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Abstract— This paper deals with magnetic source characterization
in time domain. The basic idea is to solve the inverse problem using
the measured near field radiation cartography. In order to ensure
the identification procedure, the Time Reversal (TR) technique is
used. This procedure allows both the spatial and temporal focusing
determination by forcing waves to virtually converge to their initial
source. The originality of the proposed methodology is to present a
full time domain study of a magnetic source reconstruction.
Indeed, this approach is particularly suitable for structures that
emit non-sinusoidal radiations such as power electronic systems.
First, the Electromagnetic Time Reversal (EMTR) basis are
introduced. Then a simulation case study is discussed. Finally,
results from an experiment test are presented to verify the
proposed methodology. The measured results are in good
agreement with the calculated electromagnetic fields. The
experimental validation shows that compared to other
identification techniques, especially those developed in the
frequency domain, the proposed approach is more efficient and
simple.

Keywords— Electromagnetic radiation, Inverse problem,
Near field, Time Domain, Time Reversal technique.

. INTRODUCTION

The significant increase in the clock frequency of embedded
electronic systems, has led to serious problems of
electromagnetic interference between components. Hence, the
consideration of Electromagnetic Compatibility (EMC)
modelling techniques has become a crucial solution to deal with
the unwanted interferences and improve systems design. In
electronics industry, devices are especially affected by noisy
transient signals [1]. Therefore, to cope with the harmful
Electromagnetic (EM) coupling, researchers have developed
many characterization approaches for emissive systems.

To carry out an efficient EMC study, it is useful to know
the EM field distribution in a near region around the circuit
under test. Actually, the near field technique is considered as
an appropriate approach to characterize radiating structures
[1]-[9]. But, due to the expensive measurements cost, this task
relies on the use of a robust numerical process. In fact, the need

to avoid heavy simulations realization has pushed researchers
to develop new behavioural models [1]-[6]. Recently, the EM
inverse problem has shown interest in characterizing radiated
sources [1]-[9]. Generally, this method is used to obtain the
current flowing through emissive sources using a set of EM
elemental dipoles. In [2], authors have suggested the coupling
of the EM inverse problem based on Genetic Algorithms (GA)
with the Moment method in the Frequency Domain (FD). The
proposed hybrid process has the advantage to identify
rectangular structures. In [3], authors applied the Artificial
Network and the Pseudo Zernike Moment Invariant and
presented a parametric study to evaluate the influence of the
different parameters such as measurement resolution and
height. This methodology was improved, in [4], by use of GA
in the FD in order to accelerate the convergence of the
algorithm. To enhance the computational time, Benyoubi et al.
[5], proposed a fast technique based on the matrix inversion
and an optimization procedure, which allows finding
equivalent sources with a smaller number of dipoles, compared
to [6]. In [7], FD EM inverse problem is elaborated to evaluate
the shielding effectiveness of perforated plates. However, to
determine properties of structures that work in the transient
regime, it is more appropriate to characterize the system in the
Time Domain (TD) rather than the FD. Indeed, in transient
signals, radiation is concentrated within a short period while it
is spread in a wider frequency spectrum. Hence, characterizing
wideband structures is both efficient and easier to in the TD.

In the literature, works using inverse problem resolution
with a TD analysis begin to be developed. Among the studies
recently published on this topic, the research presented in [8]
and improved in [9], presents the theoretical foundation of TD
EM inverse method and uses the GA as an optimization
solution. In this study, the identification procedure is carried out
by extracting at each iteration a local cartography, starting from
the highest magnetic field until the weakest radiation. Unlike
works devoted in the FD and that treat sinusoidal waveforms,
authors in [10] dealt with structures that emit non-sinusoidal
signals in the TD. Such methodology is conclusive, but it is a



time consuming task. There are other methods for TD
characterization, such as the stochastic approach studied in
[11]. Generally, works based on TD analysis relies on the time
recording of the data using a high-resolution oscilloscope. But,
this information is usually treated using a spectral study [11].

