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Many studies have strongly pointed to the importance of harvesting energy from electromagnetic waves
to supply power to sensor networks. Many of these studies, however, have failed either due to the high
costs or to difficulties in manufacturing. The aim of this study is to present a very simple metamaterial to
harvest energy from microwaves. This structure can absorb energy microwave band with an absorption
ratio above 90% by using 400 ohm lumped resistance. The results show a 3.8 GHz perfect absorption band
over 90%, and 6.8 GHz absorption band at HPBW Power Beam Width.
© 2018 The Author. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Monitoring environments with hazardous effects on humans or
organisms is one of the most important applications of wireless
sensors (Priya and Inman, 2009; Somov et al., 2011). They offer dis-
tinct advantages over wire-based systems including not needing to
be directly connected to a power source (Priya and Inman, 2009),
lower maintenance costs (Somov et al., 2011), being less subject
to sudden power outages, requiring less time to deploy and being
at lower risk of metal corrosion (Somov et al., 2011). Previously,
many applications of Wireless Sensor Network technology (WNS)
required real-time data processing entailing a matrix of sensors
with a power supply and connected by wire to monitoring systems
(Zhou et al., 2009; Kumar et al., 2009). In recent years, WSNs have
been increasingly widely deployed in challenging environments
(Yoon et al., 2012; Li et al., 2006), such as forest fires, replacing
expensive alternatives such as satellite and aircraft-based observa-
tions (Kumar et al., 2009); and monitoring traffic congestion (Yoon
et al.,, 2012). One key limitation of WSN technology at the moment,
however, is the life cycle of their batteries and the associated need
for battery. One solution to this problem is to harvest energy from
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the sensors’ external environment such as through Solar Energy
Harvesting (SEH) based on photovoltaic cells (Jayarama Reddy,
2012) and through Piezoelectric Energy Harvesting (PEH), which
harvests energy from ambient vibrations in the environment. This
technology is rapidly becoming a widespread means of energy pro-
duction but it is clearly inappropriate for applications that do not
have access to solar energy, for example in the case of fires where
smoke prevents them from converting energy. (Erturk and Inman,
2011). Wind Energy Harvesting (WEH) is another important means
of producing large amounts of power; indeed, some European
countries rely heavily on WEH for their energy needs (Park et al.,
2012; Wagner and Mathur, 2012). Finally, Radio Frequency Energy
Harvesting (RFEH), in recent years a group of scientists has been
able to develop a technology that converts Radio Frequency (RF)
energy into electrical energy for home applications, and this tech-
nique of Radio Frequency Energy Harvesting (RFEH) can be applied
to the remote charging of a network sensor (Smith, 2011; Smith,
2013). RFEH consists of a transmitter set to send wireless energy,
a receiver set to collect energy from radio waves and the channel
(Smith, 2013). It is imperative to take note that, according to first
condition of equilibrium, measuring the energy collected on the
receiving side, even in its best condition, is not equal to the amount
of power sent by the source (Smith, 2011; Smith, 2013).

In the last ten years of the last century, however, a new tech-
nique was pioneered, namely metamaterials. Smith et al. have dis-
cussed how many synthetic materials manufactured by man show
remarkable and interesting characteristics that cannot be found
independently in nature. (Smith et al, 2011) These materials
designed by humans have become known as “metamaterials”
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(Shelby et al.,, 2001). Often, their composition and properties
depend on the periodic arrangement of cell structures and unit
wavelength subsystems (as metallized layers) (Smith et al., 2011;
Shelby et al., 2001). Through the careful design of: the engineering
design of the structure, tuning the volume accordance with the res-
onance frequency, the nature of the materials used (Smith et al.,
2011; Parazzoli et al., 2003; Schurig et al., 2006). Additionally, in
the last ten years, metamaterials that are able to absorb electro-
magnetic radiation with a high degree of efficiency have been pre-
sented by Landy et al. (2008) The most encouraging utilization of
metamaterial-based absorbers, however, is the microwave band.
Compared to earlier electromagnetic energy harvesters (Dincer,
2015; Gunduz and Sabah, 2016), metamaterial absorbers have
valuable properties: in particular near unity absorption (Landy
et al., 2008; Al-Badri et al., 2017; Al-Badri and Ekmekgci, 2016), a
broad bandwidth (Al-Badri and Ekmekci, 2016) and polarization
insensitivity (Dincer, 2015). These perfect metamaterial micro-
wave absorbers are highly promising in many applications such
as sensors (Al-Badri et al.,, 2017; Al-Badri and Ekmekgi, 2016),
power energy harvesting (Dincer, 2015; Gunduz and Sabah,
2016), modulate (Al-Badri et al., 2017), and electromagnetic-
induced transparency (Nakanishi and Kitano, 2015).

