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Chapter

Study of Electromagnetic
Radiation Sources Using Time
Reversal: Application to a Power
Electronic Converter

Sassia Hedia, Bessem Zitouna,
Jaleleddine Ben Hadj Slama and Lionel Pichon

Abstract

Recently, modern power electronic systems have been introduced in different
applications, such as in avionics and wireless communication. The increasing tech-
nological complexity of these systems is posing serious challenges regarding elec-
tromagnetic compatibility (EMC) issues. Indeed, the radiation emitted from
electronic circuits can induce harmful effects on nearby devices. Thus, several
research works have been conducted using the nearfield technique to deal with
electromagnetic interferences (EMI) that might occur, especially due to rapidly
changing currents and voltages. In the present work, a detailed study about the
characterization of the electromagnetic nearfield-radiated emissions is established
using a time-domain analysis to provide an equivalent model constituted of a set of
electromagnetic dipole parameters. Source reconstruction has been obtained using
electromagnetic time reversal (EMTR), which has proven successful and efficient in
identifying transient disturbance sources in power electronics. Experimental mea-
surements of the magnetic nearfield have been carried out under an AC/DC flyback
converter. The accuracy of the proposed method has been confirmed by visualizing
measured magnetic field components, which are in good agreement with the calcu-
lated maps. The results of a reasonable computing time have shown that, particu-
larly in transient signals with a wide frequency band, the suggested inverse method
is an adequate alternative to overcome frequency domain limitations.

Keywords: electromagnetic compatibility (EMC), electromagnetic time reversal
(EMTR), nearfield, power electronics, radiated emissions, time-domain analysis

1. Introduction

In any electronic circuit, designers face serious challenges to ensure product
efficiency and make it fit into a large community of electronic systems where
harmful interferences can occur. Indeed, electromagnetic compatibility aims to
achieve a peaceful coexistence of electronic equipment, especially when subjected
to severe electromagnetic disturbances. In recent high-density PCBs (printed circuit
boards), components are becoming increasingly sensitive to unwanted phenomena,
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such as radiated and conducted emissions characterized by sudden variations in
voltage and current [1, 2]. Thus, EMC researchers and engineers have conducted
multiple works using various relevant approaches to predict these emissions with a
reasonable tradeoff between guaranteeing a good accuracy and a reduced comput-
ing time. For instance, to deal with radiated emissions, authors in [3-5] have
proposed to use matrix inversion methods that have ended up with a need for a
large set of measurements. As a solution, hybrid optimization methods based on
artificial intelligence techniques such as genetic algorithms (GA) and artificial neu-
ral networks (ANN) have been progressively introduced [6, 7], and this has con-
tributed considerably to speed up the algorithm convergence at a fixed operating
frequency.

The common point in the research mentioned above has been using the fre-
quency domain (FD) to model electromagnetic fields through a set of equivalent
dipoles [2-8]. To obtain a behavioral model of the device under test (DUT), partic-
ularly in power circuits of a fast switching nature [2, 5], a direct alternative way of
proceeding is to perform measurements in the time domain (TD), which can also
recover the frequency spectrum using a further signal processing. Indeed, time-
domain measurement has numerous advantages over frequency-domain measure-
ments. On the one hand, TD devices provide faster and simpler measurements
because they use high-speed time sampling techniques and offer the possibility of
capturing the signal in TD and compute its different spectral components in a
shorter period (e.g., spectrum analyzers, which are more expensive than oscillo-
scopes, usually have a narrow resolution bandwidth). On the other hand, better
precision is obtained using TD measurements because all the frequencies are simul-
taneously measured, mainly in the case of a one-time transient where only a single
frequency is captured and in the case of a periodic signal (with repetitive events)
where the frequency step could limit the identification of all the events of interest.
In the literature, few TD-based works have been presented to obtain the different
equivalent parameters of radiating sources [9-15]. In [11-13], authors have evalu-
ated the performance of TD methods to deal with EM transients using a microstrip
device. More studies have been performed in [11-14].

Nevertheless, these approaches select the frequency band, and complex calcula-
tions require powerful machines with sufficient memory [11]. In [10], the temporal
electromagnetic inverse method has been developed and implemented using GA,
and thus, it depends on initial GA options. Therefore, researchers have developed
alternative TD methods based on electromagnetic time reversal (EMTR) for radiat-
ing source identification in literature. Indeed, several studies have been achieved in
the field of electromagnetics using the time-reversal (TR) technique for different
purposes such as in source location identification [14, 15], acoustics [16-18], and
recently power electronics [19-27]. Several studies have demonstrated TR’s robust-
ness and efficiency [14, 27, 28]. However, a handful of studies investigated the use
of TR for EMC applications in the time domain until now. Rachidi et al. have
presented using electromagnetic time reversal in lighting location and faults detec-
tion in power networks [14].

