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A 3-D Near-Field Modeling Approach for
Electromagnetic Interference Prediction

Hanen Shall, Student Member, IEEE, Zouheir Riah, and Moncef Kadi

Abstract—This paper presents, through an illustrative exam-
ple, a 3-D modeling approach to predict the electromagnetic inter-
ference (EMI) between complex electronic devices and intercon-
nections placed in the near-field region. Three different analytic
coupling formulations have been investigated along with a 3-D-
emission model to evaluate the induced voltages in transmission
line (TL) extremities in the case of both matched and mismatched
TL configurations. The proposed modeling method is successfully
validated by comparison with numerical results using electromag-
netic (EM) simulation tools and experimental results using near-
field measurement. The obtained EM coupling results are more
accurate than other traditional 2-D models.

Index Terms—Analytic coupling formulations, near-field mea-
surement, transmission lines (TL), 3-D-emission model.

I. INTRODUCTION

IN the last few decades, a large number of complex electronic
devices have been incorporated into embedded electronic

boards in vehicles in order to improve their performances as in
the case of hybrid/electric models. However, this cohabitation
can lead to more severe constraints in terms of quality, reliabil-
ity, and safety due to the increase of EMI between the different
components. Therefore, the big challenge of automobile man-
ufacturers is to ensure a good level of competitiveness of their
products in a very harsh operating environment. To achieve this
target, it becomes necessary to decrease the EM emissions from
sources that can be controlled, and/or to increase the immunity
of devices that could be affected by such disturbances in radiated
or conducted modes.

In order to overcome difficulties related to tighter system in-
tegration, automobile designers are sharpening their efforts to
guarantee a whole system optimization against electromagnetic
compatibility (EMC) problems directly from the first system
design steps. For this purpose and to meet their needs, different
EMC modeling approaches have been proposed in the literature
to predict the level of devices radiated emission. Some of the
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proposed models require the knowledge of both internal func-
tion and architecture of the device under test (DUT) in order
to identify equivalent sources which radiate the same field as
the DUT [1]. Other models are generic [2]–[8] (i.e., they do
not require any DUT functional specifications) so they offer a
better preservation of confidentiality for designers. The work
presented in [5] shows efficiency to reproduce the magnetic
field using two different approaches: a set of electric dipoles or
a set of magnetic dipoles. Two subsequent modeling approaches
have been derived: the process described in [6] is based on a
set of both electric and magnetic dipoles, whereas the model re-
ported in [7] evaluates the EM radiated fields through the use of
only electric sources but taking into consideration the effect of
the effective relative permittivity εreff of the medium surround-
ing the DUT. An improved dipole-moment model was proposed
in [8]. Regularization technique and the truncated singular-value
decomposition (SVD) method are used to ensure accuracy in
near-field prediction. The derived dipole moments model gives
information about voltage and current distributions in integrated
circuits (ICs).

The previously cited approaches provide models called 2-D
models regardless of the DUT geometry. In fact, all the elemental
sources are well distributed in the XY plane and radiate the same
field as the DUT at higher planes. The computed fields can
be used to predict the EM crosstalk between DUTs and other
associated interconnections placed in its vicinity. In [9] and [10],
authors present an analysis of radiated EM disturbances between
devices, represented by their 2-D emission model, considering
an approximated solution which is only valid for the case of
matched TL [11].

The prediction of such interferences becomes complex when
DUT presents a 3-D geometry and it becomes more complex
when structures under test have very diverse form factors as
the case of power electronics. In this situation, it is necessary
to consider the radiation on the different DUT sides. The work
reported in [12] presents the first results of a 3-D modeling
approach able to compute the EM field in the DUT surrounding
space. The 3-D modeling process is mainly inspired from the
work presented in [6] and it has been improved to take into
account the 3-D radiated fields.

In this paper, we present a 3-D near-field modeling approach
offering more accuracy in terms of EMI prediction. The pro-
posed model combines the 3-D emission model explained in [12]
with three analytic coupling formulations: Taylor [13], Agrawal
[14], and Rachidi [15] to evaluate the induced voltages in TL
extremities placed above the DUT. This latter is a simple 3-D
structure: a small “arch” above a ground plane used as an illus-
trative example to validate the proposed model. The contribution
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Fig. 1. Optimized design process.

of the proposed modeling approach is very relevant in the system
design process (see Fig. 1). In fact, it enables us to predict EMC
constraints for components, and consequently for the whole sys-
tem. Modeling results give designers clearer ideas to optimize
system component arrangement in order to reduce hazardous
EMC problems.

