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Abstract –We propose a method to locate the cur-
rent in a printed circuit board caused by an electrostatic
discharge. This approach uses data acquired before the
discharge event by using a vector network analyzer.
The localization is performed by using single-shot
time-domain data and the time-reversal algorithm. The
time-reversal backpropagation uses experimental data,
eliminating the need for numerical models of the
device under test. The method allows us to distinguish
two traces placed 8 mm apart.

1. Introduction

Any electronic product must pass electromag-
netic compatibility compliance tests before being
brought to market. These tests include verifying that the
product does not emit noisy radiation due to unintended
antennas. On the sensitivity side, products must also be
resilient to electrostatic discharges, as specified in IEC
61000-4-2 [1]. When the device under test fails electro-
static discharge tests, it can be challenging to determine
which components need to be protected. This requires
understanding the path of the discharge current,
which can be identified through optical imaging of
thermal damage [2]. Near-field scans, the preferred
method for electromagnetic interference source imag-
ing [3–5], might be infeasible in this case, because
the discharge event and resulting damage are not
repeatable. Other approaches include full-wave simu-
lations [6] or coupling modeling by using transfer
impedance functions [7].

The motivation for this work is to provide an
imaging method to produce single-shot images of elec-
tromagnetic interference, with applications to electro-
static discharges. We propose using the time-reversal
method [8]. This method relies on the measurement of
radiated fields on a time-reversal mirror (e.g., a single
omnidirectional antenna, see [9] for a detailed discus-
sion of time-reversal mirrors). The measurements are
then time reversed and propagated back from the time-
reversal mirror. Experimental results and theoretical
analyses show that the fields converge to the original
source location, allowing the image to be produced
through various methods [10].

Usually, time-reversal backpropagation is per-
formed numerically [11]. This requires creating a digital
twin of both the imaging system and the device under
test within the working frequency range. Designing and
validating this model is typically time consuming.
Therefore, we experimentally perform backpropagation
in the presence of the device under test by measuring
the transfer functions between the time-reversal mirror
and the image plane, located below the device. This
image plane corresponds to the physical region in which
we can measure the electric field. To our knowledge,
this is the first two-dimensional application of time
reversal with experimental backpropagation. It offers
the advantages of being fast (a few minutes per scan),
allowing single-shot experiments, being compatible
with a resonant cavity for practical testing, and account-
ing for field propagation in and around the device itself.
We believe this approach is a reasonable path toward a
viable commercialization of the method.

2. Methods

The experiments take place in a 1 m3 aluminum
resonant cavity, which provides shielding from external
interference sources and a high number of modes above
the cutoff frequency [12]. An xy linear actuator is used to
move a 5 mm monopole antenna in the resonant cavity.
The linear actuator, pictured in Figure 1, is designed to
mitigate noise and coupling to the motors and controllers
and to minimize changes in geometry as the monopole
antenna moves. The range of motion of this actuator, a
180 mm by 192.5 mm rectangle, defines the image plane.

The goal of the experiment is to recover the elec-
trostatic discharge current path in a realistic device
under test. A custom test printed circuit board (PCB)
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was designed (see Figure 2). It consists of pairs of adja-
cent open-ended traces connected to SMA coaxial con-
nectors. The coaxial shield is connected to the bottom
trace and the core to the top trace. In this work, only
one trace pair is used, measuring 50 mm in length, with
an 8 mm separation. The board is made of FR4, and its
thickness is 1.6 mm.

The experiment is in two stages: first, the direct
time phase, where unwanted electromagnetic interference
is radiated from the custom device under test and
recorded on an eight-channel time-reversal mirror (the
higher the number of channels, the less sensitive the sys-
tem is to their positioning, and the lower the noise level;
here, we are limited by the number of channels in the RF
switch). Schematics of the experiment setup are shown in
Figure 3, with pictures in Figure 4. We test two types of
excitation signals: a synthetic Gaussian pulse and the cur-
rent from an electrostatic discharge. The second stage,
described in Section 2.3, involves time reversing the mea-
sured waveforms and backpropagating them to the image
plane to perform source imaging.

In all frequency-domain acquisitions, we work with
4001 samples from 1 GHz to 3 GHz. At lower frequen-
cies, the resonant cavity supports fewer modes, and the
imaging resolution degrades because it is proportional to
the wavelength. On the other end of the spectrum, the
scanner motion starts interfering with the measured fields.

