
Chapter 3
Broadband Absorption of Microwaves
in Periodic Cylindrical Structures

Lilit Gevorgyan, Henrik A. Parsamyan, and Hovhannes Haroyan

Abstract The absorption efficiency of a subwavelength conductive wire can be
essentially increased in the broad microwave spectrum from 4 to 12GHz by the
appropriate choice of the radius and height of a wire. Such functional dependence
ensuresmatchingbetween the configuration and the incident field oriented by thewire
axis. Theoretical results obtained within the limits of electrostatic approximation and
numerical calculations reveal that the absorption cross-section of a wire can exceed
the geometrical one by about 10 times, whereas the scattering efficiency is negligibly
small. Such properties allow one to achieve relatively high absorption of the incident
wave by a system consisting of the wires periodically distributed on a flat surface.

3.1 Introduction

For many years, electromagnetic absorbers have been widely used in the field of
electromagnetic compatibility, sensors, bolometers, solar energy harvesting, heat
emitters and new passive cooling technologies [1–3]. Effective materials that shield
and absorbmicrowave radiation, particularly in the 2−18GHz radar frequency range,
are required for different defense and aerospace applications, for example creation
of “stealth” aircraft [4, 5] camouflaging military ground devices and units from radar
surveillance, and the design of anechoic chambers. In this context, the research and
development of radio-absorbing materials have become essential.

In order to control electromagnetic waves to eliminate interference between dif-
ferent devices in a wide frequency band from RF to millimeter-wave spectrum,
high-efficiency electromagnetic wave absorbers are required. This has an important
role in future 5G wireless networks [6].
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As wireless communication technology is advancing, electronic equipment
becomes widely used in many fields, thus leading to an increase in electromagnetic
pollution [7]. In this regard, microwave absorbers effectively absorb electromagnetic
waves, lowering the effects of electromagnetic pollution.

Commonly, the absorbing principles in absorbent materials are mainly linked to
the dielectric loss or the magnetic loss. Nevertheless, because of the impedance mis-
matching at broad frequency ranges, these absorbers hardly achieve ultra-wideband
absorption [8, 9].

Many absorbers have been developed, however themain drawbacks include thick-
ness and difficulty of broadband impedancematching to free space. An ideal absorber
should enjoy the benefits of a lightweight, low thickness, cost-effectiveness, wide
bandwidth and good processability. The operating bandwidth is one of the most chal-
lenging problems, because different applications mostly demand wide-bandwidth
absorbers. Multilayer structures and lossy materials with a tapered shape are com-
monly used to obtain wider operating bandwidths. However, this may result in a bulk
volume and high cost [4, 10].

Many attempts have focused on developing metamaterial/metasurface-based
absorbers from the microwave band to optical band. Limited by the resonance prop-
erty, the operating bandwidth of the perfect metamaterial absorber (PMA) is usually
narrow. In microwave band PMAs [11], typically comprised of dielectric thin-films
sandwiched by a metallic split-ring resonator and cutting wire, can show near 100%
absorbance at the resonant frequency, but they generally exhibit a narrow absorption
bandwidth.

In recent years, all-dielectric metamaterial absorbers, composed of traditional
microwave absorbing materials have shown their unique potential in improving
impedance matching in a wide frequency band. One can achieve impedance match-
ing with the surrounding by varying specific structures in these absorbers. Other-
wise, material properties such as plasma frequency can be modified according to the
targeted operating frequency. It is challenging to improve the absorbance and the
bandwidth simultaneously because of the fundamental trade-off between the oper-
ational bandwidth and the attainable absorption. Therefore, most of the broadband
perfect absorption structures are based on near to 90% absorption, and by trying to
obtain higher absorbance, the bandwidth will drop dramatically. Consequently, fur-
ther research is needed for obtaining the broadband absorption structure with higher
absorbance.