In this work, we propose to reconstruct the whole radiation
propagating process in TD in order to follow signal changes
over time and detect the disturbances contribution. The
objective of this paper is to develop a simple and a low cost EM
characterization method based on the use of analytical
expressions of equivalent dipoles in TD. The basic idea of the
proposed approach is to introduce the Time Reversal (TR)
technique in order to force EM waveforms to converge to their
original sources. Due to its focusing properties, the TR process
is widely used on acoustic communications, its pristine
application [12]. Then, this technique was successfully applied
in electromagnetism [13]. It is used for buried objects
localization [14], for reverberation chamber applications [15],
for faults location [16], and for microwave imaging [18]. In the
literature, TR studies rely on the use of the Decomposition of
the TR Operator (DORT) method for location issues through
the TR Operator eigen vectors analysis [12]. Nevertheless, the
standard DORT has shown a weakness in providing selective
focusing on each of the emissive sources separately within a
circuit where sources are radiating at the same time [17]. In
order to overcome the drawbacks of the DORT technique,
research works moved toward a more suitable approach, which
is the TD analysis. Working in TD has the advantage of giving
the data behaviour over a period. The basic thought behind the
applicability of the TR technique in the TD is the determination
of the instant of focus at which the most suitable field
distribution is obtained [14]. Indeed, in the most of TR studies
based on TD analysis, the measured signals are realized in the
FD, then numerically transformed to the TD [19]. However,
Kosmas et al. [18], developed a full TD method based on the
TR algorithm for breast cancer detection. The Finite Difference
TD has been applied to achieve the backpropagation operation
and make waves converge back to the effective source.
Likewise, in [13], authors have used the TR in Transmission
Lines network for the identification of defects in cables and for
lighting location. By analogy to this work, the present study is
completely performed in TD, which is a relatively unexplored
area in EMC. In this work, we propose to use the
Electromagnetic Time Reversal (EMTR) technique to localize
and identify disturbances source in an electronic system.
Actually, the measured radiated EM field contains several of
information that could be extracted using the TR technique. The
aim of the proposed methodology is to determine the equivalent
dipole parameters, such as excitation signal and geometry.

This paper introduces a simple approach for EM emissions
representation using the equivalent radiation expressions with
the near field scanning technique. The proposed TD inverse
method is based on the EMTR technique. Section Il is
dedicated to analytical investigations. In particular, both EM
inverse problem and EMTR are studied. In section Ill, the
proposed methodology is applied on a simulation case study. In
section 1V, the experimental test bench is presented in order to
validate the proposed approach.

1. ANALYTICAL INVESTIGATIONS

A. Electromagnetic Inverse Problem

It is generally useful to provide efficient equivalent
models to obtain radiated emissions without reference to
complicated design or use of commercial solvers. The EM
inverse problem permits fields simulation, in order to identify
structures parameters that give the same magnetic field H,
such as position, and excitation form. By analogy to the FD,
analytical expressions of equivalent dipole radiation were
developed in TD [8]. The magnetic source, of radius r, with
center coordinates (X, Y4, Z;) and angles of orientations
(64, ©q), is presented in the near field region in Fig.1.

Fig. 1. Equivalent magnetic dipole definition.

In this work, magnetic field components H,., H,, and H, are
calculated in a simplified way, in the cartesian coordinates
system, at measurement point (X,, Yy, Z,) , as follows:
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and:
= =t —% is the delay time variable.
= R is the distance between the measurement point and the
center of the elementary dipole:
R=\(Xq—Xo)? + (Ya = Yo)? + (Za — Z,)? (6)
= J(t) is the instantaneous current signal with maximum
magnitude I,.




B. Electromagnetic Time Reversal

The final purpose of the present paper is to take advantage of
the TR procedure in predicting emissive elements positions. By
analogy to the acoustics demonstration, this process was
successfully applied to EM transients [13] [19]. Assume a
magnetic source (R,) emits a pulse, with a period At, propagates
in the environment then measured and recorded using a
transducers network (R;) , as receivers, 1 < i < M with M is the
total sensors number. This array is called the Time Reversal
Mirror (TRM). Afterwards, the recorded signal, at each
measurement point, is totally flipped over in time then
retransmitted through each transducer, as emitters, which is
known as the back propagation process. Applying the TR
procedure allows to maximize the received signal at a certain
instant of time and to focus the field in space at rightly the
original source location (R,) [12-15]. In TD, the main operation
corresponds to the inversion of the sign of time, which is the
following transformation:

t—> —t @)