2.1 Synthetic Excitation

Trace p¼ 1; 2 of the device under test is connected
to port p of the vector network analyzer (VNA). We mea-
sure the scattering parameter from the device under test to

channel i¼ 1; . . . ; 8 of the time-reversal mirror Si4;pðf Þ
through an RF switch connected to port 4 of the VNA.
The synthetic direct time measurements consist of

ziDT;pðf Þ¼ Si4;pðf Þgðf Þ (1)

where gðf Þ is the Fourier transform of a Gaussian pulse

gðf Þ¼ 1

2Df
e�2

f�f0
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þ e�2
fþf0
Df =�

� �2
h i

(2)

and f0 ¼Df ¼ 2 GHz. This choice focuses most of the
energy in the working frequency range of 1 GHz to
3 GHz.

2.2 Electrostatic Discharge

An electrostatic discharge simulator with a 150 pF,
330 X discharge network is connected to a target through

Figure 1. Pictures of the xy linear actuator used to move the scan-
ning monopole antenna: (a) shows the scanner actuators and control
and (b) displays the shields and the axes of motion, stemming from
the monopole antenna.

Figure 2. Custom device under test consisting of pairs of adjacent
traces of varying separations and lengths. The traces investigated in
this article are indicated as traces 1 and 2.

Figure 3. Schematic representation of the experiments. (a) Direct
time experiment for the synthetic excitation, (b) direct time experiment
for an electrostatic discharge, and (c) time reversal for both excitations.
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a contact discharge electrode, followed by a 20 dB
attenuator. A rise time of 0.8 ns and a target peak volt-
age of 30.6 V were measured according to [1, annex
B], with an electrostatic voltage of 4 kV. A coaxial
cable then connects the discharge to the device under
test. The eight time-reversal channels of the time-
reversal mirror are connected to a 16-channel oscillo-
scope with a sampling rate of 80 GS/s per channel. We
thus obtain the direct time time-domain signals
ziDT;pðtÞ, i¼ 1; . . . ; 8 when trace p¼ 1; 2 is active. This
waveform is transformed to the frequency domain via
a fast Fourier transform without windowing (because
the measured waveforms have a finite duration, see
inset in Figure 3b), and is then multiplied by g(f).

2.3 Time Reversal

The time-reversal mirror consists of eight
PCB-based spiral antennas connected to the VNA
through a switch for the synthetic excitation and to
the oscilloscope for the electrostatic discharge. Next,
we perform time-reversal backpropagation between
the time-reversal mirror and the image plane (i.e.,
the zone of interest). To this end, we measure the
transfer function between the time-reversal mirror
and the image plane below the device under test by
placing the scanning monopole antenna at the posi-
tion ðx; yÞ and measuring the scattering parameter
S3;iðf ; x; yÞ for the time-reversal channel i¼ 1; . . . ; 8.
Port 3 of the VNA is connected to the scanning
monopole antenna. After time reversing the direct
time measurements by taking the complex conjugate
(denoted by ��), the time-reversed field in the image
plane is

zTR;pðf ; x; yÞ¼
X8
i¼ 1

S3;iðf ; x; yÞ½ziDT;pðf Þ�� (3)

After taking an inverse Fourier transform to
return to the time domain, we select the time slice of
maximum absolute value of zTR;pðt; x; yÞ:

t� ¼ argmax
t

max
x;y

j zTR;pðt; x; yÞ j
h i

(4)

As mentioned previously, p¼ 1; 2 denotes the
active trace in the direct time phase.

3. Results

The spatial distribution of zTR;pðt�; x; yÞ is given
in Figure 5 for the synthetic excitation and Figure 6 for
the electrostatic discharge.

Figure 4. Pictures of the experiment setup. (a) Resonant cavity with
port 3 of the VNA connected to the scanner for the time-reversal stage.
(b) Inside the resonant cavity, with the cables connecting to VNA ports
1 to 3 connected to coaxial passthroughs. (c) Oscilloscope used to cap-
ture time-domain data for the electrostatic discharge excitation. (d) Setup
used for the synthetic excitation: port 4 is connected to the time-reversal
mirror through an RF switch. (e) Setup used to obtain electrostatic
discharges.

