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Effective Permittivity of Shielding Composite
Materials for Microwave Frequencies

Valentin Préault, Romain Corcolle, Laurent Daniel, and Lionel Pichon

Abstract—Due to mass constraints, composite materials are pos-
sible candidates to replace metal alloys for electromagnetic shield-
ing applications. The design of standard metallic shielding enclo-
sures often relies on finite-element calculations. But in the case of
composite materials, the strong dependence on the shielding prop-
erties to the microstructure makes the finite-element approach al-
most impossible. Indeed meshing the microstructure would imply a
huge number of elements, incompatible with usual computational
resources. We propose in this paper to develop homogenization
tools to define the effective electromagnetic properties of composite
materials at microwave frequencies. The ratio between the char-
acteristic size of the microstructure and the wavelength is shown
to be a key parameter in the homogenization process. The effec-
tive properties can then be used as an input for electromagnetic
compatibility standard tools, designed for homogeneous media.

Index Terms—Effective medium, heterogeneous materials, ho-
mogenization, inclusion problem, Maxwell-Garnett model, shield-
ing effectiveness.

I. INTRODUCTION

HE number of electronic devices and wireless commu-
T nication systems has significantly increased over the last
20 years. It is of major importance to manage electromagnetic
compatibility (EMC) constraints at the design stage. Shielding
enclosures are used to protect electronic devices from external
radiations, but also to limit radiated emissions. Enclosures made
of metal alloys—and particularly aluminum alloys—have often
been used for that purpose and many numerical methods have
been used to model the coupling between an electromagnetic
(EM) wave and a 3-D enclosure with apertures. Examples of nu-
merical methods are the finite-element method (FEM) [1], [2],
the transmission-line modeling method [3], [4], the finite dif-
ference time domain (FDTD) method [5], [6], or the moment
technique [7], [8]. The presence of metal is easily taken into ac-
count in these numerical methods by considering the material as
a perfect electric conductor. Natural boundary conditions avoid
the discretization of the thickness of the metallic sheets.
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The need to reduce the weight in aircraft and spacecraft in-
dustries promotes the use of composite materials such as carbon
reinforced composites. When dealing with the modeling of such
materials, two main difficulties arise.

The first difficulty concerns the conductivity of composite
materials. Indeed, composite materials for EMC applications
often contain conductive inclusions or fibers embedded in a
dielectric medium. Such materials are not as electrically con-
ductive as traditional metal structures and adequate models have
to be developed in order to evaluate the shielding effectiveness
(SE) of enclosures made from composite materials. For exam-
ple, in [9]-[11], suitable models are proposed to take into ac-
count multilayered panels in the FDTD method. Other models
are developed to simulate the behavior of simple heterogeneous
sheets [12]-[16], modeled by homogeneous slabs characterized
by effective permittivity and conductivity.

The second difficulty is the strong dependence on the shield-
ing properties to the microstructure. Standard numerical meth-
ods allow accurate 3-D modeling of arbitrary shaped structures.
But the need to refine the mesh of the enclosure down to the
scale of the heterogeneities leads to prohibitive computational
time and memory capacity for practical structures. In order to
use numerical methods for EMC of composite shielding enclo-
sures, effective properties have to be established for composite
materials. These effective properties can then be introduced in
numerical simulations instead of the heterogeneous microstruc-
ture. Many models for determining the effective EM properties
of heterogeneous materials have been proposed [17], [18]. These
models have mostly been established under static conditions.
However, they are often used in dynamics and provide satisfy-
ing results as long as the wavelength remains large compared
to the size of the heterogeneities [19]-[21]. Maxwell-Garnett
(MG) estimate [22]-[26] is among the most popular models to
compute the effective properties of composite materials in the
case of EM excitation. It has been extended to higher frequen-
cies [27] by including the skin-effect, the dimensional ratio in
the resonance of fibers, and the Drude model. This model is use-
ful at optical frequencies and limited to mixtures of randomly
oriented conducting nanoparticles at concentrations far below
the percolation threshold. Other models have been developed
to enlarge the frequency range or to consider other distribution
of phases, by using the multiple scattering theory [28] or the
FEM over unit cells [29]-[31]. These methods require substan-
tial computational time and resources to be performed.

