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Abstract. Over the past decade, the evolution of embedded system has taken place drastically as
it has been for their integration in various industries. This increases Electro-Magnetic Interferences
(EMI) problems and generates new design constraints on Electro-Magnetic Compatibility (EMC).
Thus, the nature of the electromagnetic environment and the prospective for undesired coupling
must be taken into consideration by embedded systems engineers to avoid the equipment failure or
malfunction. Accordingly, the radiated emission models are of great interest to designers of electronic
equipment. This paper exploits the Plane Wave Spectrum (PWS) technique to predict and compute the
magnetic field at various distances till 100 mm above a Device Under Test (DUT). Good similarities
are obtained between the magnetic field components calculated by PWS and the simulated ones by
HFSS at different elevation from the electric dipole.
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1. Introduction
Nowadays, the EMI problems have increased in a dramatic way. This resulted mainly from
the high level of integration of embedded electronic systems in a confined space together with
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the increasing of operating frequencies and the switching speeds in high performance modern
equipment such as: mobile phone, electric engine and automotive vehicle, etc. [7,8]. Hence, all of
these factors tend to increase EMI and generate undesired currents peaks or voltages in certain
parts of the integrated system which could cause equipment to malfunction or failure. Thus,
the knowledge of the electromagnetic behavior and the environment of components becomes
indispensable to overcome these technical issues and guarantee the quality of the systems.
For this purpose, several methods [2–6, 9, 10] have been proposed in the literature to model,
predict and characterize the radiated emissions of the electronic component that may affect
other components near it.

In [3,9], two different models were developed and tested to model the radiated emission: the
model based on electric dipoles and the model based on magnetic dipoles. Furthermore, in [10]
the equivalent radiating model was improved by using an optimization algorithm and image
processing. Subsequently, a simple electromagnetic modeling procedure to integrate the model
into a commercial electromagnetic simulator was reported in [5]. Authors in [4] used a single
model to predict the electromagnetic conducted emission of a microcontroller. Other approaches
were proposed in the literature to model the radiated emission, and to predict the EM field
emitted by the DUT from the near field measurement, by applying either the neural network
method [2], or the PWS technique as authors reported in [6,11].

In this paper, we choose to employ the near-field/far-field transformation using the plane
wave spectrum method [1, 12] for the modeling process. This technique which allows us to
calculate the magnetic field at several heights above the DUT is applied and used to predict the
radiated magnetic field at the best possible height above an elementary electric dipole placed in
XY plane with radiation frequency of 2 GHz. Section 2 presents the theory of the PWS. Whereas
section 3 discusses the obtained results. Finally, this paper concludes with the presentation of
the achieved results and the future works.

2. Plane Wave Spectrum Theory
In a source-free free-space region, the time-harmonic Maxwell equations can be transformed
into the following vector wave equations [12]:{

∇2E+k2E = 0 ,
∇2H+k2H = 0 ,

(2.1)

∇·E =∇·H = 0. (2.2)

The general solution of the above equation for z ≥ 0 can be represented as a superposition of
plane waves with the same frequency propagating in different directions.

~H(x, y, z)= 1
4π2

∫ ∞

−∞

∫ ∞

−∞
~F(kx,ky)exp(− j~k ·~r)dkxdky , (2.3)

~H(x, y, z)= 1
4π2

∫ ∞

−∞

∫ ∞

−∞
[~F(kx,ky)e− jkz z]exp(− j(kxx+ky y))dkxdky . (2.4)
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From (2.4) the following inverse Fourier transform can be derived:

~F(kx,ky)= 1
4π2

∫ ∞

−∞

∫ ∞

−∞
~H(x, y, z) ·exp( j(kxx+ky y))dxdy , (2.5)

where kx and ky are real variables.
With ~k = kx~ux +ky~uy +kz~uz and~r = x~ux + y~uy + z~uz .
~k is the wave vector and~r is the position vector.

In equations (2.3) and (2.4), F represents a uniform Plane Wave Spectrum (PWS) of the
magnetic field that propagate in the direction k.

~H(x, y, z)= ~F(~k)exp(− j~k ·~r). (2.6)

Inserting equation (2.6) in (2.2) leads to equation (2.7).

Fz(k)= −(Fx(k)kx +Fy(k)ky)
kz

. (2.7)

Equation (2.4) shows that to calculate the magnetic field at any height along z, the spectrum at
the same height must be known. Moreover, the spectrum at any distance along z can be found
from the spectrum at z = z1 by using (2.8).