In this work, a metamaterial with a very simple structure is
simulated with just one spiral ring and lumped resistance. This
structure can be harvest energy for the 4 GHz microwave band
with an absorption ratio above 90%. The overall structure without
lumped resistance provides four absorption peaks: 79%, 99%, 88%,
and 92% of absorption level at resonance frequencies 13.58 GHz,
14.82 GHz, 16.65GHz and 18.44 GHz respectively. Adding
400 ohm lumped resistance enhances the absorption response,
however. The results show a 3.47 GHz perfect absorption band
over 90%, and a 6.8 GHz absorption band at HPBW (Half Power
Beam Width).

2. Design

Fig. 1 shows the proposed unit cell structure and characteristic
dimensions, and the dimension parameters are also set out in
tabular form in Table 1. The proposed unit cell is based on a loaded
spiral ring with two turns that work as a broadband absorber at the
microwave frequency band. It consists of three layers. The top layer
is a square spiral metallic ring, while under the top layer sits a
2.5 mm FR4 dielectric substrate (“FR” stands for Flame Retardant).
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Fig. 1. Top view of the proposed unit cell with geometric labels.

Table 1
Dimension values of proposed structure.
Parameter Value (mm)
Lx 11
Ly 11
11 5
2 7
g 0.5
d 1
w 0.5

Unit cell

Fig. 2. Simulation Setup.

The value of the dielectric constant is €. = 5 and the value of loss
tangent is tand = 0.04.

The bottom layer is a copper mirror. The copper was initially
chosen to have a thickness of 35 um with a metallic electric con-
ductivity 5.8 x 10’ S/m. In order to attain perfect wide-band
absorption, however, this simple unit cell structure was simulated
under a frequency domain setup in a commercial CST (Computer
Simulation Technology) microwave studio (https://www.cst.
com/,0000). The above parameters were derived from the follow-
ing general assumptions: that a periodic boundary condition is
applied along the x and y directions. Additionally, the propagation
of electromagnetic force is in the negative direction on the z axis
(see Fig. 2). On the other hand, the directions of the electric field
(E), and the magnetic field (H) are applied in the positive direction
on the y axis and the positive direction on the x axis, respectively.

The absorption spectrum can be found from the reflection and
transmission coefficients, represented, respectively, by the scatter-
ing parameters S;;, and Sy;, which are simulated by CST. The
absorption level is therefore calculated by Eq. (1) (Landy et al,,
2008; Al-Badri et al., 2017; Al-Badri and Ekmekgci, 2016).

A=1—Sy]* = |Su|? (1)

The use of the ground plane in layer three will prevent all trans-
mission waves, i.e. the scattering parameter S, is zero.

3. Results

Fig. 3 shows the reflection and transmission coefficient when
R =400 ohm the magnitudes of transmission wave through the
structure is 0. Therefore the absorption magnitude calculated from
reflection coefficient only. Fig. 4 illustrates the simulated absorp-
tion spectra and their different resistance values. The results show
that when R = 0 ohm (i.e. without lumped resistance) the proposed
structure provides four absorption peaks at 79%, 99%, 88%, and
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Fig. 3. reflection, transmission coefficient and absorption spectrum.
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Fig. 4. The relationship between the absorption levels spectra and changes in lumped resistance.

92% of a perfect absorption level at resonance frequencies
13.58 GHz, 14.82 GHz, 16.65 GHz and 18.44 GHz, respectively.
Increasing R, however, results in an increase in the absorption
level. The optimum R value is at 400 ohm, where absorption is at
near unity level between 13.4 GHz and 16.87 GHz.

On the other hand, when the width of the metallic ring was
changed in 0.2 mm steps, the absorption spectrum remains high
but the band decreases with increasing w. Additionally, for the
w = 0.5 mm, the EM is nearly fully absorbed from 13.4 GHz and
16.87 GHz (see the blue curve in Fig. 5.).

Absorption

—w=0.3 mm
—w=0.5 mm
—w=0.7 mm
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Fig. 5. The relationship between the absorption levels spectra and the change in the width of the metallic ring (w).
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Fig. 6. Effect on the absorption spectrum of a change in the dielectric constant.

The dielectric constant of the FR4 substrate was then examined
with a step change 0.5 Fig. 6. It was found that as the permittivity
was increased from 3.5 the absorption level increased, with a blue
shift in frequency, although the band width decreased at the same
time.