Among alternative methods, experimental approaches have
been proposed to measure the SE of composite enclosures
[32]-[39]. But experimental techniques are not suitable during
design processes due to cost and time constraints.
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In this paper, we propose to extend quasi-static homogeniza-
tion methods to define the equivalent homogeneous medium
(EHM) for composite materials illuminated by an EM wave.
This extension takes into account the influence of conductive
phases diluted into a dielectric host matrix. It is shown that the
frequency range of the proposed approach is extended by an
order of magnitude compared to standard quasi-static homoge-
nization methods in configurations studied in this paper.

In a first part, a reference configuration for the SE of a ho-
mogeneous sheet is reminded. The case of an heterogeneous
material is then presented using the standard tools and the lim-
itations of this approach are highlighted. The third part intro-
duces the proposed adaptation of homogenization tools in order
to account for the interaction between the incident wave and the
microstructure of the composite material. The model validation
is performed by comparison to simple configurations computed
by FEM. A last part is dedicated to a discussion on the proposed
approach in order to assess its range of validity.

II. SE OF HOMOGENEOUS MATERIALS

When a sheet is submitted to an EM perpendicular plane
wave, part of the incident wave (F7) is reflected (Fr), another
is absorbed (£ 4 ), and the third part is transmitted (£ ) through
the material. The SE defines the attenuation between the incident
and transmitted EM waves. It characterizes the behavior of a
sheet subjected to an EM wave

|Er |

SE = 20 logw @
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A. Analytical Estimate

For some particular configurations, it is possible to compute
SE for homogeneous media. The Appendix gives the analytical
solution for the SE of an infinite homogeneous sheet illuminated
by a perpendicular plane wave.

B. Finite-Element Estimate

SE for homogeneous media can also be calculated by FEM
simulations. The commercial software COMSOL™ has been
used to simulate the behavior of an homogeneous sheet sub-
mitted to an incident wave. To reduce the studied domain, we
only consider a 2-D periodic cell. The simulation consists in
illuminating the sheet by a perpendicular plain wave. Only a
portion of the sheet is modeled, Neumann boundary condition
[see Fig. 1(a)] is used to simulate an infinite sheet [40]. Two per-
fect matched layers (PML) are placed on both ends of the area
modeled [see Fig. 1(b)]. These areas are used to simulate the
presence of an infinite medium, especially without reflection,
around the sheet [41].

C. Comparison Between Analytical and FEM Estimate

SE obtained by FEM and analytical calculations are compared
in Fig. 2.

Analytical and FEM calculations are very close. The effi-
ciency of the computations performed by FEM is limited when
the SE is very high. In that case, the values of the transmitted
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Fig. 1. Finite Element conditions. (a) Boundaries (bold line: incident wave,
dotted: Neumann boundary condition, grey: continuity). (b) Subdomains (from
left to right: PML / air / shielding sheet/ air / PML).
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Fig. 2. Shielding effectiveness of homogeneous sheets with various conduc-

tivities o: FEM (markers) and analytical (lines) results (thickness = 6 mm,
relative permittivity €, = 1, relative permeability p, = 1).
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Fig. 3. 2D square microstructure studied.

wave are of the order of the numerical error. It appears around
180 dB. Hence, FEM results are not plotted above this thresh-
old. It corresponds to Ep /E; ~ 1079, In the following, when
dealing with the EHM, the analytical calculation will be kept as
the reference solution for the SE.

III. SE OF HETEROGENEOUS MATERIALS

In the case of heterogeneous materials, the SE depends on the
properties of constituents, but also on the layout and on the shape
of phases. The material considered in this paper (see Fig. 3) con-
sists of a square array of long conductive parallel fibers (phase
2, electric conductivity o9, dielectric permittivity €2, magnetic
permeability po) surrounded by a dielectric matrix (phase 1,
o1, €1, pti1). Constituents are isotropic. Magnetic contrast is not
considered here between the two phases (1 = p2).
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A. Finite-Element Approach

When considering such microstructures, FEM simulations
require a precise refinement of the mesh involving high num-
bers of degrees of freedom and heavy computation time. Such
requirements make this method uneasy to handle. Here, the infi-
nite sheet will be modeled by a 2-D configuration. Calculations
have been carried out on the microstructure shown in Fig. 3.
Unlike the complete calculation of a shielding enclosure, it can
be done with a reasonable computation time. The thickness of
the plate is [ = 6 mm and the fibers have a diameter g= 0.1 mm.
Fiber volume fraction is fo = 19.63%. The calculation condi-
tions are similar to those of Fig. 1 except that the shielding sheet
is replaced by the heterogeneous microstructure.

