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Composite materials are increasingly used to contribute to structure lightening in electromagnetic

shielding applications. The interactions between electromagnetic waves and composite materials are

highly dependent on their microstructure. This gives rise to challenging modelling issues.

Considering details of the microstructure would involve an excessive number of unknowns

with standard numerical tools for structural analysis. Homogenisation methods—such as

Maxwell-Garnett model—are a possibility to overcome this problem. The equivalent homogeneous

medium obtained with such methods can be introduced into numerical tools to model full shielding

enclosures. A homogenisation model has been recently proposed to obtain the equivalent

homogeneous properties of composite materials subjected to electromagnetic waves. It relies on the

introduction of a length parameter into classical non dimensional semi-analytical homogenisation

methods—also known as mean field approaches. The model is applicable at microwave frequencies

as long as the induced currents in the fibres (or inclusions) of the composite materials remain weak.

This paper proposes an extension of the approach to include skin effect in the homogenisation

method. This is done by considering Joule losses within the fibres of the composite. This extension

significantly broadens the frequency range covered by the model. The results show that the

optimization of composite shielding properties relies on a subtle compromise between internal

reflections and Joule losses. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4871197]

I. INTRODUCTION

Electromagnetic shielding enclosures contribute to elec-

tromagnetic compatibility. They are often made of metallic

alloys. However, in the effort of reducing the weight of air-

craft, the aerospace industry is considering the use of compos-

ite materials for shielding applications. Composites made of

carbon fibres surrounded by epoxy resin are of particular inter-

est.1 Experimental studies have been performed on such com-

posites but accurate modelling tools are still lacking for the

optimal design of these new generation enclosures. Numerical

methods such as the finite element method can be used.2–8

These techniques are often performed on a periodic cell of the

microstructure. This numerical homogenisation can be used to

predict accurately the effective properties of the periodic cell.

These effective properties can then be introduced in a struc-

tural analysis tool. If a large variety of electromagnetic load-

ings have to be considered, or if several microstructures have

to be tested, these numerical methods can involve a significant

computation cost, which can make them unsuitable, particu-

larly in an engineering pre-design process.

An alternative approach is the use of semi-analytical

homogenisation tools. Many homogenisation methods have

been developed to model composite materials.9–15 Although

they sometimes make use of empirical parameters, they

appear to be a very efficient and fast modelling tool to obtain

a first estimate of the effective properties of heterogeneous

materials. Maxwell-Garnett model (MGM) is frequently used

to model composite materials submitted to electromagnetic

waves, but it is limited to low frequencies. A Dynamic

Homogenisation Model (DHM), providing the effective prop-

erties at higher frequencies, has been recently proposed.16 An

example of comparison between these two models and a

standard Finite Element Model (FEM) is shown in Figure 1.

The figure is used here as an illustration of the motiva-

tions of this work, the simulation conditions are detailed in

Sec. IV. If the FEM result is used as the reference, it can be

seen in that example that MGM is only valid up to 2 GHz.

The DHM increases the validity range up to 10 GHz, but

then moves away from the FEM solution. These discrepan-

cies at high frequency can be explained by the appearance of

eddy currents in the conductive phase of the composite. The

small inserts in Figure 1 show the electric field intensity in

the cross-section of a fibre at three different frequencies

(1, 10, and 60 GHz). MGM gets inaccurate as soon as a rotat-

ing electric field appears within the fibre. This can be under-

stood by recalling that MGM is equivalent to Hashin and

Shtrikman (HS) estimate, obtained from a variational

principle.17 HS estimate is known to be exact for a peculiar

microstructure known as Hashin microstructure10 for which

the fields are uniform in one of the phases. It then seems nat-

ural that the HS model diverges from the exact solution as

the inhomogeneity of fields increases. The validity range

of the DHM is larger but the model also gets inaccurate

when the skin-effect gets significant.

The skin effect in the inclusions appears to be a key pa-

rameter for the homogenisation methods at high frequency.

The present paper proposes to account for this effect by aa)Electronic mail: romain.corcolle@lgep.supelec.fr
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modification of the DHM introducing the Joule losses. The

results of this Extended Dynamic Homogenisation Model

(EDHM) detailed hereafter shows an agreement with FEM

up to high frequencies as shown in Figure 1. The EDHM is

then applied in various configurations to demonstrate its

validity range.

First, homogenisation methods based on inclusion prob-

lems are briefly recalled. A particular choice for the refer-

ence medium in the inclusion problems is then presented,

based on an equivalence in Joule losses between this refer-

ence medium and the real material. The model is finally

implemented and discussed by comparison to FEM results.