3.2 Theory

Let ε1 be the dielectric permittivity of the medium of a prolate spheroid with semi-
axes a, b and c (so that a > b = c) placed in the environment with a real dielectric
constant ε2. Within the limits of electrostatic approximation (the dimensions of the
spheroid are much smaller than the incident wavelength in the surrounding), the total
dipole moment of the prolate spheroid is determined by the relation [12]:
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In the investigated case, when b � a, we have [13]:

n(x) ≈ b2

a2
ln

2a

2.7b
. (3.3)

Henceforth, we will assume that the medium of the spheroid is a lossy material
with the complex dielectric permittivity ε1 = ε1r + i · ε1i . Within the range of elec-
trostatic approximation, the absorption and scattering cross-sections of the prolate
spheroid are as follows:
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Here

ηr = (ε1r − ε2)
b2

a2
ln

2a

2.7b
, ηi = ε1i
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and λ is the wavelength in the surrounding medium.
In order to quantitatively describe the absorption and scattering properties of

the investigated configuration, we employ the absorption and scattering efficiency
factors:

Qabs = σabs

S
and Qscat = σscat

S
. (3.7)

We consider the case when λ � a � b. Therefore under specific conditions (the
real and imaginary parts of dielectric constant of wires materials are the same order
∼103 for the fixed geometry: r = 20µm, L = 5mm within considered frequency
range (4−12GHz)), the scattering efficiency is negligible compared to the absorp-
tion.
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3.3 Results and Discussion

Full-wave numerical analysis based on the finite element method (FEM) was con-
ducted to reveal the dependence of the absorption properties of the geometrical
parameters. To simplify the simulated geometry, prevent simulation model from
memory overflow due to the high density of the meshes in narrow regions, the pro-
late spheroid was replaced by an equivalent cylindrical wire having radius r=b and
height L = 2a, schematically illustrated in Fig. 3.1a. The wire is illuminated by ax-
polarized plane wave propagating along the y-axis. Within all simulations, we will
assume that the wire height L = 5mm.

Fig. 3.1 a Schematic sketch of the prolate spheroid and the equivalent wire and b absorption
efficiency spectra of the prolate spheroid obtained according to Eqs. (3.4) and (3.7) (solid line) and
simulated (symbol). The sizes of the wire are for r = 20µm, L = 5mm, wire dielectric constant
ε1 = ε1r + i · ε1i = 1000 + i · 3500. The surrounding medium is air with ε2 = 1

Figure3.1b shows the theoretical (lines) and simulated (symbols) efficiency factor
of the absorption for r = 20µm, L = 5mm, wire material dielectric constant is
ε1 = ε1r + i · ε1i = 1000 + i · 3500, which can be obtained by composite materials
like graphite mixtures. The surrounding medium is air with ε2 = 1. One sees that the
theoretical results of the absorption efficiency for a prolate spheroid and simulations
for an equivalent wire are rather in good agreement. Both numerical and theoretical
analyses show that the absorption efficiency of the structures linearly depends on
the frequency and increases for higher frequencies reaching to about 13 (Fig. 3.1b).
However, the small mismatch of the numerical and theoretical results appearing at
higher frequencies is the result of neglecting the quadrupole effects in the theoretical
analysis.

To realize the absorption metasurface the periodical structure of appropriate dis-
tributed rods (wires) can be used. In this case, a trade off rod spacing should be chosen
to minimize interaction, thereby reducing incident wave reflections without a large
transition coefficient. In Fig. 3.2 is shown the geometry of the simulation, consisting
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Fig. 3.2 Modeling geometry for one layer

Fig. 3.3 Dependency of the reflection (asterisk), absorption (circle) and transmission (diamond)
coefficients from the imaginary part of the dielectric permittivity, consisting of one layer of infinite
rods, with parameters r = 20µm, εr = 1000, f = 11GHz. The distance between the two elements
were a 1mm and b 2mm

of one layer of periodically distributed rods at distance of 1000µm from each other.
The grey rectangle illustrates the simulation domain composed of orderly arranged
cylinders placed in free space. The incident plane wave is excited and received using
the port boundary condition (Port1 and Port2, respectively). Arrows show the prop-
agation direction of the incident electromagnetic waves.

