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Abstract

This article shows some results related to the optimum
design of a multilayered electromagnetic absorber, in the
frequency range between 0.85 GHz and 5.4 GHz, which
belongs to wireless communications. For this design, the
Unified Particle Swarm Optimization (UPSO) metaheuris-
tic was used. The results agree with those previously ob-
tained using the standard Particle Swarm Optimization
(PSO) algorithm and the deterministic method of interval
analysis, which were previously reported. An important
reduction on computation time was achieved, although a
limited results reproducibility persists.

INTRODUCTION

Today, most electronic devices, especially those used for
wireless communications, must comply with electromagnet-
ic compatibility standards. This is evaluated in an anechoic
chamber, where electromagnetic radiation is measured to test
whether it falls below the maximum allowed (Cui, Weile, &
Volakis, 2006; Cui & Weile, 2005; Salazar & Mora, 2011). In
a similar fashion, the device must also behave properly un-
der the effect of external electromagnetic fields. An alterna-
tive test that fulfills both requirements is to use electromag-
netic absorbers (EMAs). Recently, interest in this area has
increased significantly, due to the growing number of Wi-Fi
and Bluetooth capable devices. Another interesting area is
so-called EM invisibility at given frequencies, involving new
materials and combinations as well as different geometries
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Resumen

En el presente articulo se muestran algunos resultados re-
lacionados con el disefio 6ptimo de un absorbedor electro-
magnético multicapa dentro del rango de frecuencias 0,85
GHz a 5,4 GHz, correspondiente a las comunicaciones
inalambricas. Para este disefio, se utilizo el algoritmo me-
ta-heuristico de enjambre de particulas unificado (UPSO).
Sus resultados concuerdan bastante bien con los obtenidos
utilizando el algoritmo estandar de enjambre de particulas
(PSO) y el método deterministico de analisis de intervalos,
previamente reportados. Se destaca la notoria disminucioén
de tiempo de computacion, aunque persiste una reproduc-
ibilidad limitada de los resultados.

and textures. Conceptually, EMA are passive elements used
(ideally) to attenuate all incident energy. Among the com-
monest geometries, pyramidal, multilayered and different-
texture multilayered, are the most important (Chamaani,
Mirtaheri, Teshnehlab, & Shooredeli, 2007; Liu, Zhang, Gao,
Shen, & Shi, 2009; Michielssen, Sajer, Ranjithan, & Mittra,
1993). Optimum design of a device of this kind not only re-
quires it to function properly, but also to take into account
electromagnetic, economic and aesthetic variables. There-
fore, optimization has migrated from deterministic methods,
to evolutionary and metaheuristic ones, such as PSO. Asi
et al. designed a multilayer microwave broadband absorber
by using Central Force Optimization (another metaheuristic
technique, though deterministic in this case), finding that it
provided similar results to those achieved using other evolu-
tionary algorithms (M.J. & N.I., 2010).This article presents
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the design of a planar, three-layer, EMA for the range 0.85
GHz - 5.4 GHz, using Unified PSO (UPSO). The results are
compared with those previously reported in [3], using con-
ventional PSO and interval analysis.

FUNDAMENTALS

REFLECTION COEFFICIENT

An EMA is a passive device used to dissipate most of its inci-
dent energy. Its main performance parameter is the reflection
coefficient, I', which depends on the permeability (i) and the
permittivity (€) of the base materials, as well as their order.
A general scheme for a multilayer EMA, is shown in Fig.
1. Each of the N layers is built with a given material, with
specific dielectric properties, such as permittivity (¢,) and
permeability (p,). The final layer is assumed to be in direct
contact with a perfectly conducting wall. It is also assumed
that the incident wave is perpendicular to the material. For
some cases, this assumption is not too far from reality, e.g.
in a cavity inside a cell phone, where the material is placed
to keep electromagnetic waves, at a given frequency, from
entering or exiting the device.

Ei+

oA

H, € n t Z 1
2
Absorbers

N

Ideal conductor

Figure 1. Multilayer Absorber with N layers
Source. Authors

Beginning with the foundations of electromagnetism, the
reflection coefficient can be easily shown to be:
E eZyz

E

i

I'(z) = (1)

where E / E_is the relation between the reflected and incident
harmonic electric fields. The wave is assumed to be traveling
along the z-axis, being y the complex propagation constant.
The total impedance of the absorber Z(z), is defined as the
relation between its electric and magnetic fields. Considering
this, it can be established that:

I'z)= ——— (2)
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where 1 is the intrinsic impedance. On the other hand, start-
ing from the definition of a material’s total impedance, for
each one of the N layers, in a lossless medium, it can be
shown that (Bronwell, 1944):