II. HOMOGENISATION MODEL

The purpose of homogenisation is to obtain the pro-

perties of an equivalent homogeneous medium (EHM)

behaving—on average—similarly to the real heterogeneous

material. The homogenisation method considered in this

study is based on the resolution of inclusion problems.18,19

There are as many inclusion problems as phases in the com-

posite. Each phase is assumed to respond on average as an

inclusion embedded in an homogeneous infinite medium

(HIM). An appropriate choice of the HIM properties is key

to the description of several types of microstructure. The

shape of the representative inclusion is also a key parameter,

related to the phase distribution in the composite

material.9,18

A. Effective permittivity

For biphasic composites with isotropic constituents, if

the HIM is chosen isotropic, the resolution of the two-

inclusion problem provides the macroscopic complex per-

mittivity ~��u of the EHM in direction u16

~��u ¼
��1

f1

��1 þ Nu ��1 � ��1ð Þ
þ ��2

f2

��1 þ Nu ��2 � ��1ð Þ
f1

��1 þ Nu �
�
1 � ��1ð Þ

þ f2

��1 þ Nu �
�
2 � ��1ð Þ

; (1)

where ��1 is the complex permittivity of the HIM and Nu is

the depolarisation factor along direction u. For microstruc-

tures with infinitely long circular fibres, as studied in this

paper, the depolarisation factors are Nx ¼ Ny ¼ 1=2 and

Nz¼ 0. Equation (1) brings up the volume fraction fi and the

complex permittivity ��i of phase i (Phase 1: matrix and

Phase 2: fibres). The complex permittivities are written

��i ¼ �i � |
ri

x
(2)

with x the angular frequency, and �i and ri the electric per-

mittivity and conductivity of the medium i.

B. Homogeneous infinite medium

Particular choices of the HIM allow retrieving the

results of classical homogenisation models.18,19 For instance,

MGM can be obtained by choosing the matrix as the HIM

(��1 ¼ ��1). To extend the quasistatic approach to electromag-

netic waves and form the DHM,16 the infinite medium is

chosen as

��1 ¼ ��1 þ ��2
c
k

� �2

; (3)

where k is the wavelength in the EHM and c is the character-

istic size of the microstructure. This characteristic size is a

function of the considered microstructure. In the 2D case of

a square array of conductive discs, c is the diameter of the

discs.16 For more complex microstructures, c can be deter-

mined by using 2-point probability functions.20 This exten-

sion was proposed to address the absence of any length

parameter in MGM. The ratio c=k is indeed a natural param-

eter to compare the characteristic length of the microstruc-

ture with the characteristic length of the electromagnetic

wave. This size effect also depends on the fibre properties

with higher effect in highly conductive materials. This is

why ��2 has been introduced in the definition of the infinite

medium. Finally, ��1 is introduced so that, at low frequencies

(high k), the model reduces to MGM (the second term in ��1
(3) vanishes).

As shown in Figure 1, the DHM overestimates the

Shielding Effectiveness (SE). This is attributed to an overes-

timation of the effective conductivity of the composite ma-

terial, leading to a higher attenuation of the electromagnetic

wave. Such limitations have been overcome in previous

studies by introducing a renormalised conductivity account-

ing for the Joule losses in the material.21,22 In the present

case, we choose to introduce the Joule losses in the defini-

tion of the HIM, using an equivalent losses conductivity

(ELC) r1

��1 ¼ ��1 � |
r1
x
: (4)

FIG. 1. Shielding Effectiveness of a composite material made of parallel

fibres (index 2, diameter Ø2 ¼ 50 lm, volume fraction f2¼ 19.63%) embed-

ded in a matrix (index 1). Computations performed on a periodic microstruc-

ture (Figure 4) with FEM (crosses), DHM (dashed line), EDHM (line), and

MGM (dotted line). Constituent properties: r1¼ 1.10�15 S �m�1,

r2¼ 40 000 S �m�1, �1¼ �2¼ �0 and l1¼l2¼l0.
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As displayed on Figure 2, the ELC is computed so that

the energy dissipated by a fibre is deported in the inclusion

problem to the infinite medium with conductivity r1.

The method is applied to 2D microstructures in the fol-

lowing. The extension to 3D microstructures requires more

complex calculations for the Joule losses and is part of a

work in progress.

III. JOULE LOSSES EQUIVALENCE

In order to define the proposed equivalence, the Joule

losses in the real material are first computed analytically.