In the first part of this paper, the 3-D emission model is
presented. The cartographies of near-field components used to
build up the model are extracted from high frequency sim-
ulator structure (HFSS)-Ansys tool [16]. The model is built
considering a lower number of dipoles. A 3-D magnetic near-
field measurement, using the near-field test bench developed
within the Research Institute for Electronic Embedded Systems
(IRSEEM) [17], has been carried out to validate modeled re-
sults. In the second part, the 3-D near-field coupling model is
explained. The obtained results highlight the benefit of the pro-
posed approach compared to other existing models. In fact, they
show a more precise coupling prediction between components
and interconnections.

II. PRESENTATION OF THE 3-D EMISSION MODEL

A. Principle of the Model

In this approach, at a given frequency, the DUT is replaced
by a set of electric and magnetic dipoles distributed on the five
surfaces of a parallelepiped surrounding the DUT as shown in
Fig. 2. At each considered point, both electric and magnetic
dipoles are placed. The sixth face is not taken into account since
it is situated under the electronic board ground plane.

Each dipole is defined by specific parameters: dipole length
le ,Im , current through it Ie ,Im , center position {(x0e , y0e ,z0e),
(x0m , y0m , z0m )}, azimuth orientation Φe ,Φm , and orienta-
tion with respect to z-axis (θe ,θm ), respectively, for electric and
magnetic dipoles. To simplify the modeling approach, some
of these parameters are prefixed by the user: length, position
of each dipole, and the operating frequency f . The distances,
corresponding to each considered surface, (RXY i, RY Z3i ,. . .)

Fig. 2. Principle of the 3-D model.

between dipoles and observation points (MX Y i,MY Z 3 ,. . .) are
also predefined (see Fig. 2). However, the orientation {(Φe ,θe ),
(Φm ,θm )} and the currents Ie , Im are the unknown parameters
to be determined. For simplicity reasons, the sources current is
assumed to have constant value along le and lm because dipole
length is taken very less than λ (1-mm length � λ), λ is the
wavelength.

To build up the model, tangential cartographies of EM
fields on the different surfaces of a well-defined volume
surrounding the DUT and having the following coordinates
{(xmin ,xmax ),(ymin ,ymax ),(zmin ,zmax )} are used as input data
(see Fig. 2). Consequently, five planes are defined and associated
tangential components are cited as follows:

1) XY plane, where z = zmax : Hx1 ,Hy1 , Ex1 , Ey1
2) XZ2 plane, where y = ymin : Hx2 ,Hz2 , Ex2 , Ez2
3) Y Z3 plane, where x = xmax : Hy3 ,Hz3 , Ey3 , Ez3
4) XZ4 plane, where y = ymax : Hx4 ,Hz4 , Ex4 , Ez4
5) Y Z5 plane, where x = xmin : Hy5 ,Hz5 , Ey5 , Ez5
For each measurement point Mi and depending on the con-

sidered surface, four tangential EM field components should be
known to construct the model.

B. Extraction Process

Mathematical formulation of the model is derived from the
electric and magnetic dipoles EM radiation expressions at a
given point Mi(x, y, z). They are established from magnetic
vector potential

−→
A and electric vector potential �F [18]. The

mathematical description can be resumed to a matrix system
describing an inverse problem ([E,H] r×1 = [α]r×s [X]s×1)
in (1), as shown at the bottom of the next page, where r/4 are
the number of points where fields are measured, the matrix ele-
ments αij are constants depending on the pre-fixed parameters
(frequency, length, position of dipoles), and s/2 is equal to the
dipoles number.