Most of the existing TR studies dedicated to sources characterization have been
applied in the far-field region [17, 19, 20]. While in the case of power electronic EM
radiation measurement, a nearfield (NF) scan has proven to be more advantageous
because it is less dependent on different test conditions such as application range
and equipment. Recent studies, as in [3] and [10], report that different issues in the
converter circuits, basically linked to transient disturbances with a quite short
duration, should be investigated in the TD using an NF test bench. In [22, 23], the
proposed method has been applied to identify the equivalent model of radiation of
simple structure, as an interesting basic study but not representative enough to deal
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with an advanced power circuit. Hence, this work applies the full time-domain
method to a complicated board containing several bulky components with several
radiating sources based on the electromagnetic time-reversal technique. Current
and voltage high-speed commutations can create serious non-intentional transient
disturbances covering a wide frequency band in structures such as power electronic
converters. Knowing that in electromagnetic interferences (EMI) mitigation tech-
niques (such as shielding), it is essential to predict radiating sources parameters at
the early design stage to reduce emissions related to switching activities and para-
sitic interconnections. In this present work, we have studied the application of the
EMTR technique based on time-domain analysis to reconstruct the radiation
behavior and obtain an accurate equivalent model of the device under test (DUT),
which emits critical non-sinusoidal signals. This methodology aims to help
designers estimate radiated EM fields at different measurement distances and study
the possible couplings between components.

Section 2 gives a detailed overview of the NF measurement test bench in the
time domain. Moreover, the selected studied structure, which is an AC/DC flyback
converter, is described. Section 3 discusses the theoretical investigations of the
electromagnetic time-reversal technique and details the suggested implementation
of the method for evaluating radiated emissions and sources reconstruction issues.
Section 4 provides an application of the proposed EMTR-based method, and an
adequate equivalent model that emits the same radiation behavior is studied.

Furthermore, a comparison study has been carried out for experimental valida-
tion purposes. The obtained results are presented in the form of time-dependent
mappings of the magnetic nearfield. The last section outlines the main conclusions.

2. Time-domain measurements test bench

A TD test bench is employed to evaluate EM disturbances in the NF for power
systems in this study. A single measurement (one scan) is carried out for multiples
radiation frequencies at once.

2.1 TD measurement technique

TD measurement uses high precision measurement devices with a wide band-
width, such as oscilloscopes, to capture temporal signals using a magnetic field
probe. This measuring probe is nothing else than an academic small coil probe
shielded sung copper [11] or a commercial magnetic loop of a radius equal to
1.6 mm generating a voltage from the varying magnetic flux. It scans the surface
above the DUT, in the nearfield region, with a fixed displacement step, which
prevents capacitive couplings and noise while measuring. The probe is connected to
the scope using a shielded coaxial cable through an SMA connector, and it is
calibrated as explained in [11, 29].

Indeed, based on the Faraday and Lenz laws and transformation equations, the
variable magnetic field is obtained through the voltage measured at the terminals of
the loop using the following equation:

1 t
H(z) = T SJOV(t)dt 1)

Where S = 7 x 72, is the loop surface and yq = 4 x 7 x 1077 N/A? is the
permeability in the free space.
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Figure 1.
Automated scanning test stands for NF measuvement in the time domain.

The studied test bench provides a three-dimensional field measurement, but
according to our needs, we only consider measuring the normal component of the
magnetic field (H,). Synchronous acquisitions are performed using a trigger, chosen
to be a periodic and a repetitive reference signal. The following Figure 1 presents
the proposed nearfield test bench using a LeCroy WaveRunner 104XI oscilloscope.

2.2 Device under test: AC/DC flyback converter

In this work, the studied structure is a flyback AC/DC converter based on the
principle of switched-mode power supplies (SMPS), as in [30]. Indeed, despite the
superior efficiency that they can offer, these switching converters generate a lot of
noise and EMI because of their high changing dv/dt and di/dt events. These power
supplies have a complex structure regarding EM emissions. It generates different
types of EMI, such as harmonics of switching frequency and high-frequency noise
due to phase voltage ringing or the reverse recovery. In industry, this converter
topology is typically used in both low and medium power as in automotive, battery
charging and avionics, etc.