The Joule losses in an infinite medium are then determined.

Finally, the equivalence between these two energies defines

the ELC.

A. Evaluation of Joule losses in the real material

1. Modelling configuration

The microstructure studied in this paper (Figure 4) is

constituted of long parallel fibres (permittivity �2, conductiv-

ity r2, and permeability l2). To determine the energy lost in

a fibre, the inner electromagnetic fields have to be computed.

For the sake of simplicity, we use the semi-analytical expres-

sion computed for one fibre of the microstructure (Figure 3)

surrounded by an homogeneous medium with properties (�s,

ls). In the case of non-circular sections for the fibres, the di-

ameter of an equivalent circular fibre, leading to the same

Joule losses as the actual fibre, could be defined. Such equiv-

alence can be defined analytically for elliptic sections but

should rely on numerical computations for more complex

shapes.

The fibre (radius R) is illuminated by an electromagnetic

wave propagating along the x axis. However, only the induced

currents rotating around z axis in the fibre are needed to

compute Joule losses. Since the wavelength is greater than the

diameter of the fibre, it is assumed that the fibre is embedded

in a uniform magnetic field H in order to simplify the

calculation

Hðr;x; tÞ ¼
0

0

H0e|xt

0
@

1
A

r;h;zð Þ

for r > R: (5)

2. Inner magnetic field

From Maxwell equations and the axisymmetry of the prob-

lem, the differential equation governing the magnetic field is

r2 @
2Hzðr;x; tÞ
@r2

þ r
@Hzðr;x; tÞ

@r
þ rk2ð Þ2Hzðr;x; tÞ ¼ 0 (6)

with k2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2l2x2 � |l2r2x

p
the propagation constant in

Phase 2. Bessel functions of the first and second kind of

order zero are solutions of the differential Eq. (6). Since

Bessel functions of the second kind are singular at the origin,

they cannot be solution of the equation. The axial component

of the internal magnetic field can finally be written

Hzðr;x; tÞ ¼ H0

J 0 rk2ð Þ
J 0 Rk2ð Þ e

|xt; (7)

where J a xð Þ is the Bessel function of the first kind of order a.

Since the tangential component of the magnetic field is equal

on both sides of the interface (r¼R)

H0 ¼
ffiffiffiffiffi
�s

ls

r
E0; (8)

H0 depends on the properties of the surrounding medium

(�s, ls).

3. Inner electric field

The internal rotating electric field E induced by the mag-

netic field (7) is obtained from Maxwell-Ampère equation

Ehðr;x; tÞ ¼
k2

r2 þ |x�2

ffiffiffiffiffi
�s

ls

r
E0

J 1 rk2ð Þ
J 0 Rk2ð Þ e

|xt: (9)

4. Induced currents

Using (9) and the linear constitutive law J¼ rE, the

equation of the azimuthal component of the induced currents

(J) appearing inside the inclusion is easily deduced

FIG. 2. Schematic view of the equivalence of energies.

FIG. 3. Schematic view of a fibre.

FIG. 4. Schematic view of SE computations configuration (including FEM

domain: PML (1), Air (2) and studied sheet (3)) showing the fibre cross sec-

tion used to measure the electric field plotted on Figure 1.
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Jhðr;x; tÞ ¼
k2

1þ |x �2

r2

ffiffiffiffiffi
�s

ls

r
E0

J 1 rk2ð Þ
J 0 Rk2ð Þ e

|xt: (10)

5. Joule losses

To take into account the influence of the whole micro-

structure, the surrounding medium (�s, ls) is chosen as the

MGM effective medium �s ¼ 1þf2
f1
�1 (see Appendix A) and

ls¼ l1. The energy WFibre
J lost in a fibre by Joule effect over

a period (see Appendix B) is given by

WFibre
J ¼ 2p2h�1

1þ f2
f1

E2
0

ðR

0

r

���� J 1 rk2ð Þ
J 0 Rk2ð Þ

����
2

dr; (11)

where h is the height of the fibres. Note that the dependence

of this energy to the fibre conductivity r2 is hidden in

the expression of k2. The surrounding medium being

non-conductive, this expression of losses corresponds to the

whole Joule losses in the unit cell (association of one fibre

with volume fraction f2 and surrounding medium).