To get the orientations and the currents through dipoles, we
have to solve the inverse problem described in (1). The elements
of the [E,H] matrix and their associated rows in the [α] matrix
are normalized to get a well-conditioned inverse problem [6]. A
least-square inversion method is applied to get the [X] matrix,
i.e., to obtain the vectors [AEj ], [BEj ], [AHj ], and [BHj ]
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presented in (2), where j = {XY,XZ2 , YZ3 ,XZ4 , YZ5}

[E,H]s×1 [α]−1
r×s =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

[
AEXY

BEXY

]

XY[
AEXZ 2

BEXZ 2

]

XZ 2[
AEY Z 3

BEY Z 3

]

Y Z 3[
AEXZ 4

BEXZ 4

]

XZ 4[
AEY Z 5

BEY Z 5

]

Y Z 5[
AHXY

BHXY

]

XY[
AHXZ 2

BHXZ 2

]

XZ 2[
AHY Z 3

BHY Z 3

]

Y Z 3[
AHXZ 4

BHXZ 4

]

XZ 4[
AHY Z 5

BHY Z 5

]

Y Z 5

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

s×1

(2)

The orientations can then be evaluated by a division element-
by-element inside the [X] matrix [see (3)]

θei = arctan
(

AEj

BEj

)
; θmi = arctan

(
AHj

BHj

)
(3)

where i corresponds to each elemental source. Once the orienta-
tions of dipoles are determined, a matrix [β] r×(s/2) , containing
the orientations already computed and the predefined parame-
ters, can be illustrated in the following equation:

[E,H]r×1 =

⎛
⎜⎜⎜⎝

β1,1 · · · β1,s/2

...
. . .

...

βr,1 · · · βr,s/2

⎞
⎟⎟⎟⎠

r×(s/2)

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

[Ie ]XY

[Ie ] XZ 2

[Ie ] Y Z 3

[Ie ] XZ 4

[Ie ] Y Z 5

[Im ] XY

[Im ] XZ 2

[Im ] Y Z 3

[Im ] XZ 4

[Im ] Y Z 5

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

(s/2)×1

= [β]r×(s/2) [Ie , Im ](s/2)×1 . (4)

The same inversion method is carried out to get the currents flow-
ing through dipoles: [Ie , Im ](s/2)×1 = [β]−1

r×(s/2) [E,H]r×1 .

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

[
Hx

Hy

]

XY[
Hx2

Hz2

]

XZ 2[
Hy3

Hz3

]

Y Z 3[
Hx4

Hz4

]

XZ 4[
Hy5

Hz5

]

Y Z 5[
Ex

Ey

]

XY[
Ex2

Ez2

]

XZ 2[
Ey3

Ez3

]

Y Z 3[
Ex4

Ez4

]

XZ 4[
Ey5

Ez5

]

Y Z 5

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

r×1

=

⎛
⎜⎜⎝

α1,1 · · · α1,s

...
. . .

...

αr,1 · · · αr,s

⎞
⎟⎟⎠

r×s

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

[
Ie sin θe sin φe

Ie sin θe cos φe

]

XY ,θe =π/2[
Ie sin θe cos φe

Ie cos θe

]

XZ 2,φe =0[
Ie sin θe sinφe

Ie cos θe

]

Y Z 3,φe =π/2[
Ie sin θe cos φe

Ie cos θe

]

XZ 4,φe =0[
Ie sin θe sinφe

Ie cos θe

]

Y Z 5,φe =π/2[
Im sin θm sin φm

Im sin θm cos φm

]

XY ,θm =π/2[
Im sin θm cos φm

Im cos θm

]

XZ 2,φm =0[
Im sin θm sin φm

Im cos θm

]

Y Z 3,φm =π/2[
Im sin θm cos φm

Im cos θm

]

XZ 4,φm =0[
Im sin θm sin φm

Im cos θm

]

Y Z 5,φm =π/2

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

s×1

(1)
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Fig. 3. Near Field test bench setup, different measurement equipment and
magnetic probes.

III. 3-D EMISSION MODEL VALIDATION

To validate the modeling approach, a comparison of modeling
results with simulations and measurements has been carried out.