In practice, the design of the SMPS circuit is of great importance because it has
to meet the configuration specifications in terms of energy storage and losses and
avoid transient oscillations that generate EM interference modes covering a wide
frequency band of several tens of MHz.

In our study, the DUT is a low power converter of 5 W. The top and bottom
faces of the studied flyback AC/DC converter are shown in Figure 2. Its
corresponding configuration parameters are presented in Table 1, and the sche-
matic is depicted in Figure 3. To guarantee a synchronous acquisition, transient
radiation signals at the scan surface have been measured with respect to the input of
the optocoupler of the converter as a reference signal, Figure 3.

The NF radiation distribution of the DUT is obtained through a rigorous scan
of the bottom face of the board, which allows avoiding bulky components and
having a better recoding of EM emissions at a reasonable measuring distance.
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Measuring probe

Surface of interest

Figure 2.
Studied flyback AC/DC converter: top and bottom faces.

Input voltage Output voltage Switching frequency Efficiency
220V 5V DC 60 kHz 79%
Table 1.

Parameters of the studied configuration.

Viper 22A

vdd Drain
CONTROL 1
C4 %
Source|
X ’ cs M
Figure 3.

Schematic of the studied flyback AC/DC converter.

Scanning area (38 mm x 54 mm)

Height of measurement 1.2 cm

Scanning resolution 2 mm

Scanning points 560 positions

Signals duration 20 ps
Table 2.

Measurement setup.
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Figure 4.

Control signal.

Table 2 provides the measurement setup adopted in the present work, and Figure 4
shows the control signal that ensures the smooth running of the converter.

A measured radiated signal is depicted in Figure 5. As we can notice in Figure 6,
sources are not radiating simultaneously to obtain an intense radiation area at one
time step but not in another. The radiation behavior of EM signals changes over
time, and it is not evident to capture these events using frequency analysis only.

3. Basis of electromagnetic time-reversal technique
3.1 Theoretical principles

The time-reversal technique has been known for a long with great success in
acoustics and ultrasound applications [17]. This has encouraged researchers to
investigate the use of this method in the vast field of electrical engineering, such as in
power line communications, fault location, and EMC issues [14, 15, 18-27]. Time and
space focusing of waves is the specific feature of time-reversal theory [28]. Indeed,
when a random source is in a pulse mode, generated signals are propagated indefi-
nitely in the environment until they vanish (forward propagation). To measure these
emissions, a set of transceivers is placed in a defined configuration called a time-
reversal mirror (TRM). Then, recorded waves are time-reversed and injected into
the same context (time reverse + back-propagation). After that, back-propagated
waveforms will try to merge to form a maximum peak at a certain time step and
position (focusing). In fact, the obtained location and parameters correspond to the
actual source due to the reciprocity theorem and the reversibility in time of the wave
equation. Hence, in an electromagnetic context, the performance of sources excited
by high-frequency generators is easily evaluated or, more precisely, for an EMC
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Captured waveforms: (a) whole signal, (b) window.

Figure 6.

Measured radiation field maps above the DUT at two different time steps:t, = 10.25 s and t, = 10.5 pys.

application. The EM emission behavior of a radiating source that exhibits high-level

transients can be reconstructed in both space and time [14-27].

Based on the basic electromagnetic wave equations in a homogeneous medium,

which is written as follows:

()
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Where @ stands for electric E or magnetic H field, and c is the speed of light in
free space.

Iff(¢) is a solution of Eq. (1), theng(¢t) = f(—t) is also a solution. In other
words, theoretically, EM waves may propagate backward from the time stept =T
toz = 0 s. In practice, the measured magnetic (or electric) field H(r,t) at probe
position 7 and for each time step ¢, ¢€[0; T| where T is the time period and the
back-propagated magnetic (or electric) field H(r, T —t) are both solutions. How-
ever, it has been demonstrated that under the action of time inversion, the magnetic
field H is of an odd parity [15, 31]. Accordingly, assuming that TR represents the
time inversion operator, we have:

TR {H(r,t)} = —H(r, —1) (3)

It is interesting to note that when a current I(¢) flows through a source, a
magnetic field H(t) is created. In the case of a conductive loop, the following
relation gives the measured field:

H;i(t) = h(ro — ri,t) 1(2) (4)

Where ® denotes a convolution product, 1<i <N number of receiving
antennas, and k(ro — 7;,¢) is the impulse response of the system at a position 7; and
for a pulse generated by 7. Indeed, k(t) represents the transfer matrix that rules the
transmission and the reception procedures between the TRM transducers (area
discretized into N positions) and a defined virtual set of point-like sources placed
on the DUT surface and driven by a Dirac delta function. As a result, the focused
signal is obtained as follows:

N
HTR(V(), l’) = Z h(Vi — 70, l’) %) Hx,y,zi (—t) (5)

i=1

Where, Hrg (79,t) represents the focused signal at the position ry and time step z.
In the literature [14, 15], the excitation signal has commonly been identified as the
reversed version of the extracted focusing signal at the source position 7 using the
following equation:

Max(ro) = max;e1(|Htr(70,2)]) (6)

3.2 Equivalent model determination

In power systems with high current levels, the magnetic field has a strong
predominance effect. In the literature, particularly during the switching activity,
disturbances resulting from high dI/dt and leading to a high-frequency current can
occur. Thus, to model these transients, the inverse problem resolution has been
proposed and applied to a nearfield scanning experiment. Indeed, an equivalent
model in the nearfield region is defined as a set of equivalent dipoles that
reproduce the same EM radiation behavior as the DUT. For an equivalent magnetic
dipole, Figure 1, the main characteristics are the center position (X,, Y4, Z,),
orientation angles (0, ¢), diameter (the loop surface S = & x r?, where 7 is the
radius), and the current I flowings in the loop [32]. The magnetic dipole
moment M, is the following:

My=1IxS (7)
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Figure 7.
Definition of an equivalent magnetic dipole.

From the formula for the equivalent field radiated by a magnetic loop in the
nearfield, expressed by (8), we can obtain the three-dimensional distribution map
of the radiated field (H,, H, and H;) in a defined height of measurement using a
time-domain representation (Figure 7).

Hyyez=A [(Blcx,y»z) - (B3Dx,y,zE)} (8)
Where:
1
=R 9)
1 *My (¥ oM, (¢ 1 ,
b (25 (325 () o
Cxyz = (sin (0) cos (@), sin (0)sin (¢), cos 0) (11)
Dy = g (X = Xo)s (Ya = Yo), (2 ~ Z0)) (8)

cos (0)(Zg — Zo)+
E= sin(0)sin(p)(Yy—Yo)+ (13)
sin (0) cos (¢)(Xy — Xo)

R = \/ (X4 — Xo)? + (Ya — Yo) + (Zu — Zo)’ (14)

t’:t—l—2 (15)
C

3.3 Applying EMTR to radiating source identification

This work focuses on the characterization of EM emissions in the nearfield using
an equivalent radiation model. An algorithm based on electromagnetic time-
reversal technique is applied to identify radiating sources parameters using the
time-domain analysis. Indeed, in practice, active sources are not radiating
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Input parameters > Time reversal and back- propagation
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Figure 8.
Flowchart of the proposed method based on the EMTR technique.

simultaneously and the emission distribution at each time step corresponds only to
the contributions of the different sources at this specific time. In the proposed
method, an elimination process is carried out over time, starting from the most
radiating sources (a hot spot in the map where the radiation level is significantly
greater than the neighboring regions in the scanning area), using (5) and (6). A
reconstructed field distribution is obtained using the identified source parameters,
Eq. (8). Then, the difference between the measured and the estimated scans is
evaluated using an error distribution at each iteration. To guarantee the conver-
gence of the method and obtain a physical meaning model, an error limit is defined
as a threshold value. Ideally, the estimated scan corresponds to the measured one,
and then, the error limit equals zero. Apart from that, as in an NF experiment, the
threshold corresponds to the measurement errors magnitudes (can be estimated
when making measurement tests without a load). The effect of the different
configuration parameters involved in this method has been studied in [33]. The
flowchart of the whole procedure is shown in Figure 8.

4. Application of the proposed method
4.1 Modeling of the flyback converter

An adequate equivalent radiation model has been identified by applying the
proposed EMTR method to the measured emissions of the AC-DC converter

10
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N Max moment (A x m?) xe —7 Coordinates (mm) Orientations (rad)
#1 0.1545 10.9; 11.6; —0.67 0 1,5708
# 2 0.2477 5e—3; 2e—2; 0.0 0 0
#3 0.0708 -2.7;, —116; —-0.7 0 —1,5708
# 4 0.0163 54, —154; —-12 1,5708 1,5708
#5 0.0900 13.6; —3.8; —-0.37 1.5708 0
#6 0.0179 —5.4; 3.9; 0.0 0 0
#7 0.3468 13.6; —-7.7; —0.61 0 1,5708
Table 3.
THE obtained equivalent model parameters.
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Figure 9.

