l‘)

Check for
updates

Design of Performance Enhanced
Metamaterial-Enabled Absorber
for Low-Power 10T Networks

Kozhakhmet Abdugapbar, Kassen Dautov, Mohammad Hashmi,
and Galymzhan Nauryzbayev®)

School of Engineering and Digital Sciences, Nazarbayev University,
Astana 010000, Kazakhstan
{kozhakhmet .abdugapbar,kassen.dautov,mohammad.hashmi,
galymzhan.nauryzbayev }@nu.edu.kz

Abstract. A single-band metamaterial absorber (MTMA) for Internet-
of-Things (IoT) networks, working at 5.8 GHz, is presented. The pro-
posed unit cell with a size of 16 x 16 mm? has circular and square rings
designed on a Rogers RO4350B substrate with a thickness of 1.54 mm.
The material properties of the absorber are extracted and used to show
the double negative metamaterial behavior. The real and imaginary val-
ues of impedance demonstrate the matching of MTMA with the free
space. Furthermore, MTMAs with various configurations are designed
to validate the impact on the absorption level and operating frequency.
All array configurations exhibit nearly perfect, 99.9% absorbance. The
physical mechanism of MTMA is discussed using an electric field and
surface current distributions. The obtained results of the study reveal
that the proposed MTMA can be used to charge low-power IoT devices.

Keywords: Array * Electromagnetic waves - Internet-of-Things
(IoT) - Metamaterial absorber - Unit cell

1 Introduction

Recently, the Internet-of-Things (IoT) is a rapidly evolving technology that is
present in every part of industry and daily life. In general, these devices are
powered by batteries, which cause high maintenance costs due to the regular
replacement [1]. Since difficulties with a big size and weight are also present, an
alternative sustainable powering becomes a challenge [2, 3]. Radio frequency (RF)
energy harvesting (EH) is one of the viable solutions because of its availability
[4]. Numerous wireless technologies operate using electromagnetic (EM) waves
that can be transformed into useful energy. However, the RF power density is
low, between 0.2nW /cm?-1 pW /cm?, therefore, an efficient absorber is needed
for the EH purposes [5].
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Absorbers are introduced as a key enabling component of the EH-based sys-
tem that scavenges energy from the radio waves. There are several energy har-
vester types: the high-gain antenna, the dipole antenna, the graphene-based
and the metamaterial absorber (MTMA). Nowadays, MTMAs are considered
an effective absorber type and attract many researchers. MTMA has extraordi-
nary properties such as the beating diffraction limit, negative permeability (u)
and permittivity (¢) [6]. MTMA is a composite structure that has the potential
to reduce the incoming EM wave reflections and, therefore, provides a variety
of benefits over traditional absorbers in terms of effective size reduction, vast
flexibility, and low profile.

Recently, the work on MTMAs that have high absorption levels and different
operating frequencies has been reported. The design of absorbers is important
due to the impact on an absorption rate, and researchers presented various unit
cells (UCs) with patterns such as square, double, split rings, etc. For example,
single-band MTMA working at 2.4 GHz had a pattern with two circular rings,
the parameters of which were optimized to define the frequency and absorption
level [7]. Furthermore, UCs were combined into an array that led to an increased
absorption efficiency of 84.7%. Another single-band absorber was designed to
have 93% absorption at 2.45 GHz [8]. Alternatively, multi-band absorbers have
several resonance frequencies, which increase the amount of harvested energy.
One of the examples was dual-band MTMA working at 6.46 GHz and 7.68 GHz,
which showed 95% absorbance at both frequencies [9]. The design of UC was
done step-by-step, first obtaining two resonance frequencies and then increasing
the absorption rate by implementing another resonator. Furthermore, a triple-
band split ring resonator-based absorber operating at 4.19 GHz, 6.64 GHz and
9.95 GHz had an efficiency of 97.5%, 96.5% and 98.85% [10].

This paper proposes high-absorbance MTMA working at practical ISM
(industrial, scientific and medical) frequency bands used in WiFi and radio local
area networks. It should be noted that effective MTMA may result in efficient RF
EH and replace batteries of IoT devices. To achieve a high absorbance rate, the
proposed UC geometry was thoroughly analyzed. MTMA was investigated for
the presence of any metamaterial behavior and showed a double-negative nature.
Then, designed UC was used to construct MTMA with various array configura-
tions. The final absorbance rate of optimal array-type MTMA was 99.9%.