Figure 5. Maximum-normalized absolute value of the time-reversed
field zTR;pðt�; x; yÞ for the synthetic excitation. (a) Trace 1 active
(p¼ 1), (b) trace 2 active (p¼ 2). The horizontal lines indicate the
location of the active (solid) and inactive (dashed) traces. The black
solid lines indicate the half-maximum isolines.
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4. Discussion

In all cases, the maximum field amplitude is clos-
est to the active trace, meaning that the proposed
method is capable of locating the current responsible
for the measured radiated fields. There is a slight
increase in focal spot size for electrostatic discharges
(Figure 6) caused by the lower signal-to-noise ratio of
the time-domain measurement and the lack of control
over the frequency band excitation. The shape of the
field along the x axis is likely determined by transmis-
sion line effects along the length of the trace and a field
enhancement at the tip of the traces (explaining the hot
spot centered around x¼ 70 mm).

4.1 Imaging Resolution

The obtained full width at half maximum across
the y axis is always below 20 mm, which corresponds
to �=7:5 at the center frequency of 2 GHz. This is better
than one might expect in the absence of resolution-
enhancing devices such as a resonant metalens [13].

To investigate the subwavelength-focusing capa-
bility of the proposed system, we performed a set of
numerical simulations by using finite elements in the
frequency domain at 1 GHz. The simulation domain is
a hemisphere of radius 68.2 cm, with a scattering
boundary condition and a metallic bottom plane. The
sources consist of two lumped ports enclosed in a
metallic coaxial cable feeding two traces with the same
geometry as the device under test (a length of 50 mm, a
spacing of 8 mm, and a vertical separation of 1.15 mm).
The time-reversal mirror consists of eight receiver ports
that send back the conjugate of the measured direct
time signal in the time-reversal phase. The simulation
geometry is depicted in Figure 7.

We study the effect of two parameters: first, the
radius rTRM 2 f20:99 cm; 53:2 cmg measured between
the center of the device under test and the time-reversal
mirror; and second, the angle a 2 f0�; 30�g formed by
the cables. Thus, we study the effect of near- and far-field
time-reversal mirrors and the system’s sensitivity to

sources with cables at nearby (a¼ 0�) and different
(a¼ 30�) locations.

The results in Figure 8 show that the imaging
fails for nearby source cables (a¼ 0�) and a far-field
time-reversal mirror. When the time-reversal mirror is
placed in the near field, the maximum amplitude occurs
at the trace coordinates (x¼64 mm); however, the
image does not distinguish which trace is active. When
the source cables are positioned at different locations
(a¼ 30�), accurate imaging is achieved with a slightly
lower sidelobe level with a near-field time-reversal mir-
ror. In both cases, the imaging resolution is ~�=60.

Figure 7. Geometry of the simulation used to determine the effect
of the time-reversal mirror and cable placements.

Figure 6. Maximum-normalized absolute value of the time-reversed
field zTR;pðt�; x; yÞ for the electrostatic discharge and the same layout
as Figure 5.

Figure 8. Maximum-normalized norm of the simulated time-
reversed electric field when trace 1 or 2 is active. The traces’ x coor-
dinates are indicated by the vertical lines. (a) rTRM ¼ 53:2 cm,
a¼ 0�, (b) rTRM ¼ 53:2 cm, a¼ 30�, (c) rTRM ¼ 20:99 cm, a¼ 0�,
and (d) rTRM ¼ 20:99 cm, a¼ 30�.
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Even though this setting is heavily simplified (single
frequency, no resonant cavity, simple geometry), it
shows that the cable geometry and, to a lesser extent,
the near-field coupling between the time-reversal mirror
and the source, are responsible for the observed increase
in imaging resolution. However, the sensitivity of the
resulting resolution, as well as other effects such as
bandwidth or resonances, are to be investigated in
future work.

5. Conclusion

We have introduced a method to locate the cur-
rent responsible for unwanted electromagnetic interfer-
ence radiation and applied it to a synthetic broadband
pulse and the single-shot localization of the current path
of an electrostatic discharge. The method relies on a
mix of frequency- and time-domain data combined with
the time-reversal method. We showed that the resolu-
tion is sufficient to distinguish the radiation from two
traces placed 8 mm apart. Thanks to the use of an
indirect experimental backpropagation, there is no
need for device or propagation modeling. Further-
more, the results are insensitive to measurement
device calibration because the same physical channel
is used for the direct time (test) and the backpropaga-
tion steps.

Future studies should investigate the case of
interference source bandwidths below those of the reso-
nant cavity, which might necessitate mode stirring.
Also, resolution-improving devices such as metamateri-
als may be needed when the cable geometry does not
achieve sufficient imaging resolution. Finally, the use of
three-dimensional scanning can also be investigated for
nonplanar devices under test.
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