A. Near Field Measurement

To evaluate the EM radiation around the DUT, 3-D near-field
measurement is performed. The near-field test bench (see Fig. 3)
is constituted of a five-axis robot. It has a mechanical resolu-
tion of 10 μm in the three directions (x, y, z) and a precision
of 0.009◦ for the two available rotations R1 , R2 . The maximum
scanning area is about {200 cm(x), 100 cm(y), 60 cm(z)}. The
measurement probe is mounted on the robot arm. A system,
controlled by a personal computer (PC), is used to monitor the
probe displacement in a predefined plane marked by three ref-
erence points. Different probes are used referring to the EM
field component to be measured. In fact, to measure the tangen-
tial component of magnetic field Hx,Hy for the XY plane, two
small round loops of a radius equal to 1.6 mm are used. The
orientation of the loops according to (x, y) axis determines the
component to be measured Hx,Hy . The same loops, but 90◦

curved, are used to get the normal component of magnetic field
Hz .

In 3-D near-field measurement configuration, all the previ-
ously cited probes should be placed perpendicular to the plane
for which the magnetic radiation should be measured in order to
sense the desired component of the magnetic field. A low noise
amplifier (LNA) can be inserted into the measurement set-up in
order to improve the signal-to-noise ratio (SNR). The two ports
(P1 , P2) of the measurement equipment (network analyzer) are
connected respectively to the DUT to inject power for excitation
and to the output of the probe to measure the complex trans-
mission parameters S21 (magnitude and phase) which will be
stored in the PC via GPIB connection. The measured voltage
Vm at the probe terminal can then be computed.

In order to get the radiated field, a calibration must be ac-
complished to obtain the probe antenna factor AFprobe so that

Fig. 4. Calibration setup and Geometrical parameters of the standard circuit.

Fig. 5. Comparison between measured and theoretical fields at 5 mm above
the wire at f = 30 MHz.

the complex measured field Hm can be deducted according to
Vm . For this purpose, the radiated field of a standard circuit (a
conducting wire above a ground plane) is measured Hm and the-
oretically calculated Hth , at the same height and at the frequency
of 30 MHz, for both tangential and normal magnetic probes (see
Fig. 4). Accordingly, the probe antenna factor can then be cal-
culated (AFprobe = Hth /Vm ) using the measured voltage at a
chosen distance of 3 mm above the wire and theoretical radiated
field at the same distance [17].

For validation purposes, the antenna factors are multiplied by
the measured voltages at higher distance (5 mm) above the wire
to get the radiated magnetic field at this height. Fig. 5 shows a
comparison between the measured tangential and normal EM
field (magnitude and phase) at 5 mm and their associated theo-
retical values. The results show that magnetic probes preserve
the profiles and good agreement between measured and theoret-
ical fields can be underlined.

The calibration of electric probes is still under investigation
[19]. Thus, the electric field solutions of numerical simulations
(HFSS-Ansys) are used to validate the 3-D emission model.

B. Validation of the 3-D Emission Model on an “Arch” Device

To validate the modeling approach, we have studied the radi-
ation of a passive 3-D structure: a small “arch” above a ground
plane (see Fig. 6). The DUT is simulated in HFSS-Ansys at the
frequency of 30 MHz. Thus, a model is built using simulated
EM field cartographies on the five faces of a parallelepiped sur-
rounding the DUT 40 mm(x)× 40 mm(y)× 14 mm(z) (V2). A
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Fig. 6. DUT, a small “arch” above a ground plane: perturbing circuit.

TABLE I
ERRORS BETWEEN SIMULATION AND MODELING ON V2 SURFACES

set of 260 elemental electric dipoles and 260 magnetic dipoles,
distributed on the five surfaces of a 30 mm(x) × 30 mm(y) ×
4 mm(z) volume (V1), has been used to build up the model.

The dipoles number is adjusted by the user basing on the
error formulation [see (5)] (see [5] and [6]); we have decided
to consider an error which does not exceed 4% in all of the five
surfaces of the validation volume V2.

Table I resumes all the error percentages in the different sur-
faces of V2

error(%) =
M∑
i=1

(
|(H/E)sim(Mi) − (H/E) mod (Mi)|2∑M

i=1 |(H/E)sim(Mi)|2

)
100.

(5)
First, the model has been validated on the volume used to con-
struct it (V2). A 3-D-near field measurement is carried out to
collect magnetic fields on the five surfaces of V2. Fig. 7 presents
the results of modeled, simulated, and measured magnetic field
in V2. Modeled results appoint equivalent sources radiated field,
simulated results are deriving from the EM simulation under
HFSS-Ansys and measured results are data collected from the
near-field measurement.