B. Evaluation of Joule losses in the infinite medium

The local energy lost by an infinite isotropic homogene-

ous medium where there is an electric field E ¼ E0e|xt is

equal to

w1J ¼
ðT

0

Jh r;x; tð ÞEh r;x; tð Þdt ¼ p
x

r1E2
0: (12)

The energy lost by a volume of infinite medium equal to

the volume (pR2h/f2) of the unit cell considered in Sec. III A is

W1J ¼
pR2h

f2

w1J ¼
p2R2h

f2 x
r1E2

0: (13)

C. Determination of the ELC

It is found that the best choice for the conductivity of

the infinite homogeneous medium in the inclusion problem

is obtained by deporting integrally the losses in the fibres to

the infinite medium. This transfer is expressed by the

equality

W1J
f1

¼ WFibre
J

f2
; (14)

W1J =f1 and WFibre
J =f2 are the losses in the HIM and in the

fibres, respectively, scaled to their proportion in the inclusion

problem. Introducing (11) and (13) in this equality leads to

the following definition for the ELC

r1
x
¼ 2

R2
ð1þ f2Þ�1

ðR

0

r

���� J 1 rk2ð Þ
J 0 Rk2ð Þ

����
2

dr: (15)

IV. MODELLING RESULTS

To evaluate the accuracy of the EDHM, the SE of a

composite material sheet is compared to the SE of a

homogeneous sheet with the EHM properties. The SE is clas-

sically defined by

SE ¼ 20 log
EI

ET
; (16)

where EI and ET are the norms of the incident and transmit-

ted electric fields. The SE of the sheet made of the EHM is

calculated analytically and the SE of the corresponding het-

erogeneous sheet is computed by FEM on a mesh of the

complete microstructure as shown in Figure 4. We focus in

the following on the case where the electric field is perpen-

dicular to the fibres. An electric field parallel to the fibres

does not allow a discriminating comparison since the Wiener

estimate is generally sufficient to determine the SE in that

particular case.23

A. Analytical solution for the shielding effectiveness

When the shielding sheet is illuminated by a perpendicu-

lar plane wave, the analytical solution of (16) can be

expressed as (see Ref. 16)

SE ¼ SEA þ SEB � SER; (17)

where SEA is the attenuation of the wave caused by the

absorption of the material

SEA ¼ 20log10je|klj (18)

with k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�lx2 � |lrx

p
. � and r are the permittivity and

conductivity of the material in the direction of the incident

electric field EI and l the magnetic permeability in the direc-

tion of the incident magnetic field HI. The second attenua-

tion is caused by reflection

SER ¼ 20 log10jpj; (19)

where p ¼ 4 n
l =ðnlþ 1Þ2 is the transmission coefficient

depending on n ¼ k=k0, the refractive index of the medium.

The third contribution corresponds to multiple reflections

inside the material

SEB ¼ 20 log10j1� q2 � e�2|klj; (20)

where q ¼ ðnl� 1Þ=ðnlþ 1Þ is the reflection coefficient.

B. Finite element calculations

Due to computational resources limitations, numerical

calculations have been processed on a small domain

having a height of 0.1 mm (Figure 4) using COMSOL

Multiphysics
VR

. To simulate infinity, this domain is bounded

by two perfectly matched layers (PMLs). Neumann bound-

ary conditions are applied on top and bottom of the region

modelled to simulate the periodicity of the infinite sheet. The

sheet is 6 mm thick and filled with a single row of 60 cylin-

drical fibres (circular cross section), regularly spaced. These

fibres have a diameter of 50 lm leading to a fibre volume

fraction f2¼ 19.63%. No contrast in permeability is consid-

ered (l1¼ l2). The incident electromagnetic wave is a

154904-4 Pr�eault et al. J. Appl. Phys. 115, 154904 (2014)



perpendicular plane wave propagating along the x axis, elec-

trically polarised along y. For a given frequency, the compu-

tation time with FEM is about 45 s on a standard

workstation. The homogenisation model only takes some

milliseconds on the same workstation.

As already shown in Figure 1, the DHM,16 with HIM

defined by (3), increases the frequency range of MGM but

gets inaccurate when the skin effect becomes significant.

The EDHM, with HIM defined by (4), still provides an accu-

rate estimate at high frequencies when compared to FEM

results. The case studied here gives a null SE at low frequen-

cies because the matrix is not conductive. Results for MGM

and DHM with a conductive matrix can be found in Ref. 20.

The EDHM can be used with various constituent proper-

ties. An example is shown in Figure 5. The microstructure is

the same as in Figure 1, and the material properties are those

used by De Rosa et al.24 for the design of a composite made

of short carbon fibres embedded in an epoxy resin.