. Z,  +jntan (B, t)) k<N

k 5

Z(Z) = N * JZk+1 tan (Bkt k) (3)
jnntan (BNt N) k=N

where ¢, is the thickness of the layer k, and n, is the imped-
ance of the wave at such a layer. The impedance of the last
material (from top to bottom), i.e. for k= N, shows it to be
close to a perfect conductor. f, is the phase constant of the
k-th layer; it is a function of the frequency, f, which can be
defined as:

B, = 2af Ve, (4)

Building from these concepts, the objective function, for
an optimum EMA, can be constructed. Since the reflection
coefficient is a direct indicator of efficiency, it is expected to
appear in the equation. The total field impedance Z(z) in (2)
transforms into the impedance of material 1, which is a func-
tion of the inner layers. The intrinsic impedance, n, is that of
air, which can be taken to represent the vacuum. Therefore,
the equation can be rewritten as:

Z(f) =1,
R(f) = m (5)

Given these conditions, it is established that the design re-
quires a previously defined frequency band. Thus, the objec-
tive function becomes (Chamaani et al., 2007; Cui & Weile,
2005):

F,, =20Log (max|R(f)|.f € DB (6)

where DB is the design band (i.e. the group of frequencies
between 0.85 GHz and 5.4 GHz). Since both the thickness
and electromagnetic properties of each layer are unknowns,
designing an N layer absorber requires 2N optimization pa-
rameters. This is, then, a non-linear multivariable optimiza-
tion, which simultaneously involves both continuous (e.g.
thickness and frequency) and discrete (e.g. type of material)
variables. The idea of using this objective function is to mini-
mize the reflection coefficient, thus designing a low weight
EMA, which absorbs the maximum amount of perpendicular
EM energy. The optimization strategy focuses on selecting
the best material from a previously constructed material data-
base. This database is populated with experimental data and
provides information on their dielectric properties.



PARTICLE SWARM OPTIMIZATION

This algorithm was created by Kennedy and Eberhart in
1995. Thousands of articles have described it, and hundreds
have proposed modifications, striving to adapt it to some
more complex optimization tasks. A brief description is pro-
vided here, focusing on the unified version. Beginning with
the traditional PSO:

Vo,=wsV +c *r #(P-X) +c,*r,(P,—X) 7)

X, =X+, ®

i+l

If an N-dimensional space is taken into account, then X is a
vector that describes the position of each particle, whereas V,
is their velocity. At each iteration, two values are calculated:
the particle’s best position (P,) and the swarm’s best posi-
tion (Pg). Finally, there are two positive constants, c,, and c,,
that are known as “acceleration coefficients”; w is the iner-
tia weight, and r,, and r, are uniformly distributed random
numbers between 0 and 1. In the unified version, the best
local and global information is used to modify the original
information, and a local and global velocity, L, G, appear,
which use the best position of the neighborhood and of the
swarm, P and P, respectively. This can be summarized as
(Parsopoulos & Vrahatis, 2007):

G =XV, tc xr *(P—X) *+c,*r, (Pg—X,-)) (9)

L=X(V, +c *r (P -X)+c, *r, (ngXi)) (10)
These directions are unified in a single equation:
U=u*xG+(l-u)xr *L (11)

The constriction factor, y, is introduced to limit the speed of
the particles, keeping the swarm from exploding. The unifica-
tion factor, u, restricts the local and global components, thus
enriching the search capabilities of the algorithm. Equation
(12) shows the new way of updating positions, which can be
seen to be similar to eq. (8), but with unified velocities (U,).

Xn =X+ Y, (12)

In order to consider restrictions, a penalty function was in-
cluded, which modified the objective function by a factor that
affected particles outside the feasible area. Thus, the problem
transforms into:

Fp(x) =f(x)+kz *H(x) (13)
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where f(x) is the objective function, and H(x) is the pen-
alty factor, which varies with the number of iterations, k. H(x)
is defined as:

Hx) = " (0(g,x) * g,(x) =) (14)
i=0
with g (x) = g (x) if it is less than zero, and g,(x) = 0 otherwise.
The parameters were defined as described in (Parsopoulos &
Vrahatis, 2007):

10, g, (x) <0.001
20, 0.001 <g (x)<0.1
0(g.(x)) = 15
G/ 100, 0.1<g x)=10 (15)
300, otherwise
. 1 g () <1
r(gi(x)) = { 2 otherwise (16)

r(g,(x)) is related to the penalty function, i.e. it applies a pen-
alty proportional to the restriction violation. In order for the
particles to remain within the search space, it was decided
that (Bronwell, 1944):

x —0d*rand *(x —x ), x>Xx
max 1 max min i max
x= < X +0.1 *rand, * (x,, —x, ),  xX>Xx . (17)
X, otherwise

i

wherex andx  define the search space. In a similar fash-
ion, the particles were initialized with a uniform random dis-
tribution in this region.

