = 1.8
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1The test tip for air discharge in standard [1] is similar to the test probe for

testing access to energized parts of an equipment under test, which is prescribed
in low-voltage safety standards, e.g., [2]. Both are round. This is somewhat a
contradiction between a real ESD phenomenon (pointed metallic object) and its
representation in standard [1] (round metallic tip).

Fig. 1. Human–metal electrostatic discharge.

Fig. 2. Theoretical ESD current pulse and its components at 4 kV.

(values of I1 and I2 for 4-kV discharge voltage). We will name
it the nominal pulse.

Two components of the current can be distinguished in the
ESD phenomenon. The fast-varying component, represented by
the first summand in (1) and the dashed line in Fig. 2, is due to
arc discharge of a small capacitance Cp between the metal tip
and the device. The slow-varying component, represented by
the second summand in (1) and the dotted line in Fig. 2, results
from discharge of a larger body capacitance Cs . The rise time
of the nominal pulse (1) is equal to 0.8 ns.

The rise-time tolerance defined in Standard [1] is ±25%. It
means that, from the point of view of the required bandwidth,
the worst case is a pulse with the shortest allowable 0.6 ns rise
time, because its spectrum spreads out to higher frequencies. We
will name it as the fast pulse. It can be modeled by (1) with τ1 =
0.67 ns, τ2 = 2 ns, τ3 = 12 ns, τ4 = 37 ns, I1 = 12.4 A, I2 =
9.3 A, and n = 1.8 (as before, I1 and I2 at 4 kV). Only τ1 and
I1 change compared to the values for the nominal pulse. The
fast pulse establishes the boundary of semirange of the rise-time
variation for all acceptable pulses.

The waveforms and the power spectral densities (PSDs) of the
theoretical nominal and fast pulse are shown in Fig. 3. The PSD
of a signal is the squared magnitude of its Fourier transform.
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Fig. 3. Theoretical nominal (rise time tr = 0.8 ns) and fast (rise time tr =
0.6 ns) ESD pulse specified by Standard [1] at 4 kV: (a) waveforms; (b) PSD
spectra.

For a sampled signal x(n), it can be calculated as
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where X(ω) is the N -point fast Fourier transform (FFT) of
x(n), X∗(ω) is the complex conjugate of X(ω), and fs is the
sampling frequency. We have chosen the PSD, because it is
the most common tool used in statistical signal analysis for
description in the frequency domain. The PSD is a real positive
function and has clear interpretation: power of a signal per unit
frequency. The estimates of the PSD spectra were computed
using the Welch method (MATLAB signal processing toolbox
function pwelch): the total number of data samples (N =
2000 for 100-ns recording range and fs = 20 GHz) was divided
into four or eight overlapping segments, and the FFTs of the
segments, windowed with the Hanning window to reduce effects
of discontinuities at the segment ends, were averaged.

ESD pulses, formed by ESD guns (generators), are used for
testing the immunity of electronic devices to electrostatic dis-
charges. To ensure repeatability and reliability of the testing,
generators have to be calibrated, especially in terms of stan-
dardized shape of the discharge current pulse. It is ruled by
Standard [1]—the metrics of a gun discharge pulse that have to
lie within limits allowed by the standard are: the rise time; the
peak current; and the tail current after 30 and 60 ns.

Pulses of ESD guns are laboratory verified using a setup
shown in Fig. 4(a), in the so-called “contact discharge mode,”
with the gun tip touching the inner disc of the target. The dis-
charge current is initiated by closing contacts of a high-voltage
switch in the generator output circuit [see Fig. 4(b)].

The answer to the question about necessary frequency band-
width of a setup for verification of ESD guns has been changing
over the recent decades. It began from 500 MHz in the middle

Fig. 4. Verification of an ESD generator. (a) Setup for ESD pulse measurement
[3]. (b) Simplified diagram of the generator output circuit [1].

1980s of the 20th century. At that time, the rise time required by
the standard had to be between 0.7 and 1.0 ns, so the bandwidth
coincided with the rule of thumb determining the bandwidth
depending on the pulse rise time fB = 1/(π·0.7 ns) ≈ 460 MHz.
Then, in the middle 1990s, the required bandwidth was increased
to 1 GHz and further to 2 GHz in the middle of the last decade.
It is difficult to resist the impression that the answer has been
dictated by capabilities of oscilloscopes available on the market
at a given time.

