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ABSTRACT Radio frequency energy harvesting has attracted considerable interest as a technique of
enabling self-powered wireless networks. This technique faces several challenges, such as the receiving and
the rectifying modules of a rectenna system. Multiband antennas provide several comparative advantages
against the goal of maximizing the amount of energy harvesting. In this work, we present a multiband
microstrip patch antenna with three slits operating in the LoRaWAN (Long Range Wide Area Network)
and the cellular (GSM-1800 and UMTS) communication frequency bands. A feasible solution of the
antenna is obtained by the application of a recently introduced nature-inspired optimization technique,
namely the Coyote Optimization Algorithm. The proposed antenna operates satisfactorily in the LoRaWAN
(Long Range Wide Area Network) and the cellular (GSM-1800 and UMTS) communication frequency
bands. Measured results of the proposed antenna exhibit an acceptable performance (multiband frequency
operation, maximum gain of 3.94 dBi, broadside operation) and demonstrate features of operation, which
make it a strong candidate for various RF energy harvesting applications.

INDEX TERMS Microstrip line, multiband antenna, optimization method, patch antenna, radio frequency
energy harvesting.

I. INTRODUCTION

NERGY Harvesting (EH) is one of the most promis-

ing techniques for self-powered systems that require
small amounts of energy to operate [1]. As an alterna-
tive technique, it is expected to bring several changes in
legacy wireless networking [2], such as wireless sensor
networks, which are dominated through their deployments
in the Internet of Things (IoT) and Cyber-Physical Systems
(CPS) [3], [4]. Radio Frequency EH can play a pivotal role
in next-generation wireless networks [S] or environmental
wireless sensor networks [6], since the primary characteristic

of these networks is ultra-low power consumption. The
availability of power transmission on a 24-hour basis and
the spatial coverage of transmitted power from ambient
sources mostly in urban areas are two of the main com-
parative characteristics of RF EH against other popular
EH techniques (solar, piezoelectric, thermal, etc.) [7], [8].
Therefore, RF EH from ambient and dedicated sources is
an attractive choice in wireless power transfer (WPT) with
considerable benefits in usability, design, availability, and
reliability [8], [9]. A typical RF EH system consists of a
rectenna (antenna + rectifier), which is the combination of
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an antenna, an impedance matching network, and a rectifying
circuit [10].

Microstrip patch antenna is an attractive design approach
that offers several advantages in RF energy harvesting
systems [11], [12]. These include, among others, the rel-
atively small physical dimensions of the antenna compared
to the wavelength of the desired frequency, the medium
complexity in the design, the low cost, and the ease of fab-
rication [4], [13], [14]. The characteristics and the overall
performance (by the key performance numbers of reflec-
tion coefficient, bandwidth, and gain) are also important
features of the antenna design for RF energy harvesting
applications [15], [16].

Meta-heuristics are one of the two classes of stochas-
tic algorithms (the other one is heuristics) that are utilized
to provide solutions in sophisticated optimization prob-
lems [17]. Generally speaking, they usually perform better
than the heuristic algorithms, because they apply certain
trade-off between randomization and local search mecha-
nisms [18]. Meta-heuristic algorithms can be divided into
two main categories: nature-inspired [19] and human-based
algorithms [20].

Nature-inspired algorithms can be further split into evo-
lutionary [21], swarm-intelligence [22], [23], and physics-
based algorithms [24]. Among the most widely-known
meta-heuristic algorithms are included the Genetic Algorithm
(GA) [25], the Particle Swarm Optimization (PSO) [26],
[27], the Biogeography-Based Optimization (BBO) [28],
the Simulated Annealing (SA) [29], the Teaching Learning
Based Optimization [30], and the Grey Wolf Optimizer [22].
Coyote Optimization (CO) is a newly introduced meta-
heuristic algorithm that describes the social behavior within
the packs of Canis latrans, or the so-called coyote or
brush wolf [31]. It is a population-based and nature-inspired
algorithm.