SE of sheets made of carbon fibers in epoxy resins cannot
be readily simulated by FEM with COMSOL™ because of the
high conductivity of carbon (ccarhon &~ 65000 S/m) inducing
a huge number of elements to take into account the skin-depth
effect in the inclusions and an SE above the 180 dB threshold.
This is why lower conductivities have been considered in this

paper.

B. Homogenization Methods

Homogenization consists in defining a fictive homogeneous
medium (the EHM) equivalent to the composite material. The
EHM exhibits on average the same behavior as the real hetero-
geneous medium. In the case of dielectric properties, assuming
linear behavior, the constitutive law of each phase ¢ can be
written as

Ils)

where D’ and E' are the electric induction and the electric field
in the phase i. € is the permittivity tensor of phase i.

The effective permittivity € is defined by the relation between
the average electric field E and the average dielectric induction
D within the material [17]

D=(D')=¢-E=¢-(E) 3)

where the operator (.) denotes an average operation over the
volume.

The purpose of homogenization is to obtain the effective per-
mittivity tensor € from the knowledge of the properties and
distribution of the constituents in the heterogeneous material.
Homogenization methods are based on the study of a represen-
tative volume element (RVE). The size of the RVE must be as
small as possible but large enough to be representative of the
microstructure. It must be bigger than the heterogeneities, but
small compared to the structure.

1) Inclusion-Based Methods: The method proposed in this
paper relies on a static homogenization method built from basic
inclusion problems [42], [43] (see Fig. 4). This method is briefly
explained hereafter.

We consider an RVE of a multiphase material. Each phase
of the material is supposed to behave on average as an ho-
mogeneous ellipsoidal inclusion embedded in an homogeneous
infinite medium submitted to an external field E°. The proper-
ties of the infinite medium are noted gx It has been shown [43]
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Fig. 4. Homogenization with inclusion problems.

that different choices of this permittivity tensor € allow us to
recover several classical estimates or bounds for the effective
properties of the heterogeneous medium. The permittivity ¢’ of
the inclusion is the permittivity of the corresponding phase, and
the shape of the inclusion is related to the spatial distribution
of the phase in the heterogeneous material. The model is then
based on the solution—analytical in some cases—of this ele-
mentary inclusion problem in the static case. In Mechanics, this
problem is known as the Eshelby inclusion problem [44]. All
these elementary problems are finally merged together to define
the mean fields per phase in the heterogeneous medium.

In the inclusion problem, the relation between the internal E
and applied EV field is given by [43], [45], [46]

Te-a)) ® @

B = (L+N

where IV ' is the depolarization tensor for phase i [17] and L
is the second-order identity tensor. Using appropriate averaging
operations [43], the effective permittivity tensor is expressed as

e={c (L+n (e —5))71 )
(fryet@-0) ) ®

In the case of isotropic constituents, the effective permittivity
€, in a direction u can be simplified:
¢

é = <63° + N{il(ei — e”)> ©)

<e°° + N (€ —e°°)>

where N/ is the projection of the tensor N " in direction u
(N! = 'u-N'-u).

2) Biphasic Composites: The particular case of composite
materials studied in this paper leads to further simplifications.
For a biphasic composite with isotropic constituents of volume
fraction f; (f; + fo = 1), N' = N? = N and the effective per-
mittivity in direction u is given by

€ h + € f2
_ "eEN, (1 —€7) &+ N, (e —€7)
fi fo

= = T = =
€+ N,(e1 —€) € +N,(ea—¢7)

The choice of the properties of the matrix for the permittivity
of the infinite medium (¢~ = €;), suggested in the mechanical
model of Mori—Tanaka [49], provides a good estimate of the
effective properties for this type of microstructure with low
concentration of fibers. This choice gives the following estimate
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for the effective permeability:

€9 — €1
er+ fiN,(e2 —€1)’

If in addition the material is made of a matrix surrounding
long parallel fibers aligned along direction z, the distribution of
constituents is transversely isotropic. The corresponding shape
for the inclusion in the elementary problem is an infinite cylin-
der. The corresponding depolarization tensor is [17]

®)

€, = €1 + f261

/2 0 0
N=|0 1/2 0 )
0 0 0

The effective permittivity in the directions perpendicular to
the fibers can be written from (7):

hi fo
616”+e +626“‘+e
~ 1 2
€, = . 10
: I I3 (19)
e +e €+

Applying the choice of Mori—Tanaka model for the infinite
medium in this equation (¢° = €) reduces to the standard MG
model (11) for the permittivity in the directions perpendicular
to the fibers, and to the Wiener estimate (12) for the permittivity
in the direction parallel to the fibers:

€y — €1
€1+ e — falea —e1)
€)= fia + fae2.