From (2.5) we note that the PWS calculation from the field corresponds to two-dimensional
inverse Fourier transform and (2.4) shows that the field calculation from the PWS corresponds
to a two-dimensional direct Fourier transform [12].

~F(~k)
∣∣
z=z2

= ~F(~k)
∣∣
z=z1

exp(− jkz(z2 − z1)). (2.8)

 
 

 

  

Figure 1. PWS modeling approach

The modeling process is presented in Figure 1, where the radiated source is placed in z = 0
and the planar scanning used for Hx, H y and Hz simulation is conducted to a plane defined at
z = z1 near the source. Then the calculation process will be implemented in MATLAB to obtain
the field at any height z > z1.

For z > 0, the radiation condition requires

kz =


√
k2 −k2

x −k2
y , if k2

x +k2
y ≤ k2 ,

− j
√

k2
x +k2

y −k2 , otherwise.
(2.9)

Imaginary kz correspond to an evanescent PWS which is rapidly attenuated away from the
z = 0 plane.
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3. Results and Discussion
The DUT is represented by an electric dipole placed in the XY-plane and characterized by a
current of 100 mA. Its dimensions are very negligible compared to the wavelength. In order to
obtain the magnetic near-field, we insert the dipole in a 3D electromagnetic radiation tool that
applies a numerical calculation method to resolve Maxwell equations and therefore calculate
the radiated field by the dipole. In this work, HFSS (High Frequency Structure Simulator) of
Ansoft is the software used to extract the magnetic near field cartographies at a frequency of
2 GHz and at 1 mm (initial height z1) above the electric dipole. After obtaining all the magnetic
field components (Hx, H y and Hz) at z = 1 mm, we can now apply the PWS technique by
following the modeling technique presented in Figure 1 to calculate the magnetic field at several
distances. However, first an estimation of Hz component at 1 mm is carried out in Figure 2 by
using equation (2.7). The cartographies have an area of 100×100 mm with 121×121 simulation
points.

 

Figure 2. Hz components obtained in simulation and with PWS at 1 mm

According to Figure 2 that indicates a comparison between the Hz component of the magnetic
field obtained from HFSS, and the one calculated with the PWS approach, it is clear that they
are identical in profile and amplitude with a negligible difference estimated by 0.0013.

From the near field cartography and by applying the PWS theory, the magnetic field can be
calculated at several heights z > 1 mm above the electric dipole. The results are presented in
Figure 3, Figure 4 and Figure 5 for z = 10 mm, 50 mm and 100 mm, respectively. Furthermore,
an error criterion between the cartographies of the simulated field obtained from HFSS and
those obtained from PWS approach is presented in Table 1.

The relative error is calculated using the following expression:

error=
n∑

i=1

1
|(Hsimulated(Mi))|2

|(Hsimulated(Mi)−HPWS(Mi))|2 . (3.1)

Figure 3 shows that the magnetic field components calculated by the PWS at 10 mm are coherent
in profile and amplitude with the ones simulated by HFSS at the same height, with acceptable
differences as reported in Table 1.
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Figure 3. Magnetic field of the three components at 10 mm

Table 1. Errors on the three components of the field calculated by PWS at different heights

Distances Hx H y Hz

z = 10 mm 8.7427×10−5 0.0014 6.921×10−4

z = 50 mm 2.4865×10−4 0.0031 5.1868×10−4

z = 100 mm 0.001 0.0057 0.0026

 

 

 

Figure 4. Magnetic field of the three components at 50 mm
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Figure 5. Magnetic field of the three components at 100 mm

For z = 50 mm, the field cartographies calculated by the PWS still show a good agreement
with the simulated ones with some differences occurring especially in the extremities for
lower-field values (see Figure 4). These differences are amplified when the magnetic field is
characterized at a higher elevation above the electric dipole, (see Figure 5 for z = 100 mm). These
differences are significantly rise e.g., ten times higher in the error value of the Hx component
at 100 mm compared to its value at 10 mm (see Table 1). Although, they are still reasonable and
we can state that the model gives good results.

4. Conclusion
The PWS method that enables near-field/far-field transformation is presented and reported in
this paper. The pre-described technique is applied to predict the radiated emission of an electric
dipole at various distances. A good agreement is achieved between the calculated results by the
PWS method and the simulated ones with negligible differences. Compared to the simulation
results obtained from HFSS, a dispersion was observed in the results calculated by the PWS
method at planes far from the dipole under test. The approach we have proposed is very effective
for studying electromagnetic interference and field prediction. Finally, we suggest to extend this
study for many dipoles and to expand the examined zone in the future works.
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