Figure3.3 shows the change in the coefficients of reflection (asterisk), absorption
(circle) and transmission (diamond) (respectively R, A and T ) as a function of the
imaginary part of dielectric constant of the rods with parameters ε1r = 1000, r =
20µm, L = 5mm, f = 11GHz with a distance between the two elements of 1mm
(Fig. 3.3a), and 2mm (Fig. 3.3b). The absorption coefficient is calculated using the
following expression A = 1 − R2 − T2, where R = |S11|2 and T = |S21|2 are the
reflection coefficient and the transmission coefficients, respectively. It is seen that
the distance between the elements affects the reflection and absorption coefficient of
the absorber: in the case of 1mm A ∼ 0.48, R ∼ 0.16, T ∼ 0.36, and in the case of
2mm, A ∼ 0.41, R ∼ 0.07, T ∼ 0.52.

It should be noted that the weak dependence of A, R, T parameters on the imagi-
nary part of the dielectric constant of awire enables do not to have precision quantities
of the mixture components of graphite mixture which makes easier the fabrication
of such structures.
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Fig. 3.4 Modeling geometry for five layers

Fig. 3.5 Dependency of the reflection (asterisk), absorption (circle) and transmission (diamond)
coefficients from the imaginary part of the dielectric permittivity of the absorber layers, the distance
between the two elements of the layers were 1mm. The distance between the layers were 1mm
(a), and 2mm (b)

The efficiency of the absorption can be increased by creating an absorbing system
consisting of multiple layers of such wires (Fig. 3.4).

The improvement of absorption feature of multilayer structure is clearly seen in
Fig. 3.5. The dependence of the reflection (asterisk), absorption (circle) and transmis-
sion (diamond) coefficients on the imaginary part of the dielectric permittivity of the
absorber wire, in the case of a five-layer structure presented in Fig. 3.5. The distance
between two elements in one layer were 2mm, r = 20µm, εr = 1000, f = 11GHz
a the distance between the layers 1mm, b distance between layers 2mm.

Further improvement of absorption can be reached by optimizing the distance
between twonearby layers. Tofind the optimal distance between the layers, numerical
analyses were carried out at different distances between the layers.

Figure3.6 shows that increasing the distance between layers respectively increases
the absorption coefficient and decreases the reflectance. However, at some point (in
our case, from a distance of 10mm), the absorption coefficient decreases.

To describe the dependency of absorption on the number of layers, the simulations
were carried out by regularly adding the layers. Figure3.7 shows that an increase in
the number of layers leads to an increase in the absorption coefficient, but at some
point (in our case from the 9th layer) the absorption coefficient becomes almost
constant.
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Fig. 3.6 Dependency of the reflection and absorption coefficients from the distance between the
layers of a five-layer system

Fig. 3.7 Dependency of the absorption coefficient on the number of layers

As shown in Fig. 3.7, there is a significant increase in absorptance (0.85 andmore)
in the number of layers up to 5−7, after which the growth rate decreases sharply.
This suggests that in practice, it is possible to not use too many layers, especially
since an increase in the number of layers leads to an increase in the total thickness
of the absorber. For example, in the case of having 5 layers, if the distance between
the layers is 2mm, the thickness of the system will be 1 cm, which, for example, at
an operating frequency of 10GHz is three times less than the wavelength.

The proposed structure is polarization-sensitive and it can absorb only linearly
polarized incident field parallel to wires. This issue can be solved in a multilayer
system by applying additional through one layers perpendicular to the initial ones.

Thus, depending on the formulation of the problem, it is possible to achieve
different rates of absorption depending on the dielectric permittivity of the rods,
their radius, the distance between them, and the distance between the layers.
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3.4 Conclusion

Conductive subwavelength wires oriented to the polarization of the incident wave
can serve as an effective basic element of broadband absorbers in the 4−12GHz
microwave range. The absorption capacity of such absorbing rods can be signifi-
cantly increased due to the correct choice of the geometrical and electrodynamics
parameters of the structure. To obtain absorbing metasurfaces, periodic systems of
absorber rods canbe used,withwhich it is possible to provide surfaceswith an absorp-
tion coefficient near 0.9. In particular, the results of numerical calculations show that
the corresponding periodic arrangement of rods with a radius of r = 20µm, length
L = 5mm, ε1 = 1000 + i · 3500 can lead to broadband absorption of the order of
0.9, which is nearly uniform in a broad spectrum from 4 to 12GHz.
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