The goal of this paper is to discuss more precisely the ques-
tion: how wide should be the necessary bandwidth of a veri-
fication setup for distortion-free verification of an ESD gun?
By “distortion-free” we understand capability of recording true
time metrics of generated ESD pulses.

Estimation of the measurement uncertainty due to frequency-
dependent distortions is costly, cumbersome [3], and increases
budget. Therefore, information on whether verification can be
considered as distortion-free or not is of very practical impor-
tance. If the frequency bandwidth of a setup is wide enough, the
frequency-dependent distortion can be neglected. Consequently,
only the accuracy of the low-frequency transfer impedance of a
path, and vertical accuracy of an oscilloscope as well as its off-
set accuracy need to be taken into account in the measurement
uncertainty of the peak value. Similarly, only the oscilloscope
sampling rate and the peak value uncertainty need to be con-
sidered in the measurement uncertainty of the rise time. True
rise time ttrue can be roughly estimated from observed rise time
tobs using simple formula taking into account the oscilloscope
lag: ttrue ∼=

√
t2obs − t2osc , where tosc is the rise time of the os-

cilloscope step response. As it was stated in [3] and [4], the
aforementioned formula is valid only if the spectrum of the
measured pulse lies within the oscilloscope bandwidth.

The limits of the expanded measurement uncertainty, recom-
mended in Standard [1], are: MU ≤ 15% for the rise time and
MU ≤ 7% for the peak value. We will assume that a setup with
semirange of the time metrics variation ten times smaller than
the expanded uncertainty recommended in [1] is distortion free.

Similar research on reconstructing an original ESD current
from recorded data using frequency-dependent models of a mea-
surement path are presented in [5] and [6].



BARAN AND SROKA: DISTORTION OF ESD GENERATOR PULSE DUE TO LIMITED BANDWIDTH OF VERIFICATION PATH 799

II. LIMITATION OF SPECTRUM OF A THEORETICAL PULSE AND

ITS EFFECT ON TIME METRICS

Low-pass filtering of an ESD waveform is a simple way to
investigate how high-frequency damping of a verification path,
first of all of an oscilloscope, affects the shape and the stan-
dardized metrics of the pulse in the time domain. The details
of the output depend obviously on a type, and consequently, on
frequency response of a particular filter. However, any selected
filter should satisfy the following requirements: 1) filter order
must be relatively high to reflect rapid roll-off of an oscilloscope
frequency response above its passband [3]; and 2) filter phase
response should be close to linear, as it is in the case of an os-
cilloscope input circuitry, to avoid strong distortion of an input
waveform.

In this section, we show results of cutting off a high-frequency
part of spectrum for theoretical waveforms defined by (1). For
comparison, the computations were carried out for two low-pass
filters: 1) Butterworth infinite impulse response (IIR) filter of
order N = 10, chosen for its flat passband and relatively weakly
nonlinear phase response; and 2) finite impulse response (FIR)
filter of order N = 50, whose phase response is exactly lin-
ear. The order of a FIR filter must be much higher than that of
an IIR filter to achieve comparable roll-off of their magnitude
responses above a passband. Although IIR filters are more re-
alistic models of analog systems, we chose a FIR filter to see
difference between a linear and a nonlinear phase shift.

The nominal pulse (tr = 0.8 ns) and the fast pulse (tr =
0.6 ns) were filtered using the two selected low-pass filters,
with the passband varying from 0.5 to 6 GHz. We determined
rise times and peak values of filtered waveforms and compared
them to those of the original unfiltered pulse calculating relative
deviations

δrise time =
tr filtered − tr original

tr original
(3a)

δpeak current =
ipeak filtered − ipeak original

ipeak original
. (3b)

Deviations (3a) and (3b) represent uncertainties of a pulse
metrics due to limited bandwidth of a measurement path. For
the theoretical fast pulse, they are semiranges of variation of the
metrics.