All three models reproduce the oscillations of the SE as

a function of the frequency. These oscillations are due to the

multiple reflections of the wave on the material-air interface.

These reflections depend on the thickness of the sheet and on

the complex permittivity of the material. The SE tends to

increase with frequency because the Joule losses increase

with frequency. This effect is linked to the role of the effec-

tive conductivity of the composite, which is underestimated

by the MGM, and overestimated by the DHM. The predic-

tions of the EDHM are in good agreement with the FEM

computations.

V. DISCUSSION

In order to assess the validity of the proposed EDHM,

calculations have been performed under various

configurations in terms of fibre diameter, fibre conductivity,

fibre volume fraction, and matrix permittivity.

Figure 6 shows the difference between the homogenisa-

tion results (MGM, DHM, and EDHM) and the FEM results

for the computations performed in this paper. Each marker

represents the error with respect to the FEM computation

calculated for a given set of parameters (frequency, fibre

density, fibre diameter, fibre conductivity, and matrix permit-

tivity). The results are plotted as a function of the ratio

between the diameter of the fibres and the skin depth in a

fibre (d2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2=l2r2x

p
). The discrepancy between MGM

and FEM results increases as soon as the skin depth of the

fibre becomes equal to the diameter of the fibres Ø2. As

shown in Ref. 16, the DHM extends MGM frequency range

until d2 becomes approximately equal to the radius of the

fibres. The error then increases significantly. The error given

by the EDHM increases slowly, the results staying relevant

up to high ratios between the diameter and the skin depth of

the fibres. It is clear from Figure 6 that the proposed

approach significantly extends the frequency validity range

of semi-analytical homogenisation method for the prediction

of the SE of composite materials.

Figure 7 shows the results obtained with the EDHM and

the FEM for different fibre diameters, the other properties

being kept constant. The agreement is very good between the

two methods although slight differences appear for the diam-

eter of 100 lm. These differences can be attributed to the

fact that for high fibre diameters, the problem computed with

FEM is not really a Representative Volume Element. If the

finite element calculation was done on a larger surface

including more fibres, it is expected that the two results

would be closer. Another cause could be an insufficient pre-

cision in the definition of the permittivity of the HIM. Indeed

it can be shown that a better match could be obtained

between EDHM and FEM with a slight change in the real

FIG. 5. Shielding Effectiveness of a composite material made of parallel

fibres (index 2, diameter Ø2 ¼ 50 lm, volume fraction f2¼ 19.63%) embed-

ded in a matrix (index 1). Computations performed on a periodic microstruc-

ture (Figure 4) with FEM (crosses), DHM (dashed line), EDHM (line), and

MGM (dotted line). Constituent properties: r1¼ 1.10�15 S �m�1,

r2¼ 40 000 S �m�1, �1¼ 4�0, �2¼ 2�0, and l1¼l2¼l0.

FIG. 6. Difference between the Shielding Effectiveness computed by MGM

(þ), the DHM (x), and EDHM (o) and the Shielding Effectiveness computed

by FEM for the computations presented in this article. The coloured lines

and the shaded areas show the envelope and the range of error obtained with

each modelling approach.
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part of the HIM properties (4). This point highlights the cru-

cial role played by the choice of the infinite medium in

homogenisation approaches based on inclusion problems.

Other definitions of the HIM properties can be investigated

but the proposed choice (4) is the best obtained so far in

terms of accuracy and versatility.

Another interesting observation is that the quality of the

SE is not a monotonic function of the fibre diameters. If a high

diameter is chosen, the skin effect appears at lower frequen-

cies, inducing a better SE. But on the other hand at high fre-

quency, the inner part of the fibres is free from currents since

the skin effect tends to move the rotating currents towards the

edge of the fibres. The area with no current is then larger with

a large-fibre microstructure, creating relatively low Joule

losses, and as a consequence decreasing the SE compared to

small-diameter microstructures. The choice of an optimal di-

ameter for the fibres of shielding composites is then a compro-

mise between these two competitive processes.

Figure 8 shows the results obtained with the EDHM and

the FEM for different fibre electric conductivities, the other

properties being kept constant. The agreement is again very

satisfying although differences appear for high fibre conduc-

tivity. These differences can here again be attributed to the

choice of the properties for the HIM. The oscillations as a

function of the frequency are very sensitive to the value of

the HIM permittivity. A solution could be to describe the de-

pendence of this permittivity to the fibre conductivity. This

aspect will be investigated in future works.