In this work, we present a feasible solution of a multi-
band patch antenna with three slits that operates within the
European LoRaWAN (Long Range Wide Area Network), as
well as the GSM-1800 and UMTS cellular communication
frequency bands. This solution is obtained by combining a
recently introduced nature-inspired meta-heuristic algorithm,
namely the Coyote Optimization Algorithm, and a power-
ful high-frequency electromagnetic solver. To the best of
the authors’ knowledge, this is the first time that the CO
algorithm is utilized to handle an electromagnetic problem.
The proposed antenna is fabricated and experimentally eval-
uated. It demonstrates features of operation, which make it a
promising candidate for RF energy harvesting applications.

The rest of this work is structured as follows. Section II
outlines the related work in this research topic. Section III
briefly describes the Coyote Optimization Algorithm and
its mechanisms to provide solutions to an optimization
problem, as well as evaluates its performance against other
popular nature-inspired algorithms. Section IV analyses the
optimization method applied to obtain a feasible solution for
the geometry of the proposed antenna. Section V presents
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in detail the obtained results of the fabricated antenna and
performs a comparison of its characteristics against related
published work. Finally, Section VI concludes our findings
of this work and gives some future directions.

Il. RELATED WORK

A multiband receiving module (antenna) in a rectenna system
provides a comparative advantage against an antenna oper-
ating in a single band, i.e., the capability to harvest higher
values of electromagnetic radiation [15]. However, the choice
of a multiband antenna in an RF harvesting system draws
and some disadvantages, such as the increased complexity
of the system, but mostly, the difficulty of the matching
network to operate sufficiently at different frequency bands.
Multiband antennas for RF energy harvesting applications
have been extensively studied in the literature. Several types
of antennas with low, medium, and high complexity have
been tested and evaluated as RF energy harvesting modules
in rectenna systems.

These include monopole [32], [33], [34], [35], dipole [36],
[37], [38], [39], bow-tie [40], log-periodic [41], and yagi-
UDA [42] antennas, as RF EH receiving modules with low
complexity; multi-slot [43], [44], inverted-F [45], spiral [46],
and patch [47], [48], [49] antennas with medium complexity;
fractal [50], [51] and reconfigurable [52] antennas, as RF
EH modules with high complexity. Moreover, sophisticated
complex systems [53], [54], [55], [56], [57] operating as
RF energy harvesters in multi-frequency bands have also
been reported in the literature. Finally, the type of antenna
arrays [58], [59], [60] have also been successfully evaluated
as multiband RF EH systems.

lll. CO ALGORITHM

A. ALGORITHM DESCRIPTION

The population-based and nature-inspired algorithm denoted
Coyote Optimization Algorithm (COA) was proposed by [31]
and the social relations inside the packs of the Canis latrans
has served as inspiration. The first step of the algorithm
is the definition of the initial population of coyotes, which
implies on N, € N* packs with N. € N* coyotes each. The
initial packs’ division is randomly selected. The decision
variables are referred as “social condition”, and the values
of the ¢ coyote of the p™ pack in the j dimension are
defined as:

socf,:; =1bj+rj- (ubj — lbj) (D

wherein [b; and ub; correspond to the boundaries of the Nk
decision variable, and r; € [0, 1] is a uniformly distributed
random number.

The second step is the calculation of the objective function
values for each set of decision variables, which means:

fith" = f(sock") 2

The COA considers the coyote’s transition between packs,
which depends on N, and occurs with probability P,, such
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Algorithm 1 Maintenance and Rejection Within a Pack of
Coyotes
1: Compute w and ¢
2: if ¢ = 1 then
3:  The young coyote is maintained and the only coyote
in @ group is rejected.

4: else
5:  if ¢ > 1 then
6: The young coyote is maintained and the oldest
coyote in w is rejected.
7. else
8: The young coyote is maintained.
9:  end if
10: end if
that:

P, = 0.005 - N 3)

Furthermore, the CO algorithm takes into account the alpha
coyote, i.e., the coyote with the best objective function cost
value in the p™ pack of the " timestamp. It is defined as:

“)

The COA also regards the cultural trend, which is estimated
inside each pack. The calculation occurs as follows:

alpha”' = {socl'\argc—1 2,... N yminf (soct") }

.t .
OPM i N, is odd
Cl]?’[ =1 o' 2+0p,r (5)
T e |
———5 ", otherwise

where OP-' represents the ranked social conditions of all
coyotes of the p” pack in the " instant of time for every j
in the range [1, D], D is the search space dimension.