Cross sections in some arbitrary chosen planes are represented
in order to compare results in a more clear way. Fig. 8 presents
a comparison between modeled, simulated and measured mag-
netic fields in cross sections taken in XY and XZ planes. A good
agreement between modeled and simulated magnetic field in
the different planes can be highlighted. The difference between
modeled and measured results can be explained by the fact that
the 3-D emission model is built referring to simulated EM field

cartographies, not to measured components. Moreover, the lag
between simulated and measured cross sections can be explained
by the probe positioning error. In fact, this operation is manually
done and it becomes more fastidious to gain a very high probe
position’s precision with respect to the DUT mainly in a 3-D
space. However, the obtained results allow us to validate both
the 3-D near-field measurement technique and the 3-D emission
model of the DUT. A second model validation, with compari-
son to simulated results, has been carried out on another volume
V3: 50 mm(x) × 50 mm(y) × 24 mm(z). Fig. 9 presents the
obtained results. The errors between modeled and simulated
fields are evaluated referring to cross sections arbitrarily chosen
in some planes (see Fig. 10). A very good agreement can be
underlined between modeled and simulated fields in the second
volume of validation.

IV. STUDY OF COUPLING BETWEEN THE 3-D EMISSION

MODEL AND A TRANSMISSION LINE

In novel electronic boards, interconnected devices are
mounted adjacent to each other in a confined space. However
their radiations can cause serious EMI problems. Such emis-
sions induce voltages at the TL terminals where other electronic
devices can be connected [20]. To predict coupling phenomena,
different numerical methods such as finite difference time do-
main (FDTD) [21] or the method of moments (MoM) have been
used [22]. Nevertheless, these methods are very consuming in
terms of computing times and memory requirements.

In order to overcome such limits, we have considered in this
study an analytic resolution of the coupling problem. Different
formulations have been proposed in the literature to study the
field-to transmission line (TL) coupling [13]–[15]. These ana-
lytic solutions have been established from mathematical deriva-
tion of the general field-to-TL coupling equations for the case
of a round wire above a perfectly conducting ground plane and
under the TL theory approximation [23] in order to compute the
induced voltages in the TL extremities presented in Fig. 11: a
cylindrical conducting wire above a ground plane.

A. Overview on Coupling Formulations

Depending on the exciting field components, three ana-
lytic formulations have been adopted to evaluate the induced
voltages.

The first model, Taylor model, reported in [13] predicts the
coupling on a TL taking into account the action of both exciting
electric and magnetic fields. Taylor’s approach characterizes
the effect of the EM disturbance by both voltage Vs(y) and
current Is(y) sources. Vs(y) and Is(y) represent, respectively, the
influence of the exciting transverse magnetic field Hx and the
effect of the vertical electric field Ez distributed along this line.
The equivalent circuit model of the TL is presented in Fig. 12;
where: L and C are respectively the per-unit-length inductance
and capacitance, and the index “e” stands for exciting fields
which are the sum of the incident and the ground plane-reflected
fields.

BLT (Baum Liu and Tesche) equations [24] have been used,
in the frequency domain, to compute the induced voltages on
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Fig. 7. Simulated, modeled, and measured magnetic field in a volume 40 mm(x) × 40 mm(y) × 14 mm(z): (a) Magnitude. (b) Phase.

Fig. 8. Comparison between modeled, simulated and measured magnetic field: (a) Cross section in XZ Plane (y < 0) at z = 0 mm (b) Cross section in XZ Plane
(y > 0) at z = 0 mm.

Fig. 9. Simulated and modeled EM field in a volume 50 mm(x) × 50 mm(y) × 24 mm(z): (a) Magnitude of electric field. (b) Magnitude of magnetic field.
(c) Phase of electric field. (d) Phase of magnetic field.
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Fig. 10. Comparison between modeled and simulated EM field: (a) Cross section in XY Plane at y = 5 mm. (b) Cross section in XZ Plane (y < 0) at z = 0 mm.

Fig. 11. The transmission line: Victim circuit.