Again it can be noted that the SE is not a monotonic func-

tion of the fibre conductivity. At low frequency, induced cur-

rents appear faster in high conductivity fibres. In such

conditions, the higher fibre conductivity gives the higher con-

ductivity for the effective medium, and as a consequence the

best SE. But at high frequency, the skin effect gets more and

more significant and high conductivity fibres create less Joule

losses, which is then unfavourable for SE. This effect is

included in the EDHM through the choice of the infinite me-

dium (15) that is less conductive when Joule losses are lower.

Again, the choice of the optimal properties for the fibres is a

compromise between these two competitive processes.

Figure 9 shows the results obtained with the EDHM and

the FEM for different fibre volume fractions, the other proper-

ties being kept constant. The agreement between FEM and

EDHM is very satisfying. At high volume fractions, small

FIG. 7. Shielding Effectiveness of three composite materials made of paral-

lel identical fibres (index 2, volume fraction f2¼ 19.63%) with various diam-

eters (Ø2: 100 lm, 50 lm, and 10 lm) embedded in a matrix (index 1).

Computations performed on periodic microstructures (see Figure 4) with

FEM (markers) and EDHM (lines). Constituent properties: r1¼ 1.10�15

S �m�1, r2¼ 40 000 S �m�1, �1¼ �2¼ �0, and l1¼l2¼l0.

FIG. 8. Shielding Effectiveness of a composite material made of parallel

fibres (index 2, diameter Ø2 ¼ 50 lm, volume fraction f2¼ 19.63%) embed-

ded in a matrix (index 1). Computations performed on a periodic microstruc-

ture (Figure 4) with FEM (markers) and EDHM (lines) for various

conductivities of fibres r2. Constituent properties: r1¼ 1.10�15 S �m�1,

�1¼ �2¼ �0, and l1¼l2¼l0.

FIG. 9. Shielding Effectiveness of six composite materials made of parallel

identical fibres (index 2, diameter Ø2 ¼ 50 lm) embedded in a matrix (index 1).

Computations performed on periodic microstructures (as Figure 4) with FEM

(markers) and EDHM (lines) for various amount of fibre f2. Constituent proper-

ties: r1¼ 1.10�15 S �m�1, r2¼ 40 000 S �m�1, �1¼ �2¼ �0, and l1¼l2¼l0.
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differences appear. They can be linked to the choice of

Maxwell-Garnett approach for the choice of the infinite me-

dium. This kind of approach is known to be valid only for small

volume fractions.18 At high volume fractions, a self-consistent

approach would probably give a better agreement. The imple-

mentation of a self-consistent approach will be proposed in a

further communication. As expected, Figure 9 shows that the

higher the proportion of fibres, the better the SE.

Figure 10 shows the results obtained with the EDHM and

the FEM for different matrix permittivities, the other proper-

ties being kept constant. The agreement between FEM and

EDHM is very satisfying. The role of the matrix permittivity

on the effective properties is rather complex. It affects both the

effective permittivity and the effective conductivity. A high

matrix permittivity increases the conductivity of the infinite

medium (15), tending to increase the SE. On the other hand,

the multiple reflections in the sheet heavily depend on the per-

mittivity and on the frequency (20). A high matrix permittivity

tends to increase the level of oscillations of SE as a function of

frequency. This effect is well reproduced in Figure 10.

VI. CONCLUSION

In this paper, a semi-analytical homogenisation approach

for the definition of the shielding effectiveness of composite

materials is proposed. Contrarily to previous approaches, it is

shown to be valid for electromagnetic waves at high frequen-

cies—up to tens of GHz in the examples provided. The model

is based on the resolution of basic inclusion problems. An

appropriate choice of the infinite medium surrounding these

inclusions is key to these approaches. A choice accounting for

the Joule losses in the fibres is used for the proposed model.

The results show very good agreement with finite element

computations performed independently—and at much higher

computational cost. An interesting outcome of the study is

that contrarily to shielding sheets made of homogeneous

materials where a conductivity as high as possible is sought in

order to maximise the reflection effects, the choice of an opti-

mal composite material for shielding effectiveness is a more

subtle process. A compromise must be found between reflec-

tion effects and Joule losses within the fibres in order to maxi-

mise the overall shielding effectiveness. The proposed

homogenisation method is a convenient tool to reach such an

optimum, and can be readily used for pre-design process or

for an implementation into standard numerical tools of full

devices with complex geometries.
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APPENDIX A: MAXWELL-GARNETT ESTIMATE