RESULTS AND ANALYSIS

DEFINITION OF THE OPERATING BAND

The absorber was composed of three layers. It was designed
to operate in the frequency range of wireless technologies
including mobile communications, Bluetooth (2.45 GHz),
Wi-Fi (2.45 GHz, 5GHz, 5.4GHz) and ZigBee (0.868 GHz,
0.915 GHz, 2.45 GHz).

UPSO IMPLEMENTATION

The thickness of each layer was defined to be in the range
0.1 mm - 2.0 mm, striving to limit the results to a viable so-
lution, since a thick layer is not practical owing to its cost,
weight and volume. A heterogeneous mixture of materials in
the materials database was defined, as shown in 11, where €
is the dielectric constant and p_is the relative permeability of
each material.
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Table 1. Materials database (Michielssen et al., 1993)

b. Lossy magnetic materials (ar =15)

3 5 10
4 3 15
5 7 12

c. Lossy dielectric materials (ur= 1)

e | | e
6 5 8
7 8 10
8 10 6

d. Relaxed magnetic materials (¢_= 15)
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analysis, a solution with a minimum of -21.4605 dB was
found, consisting of the same materials, and with thicknesses
of [0.5750, 0.6938], [1.8812, 2.0000] and [1.5250, 1.6438]
mm, respectively (Salazar & Mora, 2011).

Table 2. Possible designs

First Design Second Design Third Design
Material | Thickness | Material | Thickness | Material | Thickness
order [mm]
Layer 1 16 0.5998 16 0.6842 16 0.5845
Layer 2 3 2.0000 12 1.8003 5 1.7433
Layer 3 4 1.6268 4 1.6890 4 1.9588

Source. (Salazar & Mora, 2011)

1 3. summarizes some of the results achieved using UPSO,
maintaining the same experimental conditions as before, and
using a laptop with an Intel Core i7 processor @ 2.20 GHz,
8Gb of RAM and a 64 bit OS.

Table 3. Designs using UPSO

Refl.
Coefficient
[dB]

Time

[s]

Thickness
[mm]

Materials

Parameters
Order

16 0.599660
9 0.0224 0.2800 iti
Trai':g”a' 3 2.000000 -21,462635 | 451
10 0.0087 0.1750 4 1.626098
11 0.0300 0.3000 Unified PSO
12 0.0045 0.0900 —06 16 0.613476
i i 4 1.991670 -18.163137 251
13 0.0450 0.3000 ’ 9 0.796004
14 0.1875 0.7500 —07 16 0.598699
i Cos 3 1.999961 -21.462292 223
15 0.1200 0.6000 e 4 1.622685
16 0.3062 0.8750 16 0.601342
x=0.759
3 1.865641 -21.426355 391
=05 4 1.724035
The material for each layer was selected from the available ]
16. During the simulation, W was varied from 0.9 to 0.4. The 16 0.600361
constants ¢, c,, were equal and assumed to be 1.46. Speed X= 0'07 269 3 1.913168 -21.440808 2.74
o sie s . .. s . u=0.
was initialized in a similar way as position (i.e. randomly). 4 1.687851
The thickness search space was defined between [-0.0021
and 0.0021]. X=07 16 0.601696
P 3 1.996813 21461276 281
e 4 1.635630
FINAL DESIGN OF THE ABSORBER
It had previously been reported that the algorithm returned x=08 16 0.599916
. - . 3 1.999552 -21.462518  13.16
three possible designs for the absorber, when solved using u=05 2 1627319
PSO. These are summarized in 12. When using interval
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Figure 2. Absorber behavior in the frequency band

It is observed that the results match quite well with pre-
viously reported ones, but were obtained in a shorter time
(around 30% less) and with fewer iterations. Regarding the
algorithm parameters, the best results were obtained with
x = 0.8 and u = 0.5. Furthermore, good results repeatabil-
ity was observed for five consecutive iterations, even though
for every six runs one different result was returned. The be-
havior of the best design is summarized in 1. It is important
to remark that the horizontal line shown in the figure is the
simulation result. This is the optimum, since it has a lower
critical point (-21.4606dB), even though all were located in
the range [-21.5000 -20.9166]. The average run time was in
the order of 5 to 10 minutes, with a success rate of over 99%
for five consecutive runs.

CONCLUSIONS

The three-layer EMA showed good performance for the pre-
viously defined frequency band (0.85 GHz - 5.4 GHz). A cor-
rect selection of the most relevant parameters (e.g. swarm
size and boundary criteria) for the unified algorithm increas-
es the likelihood of achieving a correct answer with a mini-
mum number of runs. By comparing both methods, it can be
concluded that UPSO is better than the traditional method
(PSO), in terms of computation time. Another advantage is
that it can easily include more restrictions - for example eco-
nomic factors -, in order to find, for example, the lowest-cost
configuration.
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