Fig. 12. Equivalent transmission line circuit corresponding to Taylor’s model.

the two extremities as presented in the following equation:
[

V (0)

V (L)

]
=

[
1 + ρ1 0

0 1 + ρ2

][−ρ1 eγL

eγL −ρ2

]−1

×

⎡
⎢⎢⎣

1
2

∫ L

0
eγy (VS (y) + ZcIS (y))dy

−1
2

∫ L

0
eγ (L−y )(VS (y) + ZcIS (y)dy

⎤
⎥⎥⎦ (6)

where Zc is the TL characteristic impedance, γ is the propaga-
tion constant, and (ρ1 , ρ2) represent the reflection coefficients
in the two line extremities in the following equation:

ρ1,2 =
Z0,L − ZC

Z0,L + ZC
. (7)

Fig. 13. Equivalent transmission line circuit corresponding to Agrawal’s
model.

The second coupling model, called Agrawal’s model [14] repre-
sents the coupling in terms of electric field only. The equivalent
TL circuit is presented in Fig. 13.

Agrawal’s equivalent model expresses the action of the excit-
ing normal electric field Ez by two voltage sources located in the
line extremities: Ve(0) and Ve (L), whereas the effect of the ex-
citing tangential electric field Ey is represented by a distributed
voltage Vs(y) along the conducting wire.

For this model, and referring to BLT equations, the induced
voltages are expressed in the following equation:

[
V (0)

V (L)

]
=

[
1 + ρ1 0

0 1 + ρ2

] [−ρ1 eγL

eγL −ρ2

]−1

×

⎡
⎢⎢⎣

1
2

∫ L

0
eγyVS (y)dy − V e(0)

2
+

V e(L)
2

eγL

−1
2

∫ L

0
eγ (L−y )VS (y)dy +

V e(0)
2

eγL − V e(L)
2

⎤
⎥⎥⎦ . (8)
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Fig. 14. Equivalent transmission line circuit corresponding to Rachidi’s
model.

Fig. 15. Setup under study.

The third coupling model explained in [15], called Rachidi’s
model, presents the field-to-TL coupling in terms of magnetic
excitation field. The circuit model is presented in Fig. 14.

For this case, solutions of BLT equations as well as boundary
conditions remain unchanged with respect to the case of Taylor’s
formulation [see (6)].

B. Near-Field Coupling Model

The aim of this study is to predict the coupling between the
“arch” (perturbing circuit) and a TL (victim) placed at 7 mm
above it as shown in Fig. 15. For this achievement, the perturbing
circuit has been replaced by a generic 3-D emission model which
does not need any information about physics and design details
of DUTs.

For this purpose, in Section III, the DUT is considered as
a “black box” which is represented by its 3-D EM radiation
model. Thus, the incident EM field can be obtained.

The presence of the TL-ground plane gives rise to reflected
fields which can be calculated using the 3-D image theory [18],
[25]. Consequently, the excitation field is the sum of the incident
and the reflected field computed in the area of interest: a surface
delimited by the TL-ground plane and the conducting wire-
center (see Fig. 16).

Fig. 16. 3-D Image Theory

In the first step to validate the model, a comparison is carried
out between the total EM fields calculated from the radiation of
both the 3-D set of dipoles and its image, and the EM simulation
results obtained considering the DUT with the presence of the
TL ground plane.

Fig. 17 illustrates the comparison between modeled and sim-
ulated EM field in a XY plane placed at z = 10.9 mm, a height
in the area of interest.

Modeled and simulated results have also been compared in an
YZ plane, exactly in the area of interest at x = 10 mm arbitrarily
chosen, as presented in Fig. 18. A good agreement, between
modeled and simulated fields can be observed.

These modeled exciting fields associated with the three cou-
pling formulations presented in Section IV-A are implemented
in MATLAB [26] to estimate the induced voltages in several
positions of the TL along the x-axis and for different configu-
rations of TL load terminals.

To validate our modeling approach, the same setup, including
the structure under test and the TL, has been modeled in HFSS-
Ansys to compare simulation with model results. A parametric
simulation, at a frequency of 30 MHz, has been performed under
the same conditions. The obtained results are also validated in
practice: the TL was placed above the “arch” in the desired
positions and maintained thanks to the robot arm of the near
field test bench. Fig. 19 presents the measurement setup.