The remaining sections of this paper are organized as follows. Section. 2 dis-
cusses the step-by-step design of UC and its associated challenges. The meta-
material properties of proposed UC are extracted and discussed in Sect. 3. Fur-
thermore, developed MTMA using UCs is presented in Sect.4. The design of
MTMA and corresponding results are concluded in Sect. 5.

2 Unit Cell Design

The effectiveness of the absorber depends on the level of absorption, which is
calculated using reflected (S11) and forward transmission (Sa1) waves as

A(w) =1—Sa21] — [S11] - (1)
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Fig. 1. The proposed UC design.

The proposed design of UC has a copper layer at the bottom of a structure,
which reflects all coming waves to the incident port. As a sequence, this leads
to the zero transmittance and (1) becomes as follows

A(w) =1—[S1u]. (2)

The considered UC geometry was analyzed to identify the optimal param-
eters that result in superior performance. Designed UC consists of square and
circular rings with a line, as presented in Fig. 1. The structure of UC consists
of the dielectric material and the copper layers at the bottom and top. The
thickness of the copper layers are 0.035 mm, while the Rogers RO4350B with
dielectric constant 3.66 and loss tangent 0.0037, substrate’s height is 1.54 mm.
The parameters, which affect the performance, are the radius of the inner circu-
lar ring (r) with width (g) and the length of outer square ring (x) with width (¢).
Both the rectangular and circular rings have two slits with width (s) while the
line in the circular ring has width (v). All the discussed parameters are analyzed
to increase absorption at the intended working frequency of 5.8 GHz.

2.1 Performed Analysis

As previously discussed the parameters of UC play a major role in MTMA’s per-
formance. Changing the parameters of the proposed design affects the absorption
and resonance frequencies, simultaneously, and certain parameters with a higher
absorption may have different frequency than needed. The pattern of UC defines
the absorption rate and bandwidth. The design is developed step-by-step, adding
more complex elements. The initial design of UC consists of a square ring with
gaps, as presented in Fig. 2. This design results in a single resonance frequency
at a higher frequency with a low absorption rate. The second step is to add
another resonator, a circular ring inside of the square one, and this modification
shifted the operating frequency to 5.8 GHz. The reason of adding another res-
onator is that the first square is not enough to shift down the frequency further.
Additionally, the last design includes a line connecting two semicircles, which
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Fig. 2. The UC design steps.

significantly raises the absorption level. The performed analysis aims to find
the optimal values for the highest possible absorption rate while keeping the
resonance at 5.8 GHz.

The optimal UC design is obtained from completing the parametric analysis,
which is done by alternating g and ¢. Figure 3a presents the absorbance with
changing ¢t. When the width is 0.2 mm, it reaches the high absorption rate
and satisfies the needed frequency, while for higher values of ¢, there is a shift
of the resonance frequency. Furthermore, Fig. 3b shows the absorption ratio at
different values of g. It is observed that 0.4 mm width is perfect in terms of
both absorbance level and frequency. On the other hand, if the width grows, the
operating frequency will get higher than 5.8 GHz. From the performed analysis,
the most absorbance was obtained, when ¢ = 0.3 mm and ¢ = 0.2 mm. The UC,
with optimal parameters presented in Table 1, shows 94% absorbance as depicted
in Fig. 4.
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Table 1. The UC parameters.
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Fig. 4. The results for optimized UC.

3 Material Parameter Retrieval

For the further analysis of the MTMA behavior, the material properties (i.e., €,
1, impedance (z), refractive index (n)) of UC are extracted by using the retrieval
method [12]. The S1; and Sg; values are needed for obtaining the MTMA proper-
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Fig. 5. Metamaterial properties: (a) z; (b) n; (¢) ¢; (d) p.

ties. At the bottom layer, three holes were etched to allow waves to pass through
and obtain the So; values for the € and p calculations. These holes are small and
have no impact on the absorption or resonance frequency. The scattering param-

eters can be described by the equations below
R01 (1 _ e2'2nlcol)
T 1 R2emkol
(1 _ R31) ei2nk0l
1— R%1€i2nkol

Sll -

S21 =

3)
(4)

The method of the extracting metamaterial properties with S1; and So; val-
ues comes from inverting (3) and (4) and obtaining z and n.