In fact, the recorded data follows a Last-In, First-Out stack.
Therefore, the returned wave propagates in the medium on its
turn and acts as if it replays accurately its same past life. Based
on the principle of the reciprocity, the TR experience requires a
reversible propagation medium, in a way that if a field is
propagated in this environment then its time reversed version
must react just the same [12-15]. In other words, if ¢(t) is a
solution of the propagation equation, then ¢(—t) is also a
solution. So that the whole scene can be played fromtime t = 0
or even replayed in reverse from the time t = At,t € [0, At].
Consequently, the reversed signals will be recorded during an
experiment time At, then returned and entirely reemitted in a
reversed chronology during (At—t) . The magnetic field
received, at the instant ¢t and the position p,, is defined
by H(p,, t). Its reverse version is H(p,y, At — t). According to
[13] and [15], if we consider T the time inversion operator, we
have the following transformation:

Trr{H (po, t)} = — H(po, —t) (8)

In the near field region, the radiated signal received by a
TRM transducers can be written as:

Hyy () = k(t,Ry = R) ®1(¢) ©)

where ® is the convolution product, k(t,R, = R;) is the
impulse response of the propagation medium at R; for a pulse
emitted from R, and I(t) is the excitation form. Indeed, this
propagation matrix is constructed analytically, using a virtual
array of potential sources placed on the studied structure and
excited bya delta-function signal. The reemission of the
reversed received field from R; allows focusing signals at R,.
The temporal focused signal at R, takes the following form:

ETR(RO ’ t) = Z{VLI k(RL - RO ’ t)® Hx,y,zi(_t)

Evaluating the focusing quality is quite interesting. Actually,
at the focusing time, the original source is illuminated and the
radiated signal reaches its maximum peak. In the literature,
several criteria are proposed to discuss the temporal and spatial

(10)

focusing. In this paper, the maximum magnitude of the focused
signal is used. In practice, we consider the absolute value of this
useful part of the reconstructed wave, as follows:

Max(Ro) = maxier (IErg(Ro , )1) 11)

The shape of the original current I1(t) corresponds to the
reserved focused signal Epz (R, , —t) at the source location R,,.

I11. VALIDATION USING CALCULATED CARTOGRAPHIES

In this section, a simulation test case is presented to validate
the proposed approach. In addition, calculated cartographies
help eliminating practical problems such as those related to the
experimental measurements errors in the near field region. The
studied structure is a surface of (200 mm X 200 mm) .
Magnetic field calculations were performed at a height of 4 cm
above the system under test. These calculation points constitute
the TRM, with a displacement step of 4 mm. This network is
composed of 2601 transducers uniformly distributed on a (XY)
plan. The radiating source is a current loop of a radius 25 mm,
located at the position (0,0,0), Fig.2.

V4

Measured cartography

Probe

Studied structure
Fig. 2. System setup.

Since the principal idea behind the use of the TD method
rather than the FD is to deal with non-sinusoidal signals in
emissive structures and validate our approach. The dipole is
crossed by a Gaussian type current, of a 10 us duration and a
10 MHz frequency (Fig.3a). Its expression is given by Eq.12:

(to—1) —(t—tp)?
I(t) = I, OT exp( (20‘; )

(12)

where t=7us, ty =57, and I, = 1A

To construct the impulse response of the system, a network,
with a resolution of 9.5 mm, is placed on the studied structure.
This network is of 441 equivalent sources that potentially could
refer to the real source behavior. According to our mesh, the loop
corresponds to the source number 221, which has the
coordinates (0,0,0). In fact, position control is used to validate
the approach. The transient magnetic field is calculated using
Eq.1. Actually, radiated signals are obtained at the TRM level in
order to assimilate to measurements. Fig.3b shows the temporal
radiated signals at different positions. The radiated field
cartographies are obtained at each instant of the experiment,
which describe the radiation propagation film. The magnetic
components distributions are given in Fig.4. From Fig.5.a, we
notice that the calculated field at point 221, which corresponds
to the real source position, has the highest magnitude. Thus, the
effective dipole coordinates are correctly found.
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By applying the TR technique based on the maximum
magnitude criteria, Fig.5a, the proposed approach permits to
reconstruct the original excitation current signal presented in
Fig.5b. The reconstructed H, signals, using the obtained
excitation, shows a good agreement with the calculated field, at
different positions, Fig.5c. In addition, calculated and estimated
field cartographies, presented in Fig.4 and Fig.6, seem close one
to another at each instant of the experiment.
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Fig. 6. Reconstructed field distributions at t = 4,64 us.