The bar graphs in Fig. 5 present deviations of the rise time and
the peak current versus the pulse spectrum bandwidth for the
two theoretical waveforms. One can see that when the spec-
trum is limited down to 1 GHz or below, the most visible
distortion is increase of the rise time. For the 0.5-GHz band-
width, it exceeds 90%. Unexpected effects of a raised pulse peak
[δpeak current > 0, Fig. 5(b)] for narrow bandwidth Butterworth
filtering, and in some cases, a steeper rising slope [δrise time <
0, Fig. 5(a)] are caused by nonlinearity of the phase shift, which
superimposes—in the time domain—spectral components of
different frequencies.

Fig. 5 and Table I prove that the 3-GHz frequency bandwidth
of a path is wide enough to ensure distortion-free transmission
from a target to an oscilloscope memory (and display) in the
worst case of the fast pulse. Semiranges of variations are ten

Fig. 5. Deviation of (a) rise time (vertical scale is clipped), and (b) peak
current of theoretical pulses due to limitation of the spectrum bandwidth.

TABLE I
RELATIVE DEVIATIONS OF TIME METRICS—THEORETICAL PULSES

times smaller then the expanded uncertainty specified in [1].
For the nominal pulse, even the 2-GHz bandwidth is sufficient.

III. WAVEFORMS AND SPECTRA OF MEASURED ESD PULSES

This section deals with analysis of spectra of real ESD pulses
recorded in guns verification. Fig. 6 shows waveforms generated
in the same conditions by six different ESD guns. They were
recorded on a setup consisting of a current target of 1.88-Ω
resistance, a 20-dB attenuator, and a 6-GHz analog bandwidth,
20-Gsamples/s oscilloscope, for 1-kV discharge voltage [7]. The
insertion loss of the target-attenuator-cable path was flat up to
4 GHz, as required in Standard [1].

Repeatability of pulses recorded for the same gun is quite
good. It is illustrated in Fig. 7, which shows six pulses measured
for one of the guns (we will name it gun 1), as well as power
spectra of these waveforms.

For purposes of further comparisons, from now on we will be
using normalized amplitudes of pulses, obtained after dividing
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Fig. 6. ESD pulses recorded for six different guns at 1 kV: (a) waveforms; (b)
PSD spectra.

Fig. 7. Normalized ESD pulses of gun 1 (series of 6 measurements, 6-GHz
oscilloscope bandwidth) along with theoretical approximations: (a) waveforms
(tr avg = 0.86 ns); (b) PSD spectra.

currents by a mean peak current of all measurements for a
considered gun, so that the peak of a normalized current is
about one. Consequently, the spectra in Fig. 7(b) are given in
relative decibels (dBr) per GHz.

The spread of waveforms in Fig. 7(a) is small, comparable
to the level of the measurement noise, which occurs also prior
to start of the pulses. More distinctive details, common for all

Fig. 8. PSD of measurement noise calculated for initial 10-ns interval prior to
start of the pulses from Fig. 7.

Fig. 9. Two normalized ESD pulses of different characteristics: (a) initial parts
of waveforms; (b) PSD spectra.

waveforms, are not random. They can be treated as signatures
characteristic for a particular gun.

The source of the wideband random noise present in the
measurements is the gun, more precisely the output discharge
switch—a high-voltage relay [see Fig. 4(b)]. This noise is trans-
mitted trough the measurement path to the oscilloscope. Its
spectrum Pnn , presented in Fig. 8, is approximately constant, at
the level of−50 to−55 dBr/GHz over a wide range of frequency,
up to about 6 GHz, i.e., up to the oscilloscope bandwidth. The
spectrum in Fig. 8 is the average of spectra calculated for each
measurement for the initial 10-ns interval of pure noise recorded
prior to start of the discharge (only part of that interval is visible
in Fig. 7(a) for t < 0).

From Fig. 6, we can see that details of a pulse, i.e., whether
it is smooth and more similar or “rough” and less similar to a
theoretical pulse, depend on a gun. It is better visible in Fig. 9,
which compares initial parts of waveforms and spectra of two
very different ESD pulses selected from those shown in Fig. 6.
The pulse of gun 1 [one of those shown in Fig. 7(a)] is smooth
and its spectrum above about 2 GHz is approximately flat and
predominated by the noise. Almost the whole power of such a



BARAN AND SROKA: DISTORTION OF ESD GENERATOR PULSE DUE TO LIMITED BANDWIDTH OF VERIFICATION PATH 801

Fig. 10. Normalized ESD pulses of gun 2 (series of 10 measurements, 12-GHz
oscilloscope bandwidth) along with theoretical approximations: (a) waveforms,
tr avg = 0.85 ns. (b) PSD spectra.