(1+S1)° 83
(1—811)*—83,

n—=-—

1
kol

[([zn (emkt)]” + 2m7r) —i [[ln (einkol)]’ﬂ ,

()
(6)
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where kg is the wavenumber, [ is the length of UC and m is the branch of
periodicity. Relation of € and p to z and n by expressions below

=]

€= (7)
(8)

The functions of € and p are complex and need analysis to identify the metama-
terial nature of UC.

Figure 5 depicts the material properties calculated using (5)—(8) with the S1;
and So; values. The value of real impedance reaches 1 2 and the imaginary part
is close to 0 € at the resonance frequency, as shown in Fig. 5a, which indicates
the impedance matching between the absorber and free space [13]. Figure 5b
shows that the real part of the refractive index is negative at 5.8 GHz. The
positive impedance and the negative refractive index at the resonance frequency
represent the metamaterial behavior of UC.

The metamaterials are divided into four types depending on the values
of 1 and ¢ which determine the metamaterial behavior [14]. There are three
types of medium: double — positive medium, when both p and e are positive;
epsilon — negative medium, where only ¢ is negative, mu — negative medium,
where p is lower than zero; and double — negative medium, where both param-
eters are below zero. Figures 5¢ and 5d show that the real parts of y and € at
5.8 GHz are —10 and —8, respectively. The negative values of y and & define
the double-negative metamaterial property. Furthermore, the plots of refractive
index, permeability, and permittivity demonstrate an incline from positive to
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Fig. 7. (a) The electric field distribution; (b) The surface current of 1°° design; (c) The
surface current of 2" design; (d) The surface current of final design;

negative values at 5.8 GHz. It is worth noting that this phenomenon appears
with only artificial metamaterial devices. All these prove that proposed UC has
metamaterial properties.

4 Metamaterial-Based Absorber Development

The size of IoT devices is different, which varies from small-sized to huge sensors.
It is important to examine the impact of an array size on the frequency and
absorption, since the possibility to change the array size without a major shift
in the frequency and absorption loss, gives wider coverage area and, therefore,
more harvested energy. Designed UC is used to construct the arrays of 2 x 1,
2 x 2, and 3 x 3, as shown in the inset of Fig. 6.

It is imperative to note that all three array-based MTMAs demonstrated
99.9% absorption. The array size has a negligible impact on the frequency shift
and increases the absorption rate, making it nearly perfect. The slight changes
in the frequency may be caused by the mutual coupling between adjacent UCs.
The presented MTMA's efficiency is capable of powering small devices and sen-
sors. It is compact and can be attached to most small sensors and can be used
to cover large areas without a shift in the resonance frequency. The electric field
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Table 2. The UC parameters.

Ref UC size, mm? | Frequency, GHz | Absorbance, % | UC thickness, mm | Application

[7] 50 x 50 2.4 88.5 1 Radio wave absorber

[9] 35 x 35 6.46 / 7.68 95 1.6 Multi-functional sensors

[10] 14 x 14 4.19 / 6.64 97.5 / 96.5 1.6 Stealth technology, radar applications
9.95 98.85

[15] 20 x 20 2.25 99 0.5 EH

[16] 10 x 10 3.5 98.5 1.6 Radar cross section, antenna reduction

This work | 16 x 16 5.8 99.9 1.61 EH for IoT devices

distribution and the surface currents of MTMA at 5.8 GHz are analyzed and
presented in Fig. 7 to observe the physical characteristics. The electric field dis-
tribution is mainly concentrated near the gaps of a square ring. Therefore, the
gaps in UC design are important for contributing to greater absorption. The first
design of UC has surface current around the square resonator. When the second
resonator is added, the surface current is present near the inner circle. In Fig
7d, where the current density of the final UC design is depicted, the surface cur-
rent distribution is dense around the inner circle and line, increasing absorption
rate. Table 2 shows the comparison of the previous work with proposed MTMA.
Although the absorber with 10 x 10 mm? has a smaller area, the absorbance
level is lower compared to [16]. It can be referred that the absorbance rate of
this work is higher and the UC size is smaller. These features make the proposed
design an effective EH method for low-power IoT networks.

5 Conclusion

Single-band MTMA for RF EH has been designed and analyzed in this paper.
MTMAs with different configurations, constructed from proposed UCs, show a
high absorption of 99.9% at 5.8 GHz. From the analysis of metamaterial behavior,
MTMA has double-negative medium characteristics. The metamaterial proper-
ties and insensitivity of frequency to the array configurations make proposed
MTMA suitable for EH to power IoT devices. The number of UCs may be set
to any necessary value and used to cover different surface areas.
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