IV. VALIDATION USING MEASURED CARTOGRAPHIES

In order to test the efficiency of the proposed approach, we
suggest validating the TD EMTR method by an experimental
measurement process above an elementary structure. The
reason behind this choice is that we want to emulate the basic
behaviour of a power system by the mean of a magnetic dipole
carrying a non-sinusoidal current.

A. Time Domain Near-Field test bench

The measurement of the magnetic emissions in the TD
using a near field scanning technique usually requires a high
precision oscilloscope that displays and records the measured
fields. Signals are captured by a magnetic field probe that
moves above the system under test. The measurement were
performed on a mono turn coil that was printed on a circuit



board of surface (21 mm x 21 mm), Fig.7. The loop radius
is 5 mm. The excitation signal is the current out coming from
a chopper circuit, which provides a high current and leads to
severe EM interference issues that badly affect the nearby
power devices. In point of fact, this current signal has a non-
sinusoidal waveform. Therefore, its modelling using the
frequency method is not so evident. This is a real case where
the use of the temporal method is strongly required. The
magnetic probe is at a height of 8.5 mm and moves with a
1.5 mm resolution, Fig.7. The measurement network, 225
points, constitute the TRM. Indeed, the radiation quantity
measured during the experimental period is the sum of the
contributions captured from each transducer.

S s 21 mm
Fig. 7. Measuring H, magnetic field antenna, placed above the studied circuit.

B. Results

The transient measured signals, at the probe terminal, during
the switching of the transistor are presented in Fig. 8. The
magnetic fields at the Turn On of the transistor are presented
in Fig.11.b. The corresponding radiated field cartography of
the component H, is displayed in Fig.10.a. The application
of the proposed method shows that the potential source,
which has the maximum magnitude, Fig.9.a, is a real
radiating source. In Fig.9.b, the obtained current signal is
presented.

L Mﬂ My,
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Fig. 8. Measured Voltage at the terminal of the probe

Based on the identified source coordinates, we observe in
Fig.11.a. a good correlation between the reconstructed shape
and the measured H, at the center position, at the Turn On of
the chopper transistor. However, as a matter of fact, there are
some lag time between the too signals and differences in the
magnitude, that may be explained by the measurement possible
errors, due to the coupling between the magnetic probe and the
current loop. With using the obtained current signal, Fig.9.b,
which has a non-sinusoidal form, we calculate the magnetic
field signals at different position in Fig.11.c. Actually, the
measured signals, in Fig.11.b, are close to the reconstructed
waveforms presented in Fig.11.c at the same positions. Also, the

reconstructed magnetic field cartography, Fig.10.b, is in good
agreement with the measured distribution, Fig.10.a, at t=
10.3 us . In fact, the proposed methodology provides the
electromagnetic radiation at each instant of time throughout
the experiment. Indeed, the main advantage of using the TD
analysis is measuring transient events and disturbances that
appear when switching ON or OFF, which is not evident when
employing frequency instrumentation. In addition, the source
position and its corresponding current signal are obtained.

mmmmmmmmmmmmmmm
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Fig. 9. (a) Maximum Focusing magnitudes, (b) Reconstructed excitation form.
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Fig. 10. (a) Radiated H, field cartography at t, = 10.1 us, (b) Recnstructed
H, field cartography at t, = 10.3 us.
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Fig. 11. (a) Comparaison between initial and reconstructed H, at measurement
point (0,0,0) at turn ON, (b) TD reconstructed fields at Turn ON, (c) TD
measured magnetic fields at Turn ON.

V. CONCLUSION

This paper presents a Time domain Electromagnetic inverse
method based on Time Reversal technique, in the near field
region. The aim of the proposed methodology is to describe
emissive source position and determining its corresponding
excitation signal. The interest behind this work is to present a
full Time Domain study of the radiating element reconstruction.
In addition, the proposed approach is a simple and a low cost
procedure. Indeed, not long ago, the TD EM inverse method
becomes an effective alternative for modelling non-sinusoidal
perturbations. Simulations have shown the potential of the TD
analysis to identify EM field distributions. Its definitions are
advantageous over the FD techniques, which needs to repeat the
whole process at each frequency, especially in the transient
regime analysis. This will save a valuable calculation time. To
validate our approach, experimental measurements on basis of a
simple structure were carried out. According to the obtained
results, the proposed method shows a good agreement between
the reconstructed magnetic field cartography and the measured
distribution, and it succeeds in identifying the equivalent dipole
parameters and determining the current waveform.
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