The Maxwell-Garnett estimate is intensively used in this

paper. In 2 dimensions, Maxwell-Garnett model is usually

written

~��MG ¼ ��1 þ 2f2�
�
1

��2 � ��1
��1 1þ f2ð Þ þ f1��2

: (A1)

In the case studied in this paper, the matrix (index 1) is

non conductive, so that

��1 ¼ �1; (A2)

��2 ¼ �2 � |
r2

x
: (A3)

By considering (A4) and (A3), (A1) can be written

~��MG ¼ �1 þ 2f2�1

�2 � �1ð Þ � | r2

x

�1 1þ f2ð Þ þ f1�2ð Þ � f1|
r2

x

: (A4)

In the particular case of this article, the conductivity of

fibres (index 2) is very high. This leads to r2=x� �1 and �2.

In such conditions, the previous expression for the Maxwell-

Garnett model can be simplified. The real part is given by

~�MG � �1

1þ f2

f1

(A5)

and the imaginary part by

~rMG

x
� x4f2

�2
1

f 2
1 r2

� ~�MG: (A6)

The conductivity of the Maxwell-Garnett medium can then be

neglected, and its permittivity can be written according to (A5).

APPENDIX B: JOULE LOSSES IN A FIBRE

The local energy lost by Joule effect wFibre
J in a fibre (�2

and l2) surrounded by an homogeneous medium (�s and ls)

over a period (T ¼ 2p=x) is computed by

FIG. 10. Shielding Effectiveness of a composite material made of parallel

fibres (index 2, diameter Ø2 ¼ 50 lm, volume fraction f2¼ 19.63%) embed-

ded in a matrix (index 1). Computations performed on a periodic microstruc-

ture (Figure 4) with FEM (markers) and EDHM (lines) for three different

permittivities of matrix �1. Constituent properties: r1¼ 1.10�15 S �m�1,

r2¼ 40 000 S �m�1, �2¼ �0, and l1¼l2¼l0.
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wFibre
J ¼

ðT

0

Jh r;x; tð ÞEh r;x; tð Þdt; (B1)

wFibre
J ¼ p

x
r2

����Eh r;x; tð Þ
����
2

; (B2)

wFibre
J ¼ p

x
r2

���� k2

r2 þ |x�2

����
2���� �s

ls

����E2
0

���� J 1 rk2ð Þ
J 0 Rk2ð Þ

����
2

; (B3)

wFibre
J ¼ p

x
r2

���� �l2
2x

2

�|l2r2x

����
���� �s

ls

����E2
0

���� J 1 rk2ð Þ
J 0 Rk2ð Þ

����
2

: (B4)

Equation (B4) can be simplified by considering the fibres

highly conductive (r2=x� �2), and by choosing the

Maxwell-Garnett estimate for the surrounding medium

(�s ¼ 1þf2
f1
�1 and ls¼ l1¼l2)

wFibre
J � p�1

1þ f2
f1

E2
0

���� J 1 rk2ð Þ
J 0 Rk2ð Þ

����
2

: (B5)

The total losses WFibre
J are computed by integrating the

local energy over the radius since the integrated fields only

depends on r

WFibre
J ¼ h

ðR

0

2prwFibre
J dr; (B6)

WFibre
J � 2p2h�1

1þ f2

f1
E2

0

ðR

0

r

���� J 1 rk2ð Þ
J 0 Rk2ð Þ

����
2

dr; (B7)

where h is the height of the fibres.

1F. Qin and C. Brosseau, J. Appl. Phys. 111, 061301 (2012).
2H. Waki, H. Igarashi, and T. Honma, IEEE Trans. Magn. 42(4), 847 (2006).
3C. Cyr, P. Viarouge, S. Cl�enet, and J. Cros, IEEE Trans. Magn. 45(3),

1178 (2009).
4O. Bottauscio, M. Chiampi, and A. Manzin, IEEE Trans. Magn. 45(10),

3946 (2009).
5I. Niyonzima, R. V. Sabariego, P. Dular, and C. Geuzaine, IEEE Trans.

Magn. 48(2), 587 (2012).
6A. Bordianu, O. de la Barrière, O. Bottauscio, M. Chiampi, and A.

Manzin, IEEE Trans. Magn. 48(4), 1537 (2012).
7G. Wasselynck, D. Trichet, and J. Fouladgar, IEEE Trans. Magn. 49(5),

1825 (2013).
8O. Ouchetto, H. Ouchetto, S. Zouhdi, and A. Sekkaki, IEEE Trans.