The movement of the TL along the x-axis is ensured by this
robot. A network analyzer is used to excite the DUT and to
collect the values of the transmission coefficient S21 at the same
time. These scattering parameters allow us to compute the values
of the induced voltages in the line extremity.

Since the proposed model presents the advantage of taking
into account the coupling with both matched and mismatched
TL, we have chosen four different scenarios to validate the
modeling process:

1) Z0 = Zc : matched TL
2) Z0 = 0: short-circuited TL
3) Z0 = 10.Zc : mismatched TL
4) Z0 = Zc /10: mismatched TL
Obtained results, shown in Fig. 20, with the three coupling

formulations (Taylor, Agrawal, and Rachidi) demonstrate the
efficiency of the proposed 3-D near field coupling model to pre-
dict the induced voltages in different configurations of the wire
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Fig. 17. Comparison between simulated and modeled EM field in XY Plane at z = 10.9 mm: (a) Electric field. (b) Magnetic field.

Fig. 18. Comparison between simulated and modeled EM field in YZ Plane at x = 10 mm: (a) Electric field. (b) Magnetic field.

victim. The slight difference between measured and modeled
results is due to inaccuracies while positioning the line above
the DUT since this operation is done manually. These differ-
ences become more noticeable when measuring lower levels of
induced voltages as in the case of the third configuration (Z0 =
10.Zc).

To demonstrate the accuracy of this model, the EM emission
of the DUT has been modeled based on a 2-D emission modeling
approach. It is necessary to use of 676 electric dipoles and
676 magnetic dipoles, distributed on an X–Y plane, in order to
build up and validate the 2-D-emission model [27] basing on the
same error formulation expressed in (5). This number of dipoles
is largely greater than the 3-D-emission model.

The three coupling formulations have been associated with
the 2-D emission model to predict the induced voltages in the
line terminals. Two TL configurations have been chosen as il-
lustrative examples to compare results (see Fig. 21) of both 2-D
and 3-D models.

The comparison between results of Fig. 20(b) and (a) re-
spectively with results presented in Fig. 21(a) and (b) shows
clearly the precision brought by the 3-D near-field coupling
model compared with the 2-D approach. For instance, in the

Fig. 19. Measurement setup.

case of matched TL [see Fig. 20(b) and Fig. 21(a)], the model is
able to predict the EM coupling (high coupling area x = 0 mm is
considered) with a relative precision equal to |ΔV/V|∼ 2/75 =
2.6% against |ΔV/V| ∼ 5/75 = 6.6% when considering only
the 2-D emission model of the DUT.
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Fig. 20. Induced voltages in different TL configurations-3-D emission model: (a) Short-circuited TL Z0 = 0. (b) Matched TL Z0 = Zc . (c) Mismatched TL
Z0 = Zc /10. (d) Mismatched TL Z0 = 10.Zc .

Fig. 21. Induced voltages in different TL configurations-2-D emission model: (a) Matched TL Z0 = Zc . (b) Short-circuited TL Z0 = 0.

V. CONCLUSION

A simple and accurate coupling model between a perturbing
source (“arch”) and a TL (conducting wire above a ground plane)
has been presented. The model is based on two concepts: 3-D
emission modeling combined with analytic coupling formula-
tions (Taylor, Agrawal, and Rachidi). The 3-D emission model,
based on a set of electric and magnetic dipoles distributed on
the five surfaces of a well-defined parallelepiped, reproduces
the EM radiation in the DUT surrounding space. Tangential car-
tographies of EM fields are used to build up the 3-D emission
model.

The proposed modeling approach presents more accurate re-
sults compared with the 2-D near-field coupling models pre-
viously developed in anterior works [9]. Furthermore, the 3-D
near-field modeling approach requires fewer dipoles. The pro-
posed approach is validated in different TL configurations with-
out any load-matching restrictions. Modeled results are com-

pared with both near-field measurement and EM simulation.
The obtained results give information about weak EM coupling
regions where components can be properly arranged [28].

These results encourage us to plan further investigations like
the coupling between devices and micro strip lines integrated on
the same electronic boards. The model can be inserted into EM
simulation tools to simplify the prediction of EMI for design
engineers.
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