Fig. 11. PSD of measurement noise calculated for initial 10-ns interval prior
to start of the pulses from Fig. 10.

pulse lies within the 2-GHz bandwidth. On the other hand, the
pulse of gun 6 has a stepped rising slope and multiple small
peaks, which translates into two resonant peaks standing out
above the noise level in the high-frequency range of its spectrum.
The resonance peak between 3 and 4 GHz, marked in Fig. 9(b),
is associated with oscillations on the rising slope. For such a
pulse, it can be even difficult to define unambiguously its rise
time.

A series of ten ESD pulses, recorded for another gun (we will
name it gun 2) on another setup with a 12-GHz analog band-
width, 40-Gsamples/s oscilloscope, at 4-kV discharge voltage,
is presented in Fig. 10 (for comparison the records were pre-
decimated to fs = 20 GHz). Again, repeatability of the mea-
surements is good, and the noise, whose spectrum is shown in
Fig. 11, is a wideband noise similar to that of gun 1.

The spectrum of the noise is limited to about 8 GHz due to
damping of the target. It contains a professional N-7/16 connec-
tor, whose characteristic impedance (50 Ω ± 1%) is guaranteed
by the manufacturer up to 7.5 GHz.

Fig. 12. Filtering of a single normalized gun 2 pulse with low-pass Butterworth
filters of order N = 10: (a) time waveforms; (b) PSD spectra.

The pulses generated by gun 2 are not as smooth as the pulses
of gun 1. In consequence, between 1 and 2 GHz, their spectrum
emerges clearly above the level of the noise and above the spectra
of the theoretical pulses [area in circle in Fig. 10(b)]. The peak
of the noise spectrum at 5 GHz in Fig. 11 is most probably due to
resonance of the target (frequency response of an oscilloscope
within its bandwidth must definitely be flat). Such resonance is
acceptable, because, as we mentioned earlier, Standard [1] does
not specifies parameters of a verification path above 4 GHz.

The fact that the noise spectrum is narrower than the oscil-
loscope bandwidth and the occurrence of the spectrum peak
indicates that the noise must have been transmitted through the
target-–thus, it is not internal noise of the oscilloscope.

IV. LIMITATION OF SPECTRUM OF A MEASURED PULSE AND

ITS EFFECT ON TIME METRICS

We will now assume that the measured currents of guns 1
and 2 are undistorted, full spectrum ESD pulses, and investigate
in the same way as we did in Section II for theoretical pulses,
how suppression of a high-frequency part of the spectrum by
low-pass filtering affects the rise time and the peak current of
the pulses in the time domain.

The effects of filtering with Butterworth filters of decreasing
bandwidth are presented in Fig. 12 for a single pulse of gun 2,
both in the time and in the frequency domain. For the 4- and
2-GHz bandwidths, the filtering suppresses in practice only the
noise, so the pulse is only little distorted. Only for the 1-GHz
bandwidth, the filtering removes a part of the spectrum emerging
above the noise and smoothes the double peak. The time delay
of the filtered pulse changes because the filter phase response is
nonlinear-–it descends faster for a narrower bandwidth. For the
linear phase filtering, the time delay is the same independent of
the bandwidth. Since the recorded pulses are noisy, there is no
point in considering changes of the time metrics after filtering



802 IEEE TRANSACTIONS ON ELECTROMAGNETIC COMPATIBILITY, VOL. 52, NO. 4, NOVEMBER 2010

Fig. 13. Mean relative deviation of: (a) rise time (vertical scale is clipped);
and (b) peak current versus the bandwidth of a pulse spectrum for series of
measured pulses of guns 1 and 2.

TABLE II
RELATIVE DEVIATIONS OF TIME METRICS—MEASURED PULSES

for a single waveform—the results obtained for two particular
pulses can be contrary to each other. Therefore, we evaluated
δrise time and δpeak current for each pulse and took their means
for a whole series of recorded currents. The results, for the series
of six pulses of gun 1 and the series of ten pulses of gun 2, are
presented in Fig. 13.