€L =€ +2fr¢

(11)
(12)

C. Case of Harmonic Excitation

When considering harmonic solicitations, the equations
above can be used by replacing the permittivity tensor by its
complex expression €* depending on the material permittivity
€ and conductivity ¢ and on the angular frequency w of the
incident wave B

1
Jw

Ien

f=et+—a. (13)
In the following, the complex permittivity will always be used
for the homogenization modeling.

D. Comparison Between Finite Element and Homogenization
Techniques

The FEM calculation has been performed on the microstruc-
ture presented in Fig. 3. The homogenization has been per-
formed according to the inclusion-based model and the corre-
sponding EHM properties have been introduced in the analyt-
ical expression of the SE for an infinite sheet. The agreement
between the analytical model and FEM in the case of an ho-
mogeneous sheet has been previously verified (see Fig. 2) so
that this comparison is clearly related to the accuracy of the
homogenization model. The results are presented in Figs. 5 and
6. When the electric field is oriented in the fibers direction (z),
Wiener model provides an accurate estimate when compared to
FEM result (see Fig. 5). This result is related to the homogeneity
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Fig. 5. Shielding effectiveness of an infinite sheet (microstructure of Fig. 3)
as a function of the frequency of the incident wave: FEM (crosses) and Wiener
(dashed line) results. Configuration: electric field oriented parallel to the fibers,
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Fig. 6. Shielding effectiveness of an infinite sheet (microstructure of Fig. 3)

as a function of the frequency of the incident wave: FEM (crosses) and MG
(dashed line) results. Configuration: electric field oriented perpendicularly to
the fibers, ¢ = 0.1 mm, 0y = 1 S.m ™', 02 = 1000 S.m™', €1 = 5eg, €2 = €,
1= p2 = po-

of the root mean square of the electric field in each phase for
this particular configuration when no skin effect is involved.
When the electric field is perpendicular to the fibers, MG
model leads to very significant discrepancies compared to FEM
simulations (see Fig. 6). At high frequencies (above 10 GHz),
the SE provided by the homogeneous sheet made of effective
properties is not the same as the SE provided by the heteroge-
neous sheet computed by FEM. The standard MG model does
not take into account the interactions between the microstructure
and the EM wave. An extension of quasi-static homogenization
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tools is needed to describe the effective properties for composite
materials at high frequencies.

IV. HOMOGENIZATION ESTIMATE FOR DYNAMIC EXCITATION
A. Adaptation to Dynamic Conditions

When the frequency increases, the characteristic size of the
phases has an influence on the behavior of the material. Thus,
it is necessary to introduce in the modeling a length parameter,
inexistent in standard mean field approaches. The proposed ap-
proach to adapt the inclusion based homogenization method is
empirical: several finite-element computations were performed
at different frequencies and for different diameters of fibers.
From each of these computations, an optimal infinite medium
has been identified for the homogenization model. The proper-
ties of the infinite medium were found to be mainly sensitive to
the conductivity. Because the fibers are much more conductive
than the matrix in the cases studied, the complex permittivity of
the fibers has been added to Mori—-Tanaka infinite medium

o0

€ =¢ +e x A (14)

The ratio /A has been introduced to compare the typical
size v of the microstructure and the typical length A of the
wave. When the optimal conductivity of the infinite medium is
plotted as a function of the frequency, it is shown that a square
dependence on the frequency is a reasonable approximation.
Thus, the infinite medium permittivity is chosen as

. 2
€ :e’{—i—egx(l)

3 s)

where A is the wavelength in the effective medium and  is the
characteristic size of the microstructure. In our case, v is the
fiber diameter. At low frequency, the corresponding dynamic
homogenization model (DHM) provides estimates similar to
standard static homogenization tools because A is very large
compared to . Therefore, the second part of (15) vanishes. In the
general case, due to the choice of €A depends on the effective
properties. The model should then be iterative. However, the
wavelength corresponding to the MG static estimate was used.
The convergence is then reached very fast and the accuracy of
the model is not affected by neglecting the iterative process.
The relative error remains lower than 0.02% in the calculations
performed below. It is recalled that we do not consider here any
magnetic contrast between the phases of the composite material:
H1 = Ha.