Antennas Propag. 61(8), 4214 (2013).
9A. Sihvola, Electromagnetic Mixing Formulas and Applications (IEE

Electromagnetic Waves Series, 1999), p. 47.
10G. W. Milton, The Theory of Composites (Cambridge University Press,

2002).
11E. F. Kuester and C. L. Holloway, IEEE Trans. Microw. Theory Techn.

38(11), 1752 (1990).
12C. Brosseau, J. Phys. D: Appl. Phys. 39, 1277 (2006).
13M. Y. Koledintseva, J. Drewniak, R. Dubroff, K. Rozanov, and B.

Archambeault, PIERB 15, 197 (2009).
14S. El Bouazzaoui, M. E. Achour, and C. Brosseau, J. Appl. Phys. 110,

074105 (2011).
15M. S. Sarto, A. G. D’Aloia, A. Tamburrano, and G. De Bellis, IEEE Trans.

Electromagn. Compat. 54(1), 17 (2012).
16V. Pr�eault, R. Corcolle, L. Daniel, and L. Pichon, IEEE Trans.

Electromagn. Compat. 55(6), 1178 (2013).
17Z. Hashin and S. Shtrikman, J. Appl. Phys. 33, 3125 (1962).
18M. Bornert, T. Bretheau, and P. Gilormini, Homog�en�eisation en

m�ecanique des mat�eriaux (Hermes Science, 2001).
19L. Daniel and R. Corcolle, IEEE Trans. Magn. 43(7), 3153 (2007).
20V. Pr�eault, R. Corcolle, L. Daniel, and L. Pichon, IEEE Trans. Magn.

49(5), 1941 (2013).
21A. N. Lagarkov and A. K. Sarychev, Phys. Rev. B 53(9), 6318 (1996).
22M. Y. Koledintseva, R. E. DuBroff, and R. W. Schwartz, PIER 63, 223

(2006).
23J. A. Stratton, Electromagnetic Theory (McGraw-Hill, 1941).
24I. M. De Rosa, R. Mancinelli, F. Sarasini, M. S. Sarto, and A.

Tamburrano, IEEE Trans. Electromagn. Compat. 51(3), 700 (2009).

154904-8 Pr�eault et al. J. Appl. Phys. 115, 154904 (2014)

http://dx.doi.org/10.1063/1.3688435
http://dx.doi.org/10.1109/TMAG.2006.872480
http://dx.doi.org/10.1109/TMAG.2009.2012544
http://dx.doi.org/10.1109/TMAG.2009.2023873
http://dx.doi.org/10.1109/TMAG.2011.2174210
http://dx.doi.org/10.1109/TMAG.2011.2174210
http://dx.doi.org/10.1109/TMAG.2011.2172927
http://dx.doi.org/10.1109/TMAG.2013.2241039
http://dx.doi.org/10.1109/TAP.2013.2262663
http://dx.doi.org/10.1109/TAP.2013.2262663
http://dx.doi.org/10.1109/22.60028
http://dx.doi.org/10.1088/0022-3727/39/7/S02
http://dx.doi.org/10.2528/PIERB09050410
http://dx.doi.org/10.1063/1.3644947
http://dx.doi.org/10.1109/TEMC.2011.2178853
http://dx.doi.org/10.1109/TEMC.2011.2178853
http://dx.doi.org/10.1109/TEMC.2013.2265173
http://dx.doi.org/10.1109/TEMC.2013.2265173
http://dx.doi.org/10.1063/1.1728579
http://dx.doi.org/10.1109/TMAG.2007.896228
http://dx.doi.org/10.1109/TMAG.2013.2244865
http://dx.doi.org/10.1103/PhysRevB.53.6318
http://dx.doi.org/10.2528/PIER06052601
http://dx.doi.org/10.1109/TEMC.2009.2018125

	s1
	n1
	s2
	s2A
	d1
	d2
	s2B
	d3
	d4
	f1
	s3
	s3A
	s3A1
	d5
	s3A2
	d6
	d7
	d8
	s3A3
	d9
	s3A4
	d10
	f2
	f3
	f4
	s3A5
	d11
	s3B
	d12
	d13
	s3C
	d14
	d15
	s4
	d16
	s4A
	d17
	d18
	d19
	d20
	s4B
	s5
	f5
	f6
	f7
	f8
	f9
	s6
	xA
	dA1
	dA2
	dA3
	dA4
	dA5
	dA6
	xB
	dB1
	f10
	dB2
	dB3
	dB4
	dB5
	dB6
	dB7
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24