The bar graphs indicate that to achieve reliable evaluation of
the original (true) rise time and peak current, with maximum
uncertainty below 3% and 1.5%, respectively (see Table II), a
pulse bandwidth must not be restricted more than to 2 GHz. Re-
liable verification of guns producing rough pulses, with stronger
high-frequency components, will require a wider bandwidth, in
extreme cases, like that of gun 6 in Fig. 9—at least 4 GHz.

A too narrow measurement bandwidth typically stretches the
rising slope. However, if the slope is stepped, like that of gun 6 in
Fig. 9(a), restriction of the bandwidth smoothes it and leads, in a
certain range, to decrease of the rise time calculated according to

Standard [1]. Gun 6 produces pulses with multiple small peaks
that merge after filtering into a single lower peak.

Another way of reducing the influence of noise in our analysis
is averaging in time over a series of waveforms. A resulting time-
averaged current preserves repeatable characteristics, whereas
random details are suppressed (if we average, e.g., over ten
pulses, the PSD of the averaged current noise will be reduced
by 10 dBr/GHz). We computed such time-averaged currents for
the series of pulses recorded for guns 1 and 2, filtered them
as original undistorted pulses, and compared the time metrics
before and after filtering. The results are very similar to those
presented in Fig. 13, which validates our conclusion.

V. CONCLUSION

On the basis of the presented results, we can state that a
measurement path (including an oscilloscope) with a 3-GHz
bandwidth is sufficient to neglect frequency distortions for the
steepest theoretical pulse with a 0.6-ns rise time. The deviation
of the metrics due to limitation of a pulse spectrum is below 1.5%
for the rise time and 0.1% for the peak current (see Table I). For a
typical slower pulse, with a 0.8-ns rise time, a 2-GHz bandwidth
is wide enough.

As to real ESD pulses, if they are relatively smooth, like the
pulses of guns 1 or 2 (see Figs. 7 and 10), the main component
of their spectra above 3 GHz is the noise. The source of this
noise is the gun’s discharge switch. Most manufacturers of ESD
guns use the same HV 35-kV vacuum or SF-6/N2 filled relays,
therefore, the level of the noise is more or less the same for each
gun. If the spectrum of a real pulse is limited to below 2 GHz, it
is distorted in the same way as a clean theoretical pulse. A too
narrow bandwidth, especially less than 1.5 GHz, can easily re-
sult in incorrect evaluation of the metrics and erroneous verdict
of verification. When a setup bandwidth is greater than 2 GHz,
the main source of the measurement uncertainty becomes the
pulse noise. For a 3-GHz bandwidth, the uncertainty is about
1.65% for the rise time and 1.4% for the peak current (mean
deviations averaged over series of pulses, see Table II). The de-
viations in Fig. 13, especially for the rise time, do not diminish
to zero with increase of the filter bandwidth, because the filters
are not “transparent” for the noise. Obviously, the influence of
the noise can be reduced by averaging measured metrics over a
series of pulses. Even though a 3-GHz bandwidth setup does not
ensure distortion-free (in the sense we defined) transmission of a
pulse, the frequency-dependent contribution is only about 20%
of the allowable expanded uncertainty. Further expansion of an
oscilloscope bandwidth will not reduce the deterministic com-
ponent of the uncertainty. As far as the authors know, the noise
component has not yet been taken into account in calculating
the uncertainty in ESD verification. However, a more detailed
analysis of this issue goes beyond the scope of this paper.

Verification of guns that produce rough pulses, with steps
on the rising slope and/or several smaller peaks (see Fig. 9),
whose high-frequency part of the spectrum above 3 GHz con-
tains distinctive resonance peaks emerging above the noise level,
requires a wider bandwidth—4 GHz or even more.
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For a given bandwidth, the more linear is the frequency phase
response of a measurement path, the smaller is distortion of a
pulse due to restriction of its spectrum. The rise time is a metric
most sensitive to restriction of the spectrum and nonlinearity of
the phase shift.
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Research Coworker at the Institute of Theoretical Electrical Engineering and
Systems, Warsaw University of Technology. His current research interests in-
clude investigation of the electrostatic discharge phenomenon as well as estab-
lishment of uncertainty budget in electromagnetic compatibility calibration and
testing.