Introducing our choice of infinite medium (15) in (10) leads
to a new estimate for the EHM in the perpendicular directions:

* fl f2
g

61 ~ 2
2+ % () 61+6§X((A>+1)

- Ji Jo

e " 7\ 2
2€T+€; X (*) ET+€§ X (()\) +1>

*
7 T €

A
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Fig. 7. Shielding effectiveness of an infinite sheet (microstructure of Fig. 3)
as a function of the frequency of the incident wave: FEM (crosses), MG (dashed
line) and DHM (line) results. Configuration: idem as Fig. 6.

B. Results

Using the DHM presented above, and following the same
approach as above, the SE of the composite material can be esti-
mated and compared to the FEM estimate. For a given frequency,
the computation time to define the SE of an heterogeneous sheet
by FEM is about 45 s on a standard workstation. It is reduced to
0.9 s for an homogeneous sheet. The use of the full analytical
method (Homogenization and analytical formula for SE) is al-
most instantaneous (a few milliseconds). The computation time
is then estimated between 3000 and 4000 times faster when us-
ing the full analytical approach compared to the heterogeneous
FEM computation.

When the electric field is oriented along the fibers direction
(z), the choice of the infinite medium has no influence on the
properties of the EHM because the corresponding term of the
depolarization tensor is zero. The dynamic model is then equiv-
alent to Wiener models and provides the result shown in Fig. 5.
When the electric field is perpendicular to the fibers (direc-
tion y), the dynamic term in the infinite medium permittivity
(15) provides a correction of the effective medium properties
at high frequency (see Fig. 7). The dynamic correction term
significantly enhances the prediction of the SE of the composite
material.

If we consider the reflected wave plotted in Fig. 8 (RW =
201og %; see the Appendix), the DHM also provides a more
accurate prediction than the standard MG static model. Again,
the addition in the elementary inclusion problem of a correction
term depending on the characteristic size of the microstructure
and on the frequency leads to significant improvement.

V. DISCUSSION

Using the DHM, the EMC efficiency of various heteroge-
neous materials can be evaluated. The analysis in this part is
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Reflected Wave (dB)

7 8 9 10 20 30 40 50 60
Frequency (GHz)

Fig. 8. Reflected wave on an infinite sheet (microstructure of Fig. 3) as a
function of the frequency of the incident wave: FEM (crosses), MG (dashed
line) and DHM (line) results. Configuration: idem as Fig. 6.

o ,=1000 S/m
A 02=2000 S/m
+ 02:3000 S/m
x 02:4000 S/m

Error (%)

Fig. 9. Relative error between the SE computed by FEM and MG (mark-
ers only) and the DHM (lines with markers). The electric field is oriented
perpendicular to the fibers (¢ = 0.1 mm, o1 = 1S.m™ !, €1 = 5eg, €2 = €p,
w1 = f2 = Wo). Microstructure of Fig. 3. Calculations between S00M hz and
60GHz.

restricted to biphasic composite sheets with isotropic con-
stituents in isotropic distribution. The purpose is to identify
the first limitations of this approach.

A. Particle Size or Frequency Effect

Keeping the calculations within the range of validity of the
FEM, the relative difference between the SE computed by FEM
and the DHM is plotted in Fig. 9 as a function of the ratio
between the characteristic size of the microstructure v and the
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Many articles (see, e.g., [47] and [48]) mention that homog-
enization techniques get inaccurate when the frequency of the
incident field gets too high or when the heterogeneities become
too big. However, this information is rarely quantitatively as-
sessed. Fig. 9 shows that, under the conditions considered in
this paper, the error on the SE for the MG estimate becomes
significant (more than 0.5%) as soon as the skin depth reaches
two times the characteristic size of the inclusions. Indeed un-
der such conditions, eddy currents are located on the surface of
the fibers. Inner and outer parts of the volume of the fibers are
electrically loaded in a very different way. The validity criterion
of MG estimate could be defined as v < 1/2 d5. When using
the DHM, the validity range is pushed up to v < 3/2 d, for the
same criterion. Above this value, the appropriate length to be
introduced in the model is not the typical size of the fibers, but
should rather be related to the skin depth. In other words, using
(17), it can be said that the proposed expression (15) for the
infinite medium properties allows us to increase the frequency
range by almost one order of magnitude compared to standard
quasi-static homogenization models for the cases computed in
this study.