Magnetic nearfield maps of z-component in TD: (a) measured. (b) Estimated.

obtained, as previously explained. Indeed, by comparing measured and estimated
magnetic nearfield distribution H,, using identified sources parameters given in
Table 3, at a constant height of measurement and scan area, we can notice a good

11
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Cuts of measured and simulated H at Z = o.

agreement between the two sets of results along time, as shown in Figure 9. Partic-
ularly, the obtained equivalent sources perform valid waveforms with less noise as
if they have been captured when scanning the circuit without measurement errors
(which is inevitable in practice).

In Figure 10, estimated radiated field cuts at Z = 0 are compared to the refer-
ence signals along the x- and y-axis. Moreover, besides H reconstruction, the
prediction of H, and H, is easy by including the obtained sources parameters in the
analytical expressions of the magnetic field, as in (8).

It is worth noting that in order to the enhance the obtained results, it would be
great to refine the mesh of the scanning area further and reduce even more the error
limit (corresponding to the measurement errors including the test stand inaccura-
cies, spatial probe motion, and the coupling effects between the probe and the DUT,
etc.). Nevertheless, both a large memory and a considerable computing time are
needed.

4.2 Validation of the obtained model

In this study, we propose to confirm the efficiency of the obtained results using
the EMTR-based method in TD with a standard inverse method performed in the
frequency domain. Thus, we do not make measurements using an FD test bench,
but we instead proceed by applying a fast Fourier transform to the measured
magnetic field signals in TD. Indeed, in Figure 11, we notice the existence of several
harmonics covering tens of megahertz in the frequency spectrum of the obtained
FD magnetic field at different probe positions. This is among the major

12
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The spectrum of the measured magnetic field above DUT at different positions.

disadvantages of FD measurements, especially in multisource structures with dif-
ferent characteristics and radiation patterns. We have implemented an optimization
method based on genetic algorithms to apply the frequency inverse method and
obtain an equivalent model for each studied frequency [8, 9]. In fact, the iterative
process needed in this procedure can be reduced when choosing only significant
frequencies; otherwise, it is time and memory-consuming. Moreover, to guarantee
and accelerate the convergence of the method, a fine configuration has to be
employed, particularly having a proper choice of the variable boundaries and pop-
ulation size. In Figure 12, mappings of the measured and estimated radiated field
are depicted for different frequencies.

A good agreement is achieved between FD maps of measured fields and esti-
mated using an optimization algorithm at different frequencies. Similar source
positions have been obtained, which confirms the previous results. Looking at
Figures 9 and 12, we notice that the proposed method based on EMTR matches the
measurements better. Indeed, TD investigations provide rapid results, making
modeling easier to use in critical test cases. It is worth noting that FD maps are only
depicted at a single frequency for each measurement, and then, we cannot observe
the behavior of all existing radiating sources without performing several measure-
ment tests. However, a single temporal measurement is required for a TD method,
as we have explained.

For further validation purposes, we propose to reconstruct the x-component of
the EM field (H,) using the obtained equivalent model and then compare the
generated maps to the measured radiation distributions acquired with the
magnetic probe dedicated for tangential components capturing. Figure 13 shows an
example of mappings at a defined time step. A good agreement is noticed
between measured and estimated H,. Hence, we conclude that the obtained
equivalent magnetic dipoles are in good positions and that the proposed method is
efficient in providing an equivalent method reproducing a three-dimensional
reconstruction of the radiated field describing the overall behavior of the studied
converter.

13
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5. Conclusion

The motivation of the presented work was the characterization of electromag-
netic radiating sources commonly found in power converter circuits. Time-domain
measurement of the radiated field has been carried out in the nearfield using a
specific test bench, including high-precision tools. An electromagnetic inverse
method based on the EMTR technique has been studied to obtain an efficient
equivalent model of the device under test. In case of transient disturbances that
occur, for instance, during the turn-on of the transistor of a flyback AC/DC con-
verter, a satisfactory agreement has been achieved between measured and esti-
mated radiation maps, along with a reasonable computation time and memory
usage. By comparing these results to a standard frequency domain inverse method
based on the genetic algorithm, the proposed TD method has been shown to be
advantageous over the FD method for EMC studies and to deal with related EMI
issues in advanced electronic systems such as in power electronics and those devel-
oped for avionics and wireless communication. Furthermore, we conclude that the
EMTR-based method is a good alternative for studying electromagnetic radiation
behavior with a three-dimensional reconstruction in the case of multisource
structures.
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