For a better understanding of the reason behind the improve-
ment in the absorption characteristics when the lumped resistance

was increased, numerical simulations of the distribution of the
electric field were conducted, using the resonance frequencies of
13.6 GHz, 14.192 GHz and 15.704 GHz, as in Fig. 7 (a, b, and c,
respectively). This reveals a strong electric field distributed around
the lumped resistance elements because the energy is consumed
by the resistance elements (Li et al., 2016; Shi et al., 2016). This
demonstrates that the lumped resistance enhances the absorption
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Fig. 7. Electric field distributions (a) 13.6 GHz, (b) 14.8 GHz, (c) 16.5 GHz, and (d) 18.3.



K.S.L. Al-badri/Journal of King Saud University - Science 32 (2020) 501-506 505

Ix. Horn Ant.

Coaxial Rx. Horn
Cable Ant.

Wedge-Tapered

.»\b\orb\

a=F

HP-8757C VNA
vector network analyzer

(@)

Fig. 8. (a) Experimental set-up (b) Fabricated sample.

level and bandwidth, and that this outcome is a good candidate for
the realization of broadband absorbers (Li et al., 2016; Shi et al.,
2016).

4. Fabrication and measurement

20 x 20 unit cells were fabricated for verification of the exper-
imental results, based on the simulated dimensions of the spiral
metamaterial absorber. The proposed absorber was fabricated on
one side of an FR-4 dielectric substrate using a printed circuit
board (PCB) technique, with a relative dielectric constant ¢, = 4.5,
tangential losses 0.04, and substrate thickness h=2.5 mm. The
measurement of the prototype was performed in a microwave
anechoic chamber as suggested in (Ayop et al., 2014; Sood and
Tripathi, 2016; Kollatou et al., 2013). The measurement was
accomplished by using two horn antennas. A 5° separation angle
was chosen between the EMW transmitter and EMW receiver.
The first horn antenna connected to the port-1 of a HP-8757C
VNA vector network analyser through a coaxial cable with low-
loss and the second horn was connected to port-2 in order to
receive the reflected wave, as shown in Fig. 8. In order prevent near
field effects between the transmitter and the receiver, the distance
between the two horn antennas was set at 10 cm and the angle
between them at 5° In addition, the distance between the

D00 OOm

proposed absorber and horns was set at 45 cm. For the same rea-
sons pyramidal absorbers were used between the horn antennas
and around the prototype absorber to eliminate electromagnetic
interference from the surrounding environment and antennas.

Fig. 9 presents a comparison between the simulated and the
measured absorption spectrum results, showing that the measured
results are almost the same as the simulated ones except for a
slight blue shift in frequency. In measurement, the perfect absor-
bance band (absorption above 90%) is lower than absorption band
in simulation, while the absorption band at HPBW is close to the
simulated one. The lower measured band could be due to scatter-
ing from the structure and mutual coupling between both horn
antennas (Ayop et al.,, 2014; Sood and Tripathi, 2016; Kollatou
et al., 2013). The frequency shift occurs due to the resistance ohmic
tolerance, prototype fabrication tolerance, calibration setup, and
the dielectric dispersion of the substrate (Ayop et al., 2014; Lee
et al., 2016; Bagmanci et al., 2018).

The proposed absorber can therefore be said to have given good
results compared with other broadband metamaterial absorbers
previously reported in the literature, as summarized in Table 2.
Because of use only one resistance based on one layer structure.
Additionally, this structure is a good solution for power harvesting
due to significantly improved absorption band width and its use of
lumped resistance.
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Fig. 9. Comparison between simulated and measured absorption spectra.
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Proposed structure compared with previous works.

Refs. Centre frequency Unit cell size Thickness Absorption Bandwidth GHz No. of lumped No. of layers
(GHz) (mm) (mm) level resistances
Ghosh et al. (2014) 10.38 10 1 >90 0.68 0 1
Bhattacharyya et al. (2013) 5.15 10 1 >90 0.42 0 1
Alavikia et al. (2015) 5.55 18.5 0.79 >90 0.12 0 1
Dincer et al. (2015) 5.48 44 1.5 >90 0.23 0 1
Sood and Tripathi (2016) 11.26 4.4 1.6 >90 3.8 0 1
El Badawe and Ramahi (2018) 2.72 7 2.5 >90 0.13 1 1
Karaaslan et al. (2017) 7.5 37 4.8 >90 NA 6 3
Erkmen et al. (2018) 245 57.5 6.524 >90 NA 1 2
Bagmanci et al. (2018) 6.2 12 3.25 >90 43 8 1
Karaaslan et al. (2018) 5 160 6 >90 3.7 16 1
Shi et al. (2017) 227 400 0.8 >90 24 30 1
Proposed structure 15 11 25 >90 3.5+03 1 1

5. Conclusion

The wide absorption band and perfect absorption achieved in
the present work demonstrates that energy harvesting based on
a metamaterial with lumped resistance is a good technology to
supply power to sensor networks.
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