Fig. 10 compares the efficiency of three sheets with the same
volume fraction of fibers but with different diameters. The MG
model gives the same results for the three microstructures since
it does not take into consideration the diameter of the inclusions.
FEM calculations show that the SE increases with fiber diameter
and the DHM captures this effect. If the size of the fibers gets
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Fig. 11.  Shielding effectiveness of sheets (square microstructures) with var-
ious amount of fiber fo: FEM (markers) and DHM (lines) results. Con-
figuration: electric field oriented perpendicular to the fibers, ¢ = 0.1 mm,
o1 =1e—20Sm !, 00 =100S.m™ L, e; =€y = €0, 41 = [2 = [p-

too large, similar effects to those observed when increasing the
frequency would be noticed.

B. Farticle Concentration Effect

Fig. 11 shows the SE of composite sheets with identical fiber
size but different concentrations. The electrical field is oriented
perpendicular to the fibers. As expected, the higher the amount
of conductive fibers, the higher the SE.

For high fiber volume fraction (f; > 20%), the DHM be-
comes inaccurate. The reason is related to the choice of the
infinite medium. The choice of the matrix permittivity for €,
inspired by the Mori-Tanaka model in Mechanics [49] is known
to be relevant only for dilute systems [42]. When the volume
fraction is getting higher, this choice is not appropriate and a
self-consistent (or Bruggeman) approach should be preferred.
This point is part of a work in progress.

VI. CONCLUSION

This paper is dedicated to the determination of the effective
properties of composite materials for EMC applications. The
limitations of standard static homogenization tools in this con-
text are highlighted. A DHM is proposed to overcome these
limitations. This model can be seen as an extension of MG
model to higher frequencies by the introduction of a length
parameter. This length parameter is relative to the typical size
of the microstructure of the composite material. The model has
been tested on an example of fiber-matrix composite. It is shown
to provide accurate results as long as the volume fraction of the
fibers remains low and the radius of the fibers remains below
the skin depth of the fibers. This modeling approach can be ex-
tended to a large range of microstructures. Further studies will
be undertaken on how shape and distribution of phases influence
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Fig. 12.

the SE. The benefit of this approach is the small computation
time required to obtain the effective properties of composite
materials. These properties can then be readily implemented in
FEM tools to simulate the complete SE of complex enclosures.

APPENDIX

EMC PROPERTIES OF AN INFINITE HOMOGENEOUS SHEET

The particular case of an infinite sheet (see Fig. 12) allows
analytical calculations of the SE and reflected wave [45]. We
consider an homogeneous isotropic sheet of constant thickness [
submitted to a progressive monochromatic polarized plane wave
with angular frequency w and normal incidence. No assumption
is considered on the properties of the sheet (not perfectly con-
ducting neither perfectly dielectric).

A. Shielding Effectiveness
The SE of the infinite sheet can be divided into three parts:
SE = SE4 + SEp — SEp. (18)

The wave attenuation is first caused by the absorption of the
material:

SE4 = 20log;, [eFTF0)t) (19)

. B R W
with k = \/euw? — juow the wave vector, kg = % the wave

vector in air (¢ = 3.10° m - s71), e the dielectric permittivity, o
the electric conductivity, and p the magnetic permeability. The
second part is reflected by the sheet:

SEr = 20logy |p| (20)

. 4 . .
with p = (L‘W the transmission coefficient, n = % the re-
wr
fractive index of the medium, and p, the relative permeability
(1t = pr p1o)- The third part corresponds to multiple reflections

inside the material. It is negative:
—2kl

SEp = 201log;, |1 — ¢* x e (21)
with ¢ = Zﬂ the reflection coefficient.
wr
B. Reflected Wave
The reflected wave can also be defined
_ q —2kl
ER—E[XWX(l_e ) (22)
As for the SE, it can be expressed as a ratio
E
RW = 20log;, B (23)

|ER|
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When developed, this expression gives

RW = 20 loglo

[1]

[2]

[3]
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(11]

[12]

[13]
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[15]

[16]

[17]
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[19]

[20]

1— 2 % —2kl
¢ xc —20logy |1 — e’2k1| .

(24)
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