The algorithm syncs the birth and the death of the coyotes,
which depends on the values of the objective function and
the coyotes’ ages (it is computed in years and defined as
age’c”t € N). This mechanism is described in the Algorithm 1,
where w represents the group of coyotes with the worst score
in objective function’s values and ¢ defines the total number
of coyotes in this group. The group of w coyotes is derived
by comparing the objective function values of the young
coyote (pup) and all the coyotes of the pack.

The pups are generated through the incorporation of the
social conditions of two randomly chosen parents plus an
environmental factor. The parents are selected regardless of
their social conditions. As a result, the pups are defined as:

z soc':l’f., rnd; < Pg or j = ji
pu[?f’ = socfz’yj, rmd; > Py + Pg or j = j»
R; otherwise

(6)

wherein r; and rp are the two designated coyotes from
the p” pack, ji and j, are two random dimensions of
the optimization problem, Py is the scatter probability, P, is
the association probability, R; is a random number limited to
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the boundaries of the decision variables of the j dimension,
and rnd; is a uniformly generated random number € [0, 1].

The scatter and association probabilities (Py; and P,
respectively) conduct the coyotes’ diversity. These values
are calculated as follows:

P, =1/D and (7N
P, =(1—-Py)/2 ®)
where P, balances the influence impact equally for both

parents.
The coyotes are under the whole pack influence (§;) and
the alpha influence (8,), which are written respectively as:

8 = et — socl;! and )

8a = alpha”' — soc?:! (10)

cry

where cr; denotes the cultural difference from a random
coyote and crp denotes the cultural difference between a
random coyote of the pack and the alpha coyote.

Considering that r; and r, are the pack and the alpha influ-
ence weights respectively, which are uniformly distributed
random numbers € [0, 1], the coyote’s new social condition
is updated using the following equation:

new_socl' = soc' +ry - 8+ rq - 84 (11
while new social condition is expressed as:
new_fit" = f(new_soct"") (12)
The best social condition is reserved, which means:
N y .t
P+l new_sock', new_fit?" < fit!
socl T = ¥ . (13)
soc”!, otherwise

and the final solution of the algorithm is the best solution
among all packs. As an initial guess, N. can be set in the
range [5, 10]! and N, can be subsequently adjusted to define
the total population size of the algorithm. Fig. 1 illustrates the
algorithmic sequence of the Coyote Optimization Algorithm
mechanisms.

The time complexity of the CO algorithm is similar to
that of other evolutionary algorithms, i.e., at each iteration
is O(N,N:D + N,Nf), where f is the time complexity of
the objective function and D is the search space dimension.

B. PERFORMANCE EVALUATION

The CO algorithm is evaluated in terms of its performance
against 5 widely-known meta-heuristic algorithms, namely
the Particle Swarm Optimization (PSO) [26], the Firefly
Algorithm (FA) [61], the Bees Algorithm (BA) [62], the
Harmony Search (HS) [63], and the Ant Colony Optimization
(ACO) [64]. The algorithms’ performance is assessed by
utilizing 10 common benchmark functions (f1: Ackley, f>:
Griewank, f3: Rastrigin, f4: Schaffer, f5: Shubert, f¢: Booth,
f7: Rozenbrock, f3: Michalewicz, fo: Goldstein-Price, and

1. In the original proposal, the COA has scored good performance with
Np equals to 5.
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TABLE 1. Performance score of the meta-heuristic algorithms for each of the selected benchmark fur (the best ( ) values are indicated in bold).
| Benchmark Function | COA PSO FA BA HS ACO
f1 5.87E-02 3.06E-14 7.78E-10 9.66E+00 4.44E-03 5.63E+00
f 1.48E-03 3.61E-03 2.05E-03 1.05E+00 3.78E-03 8.86E-01
f3 9.16E+00 5.63E+01 3.46E+01 4.05E+02 2.82E+00 3.30E+02
fa 0.00E+00 0.00E+00 0.00E+00 1.34E-07 4.12E-06 0.00E+00
fs -1.87E+02 | -1.87E+02 | -1.87E+02 | -1.87E+02 | -1.87E+02 | -1.86E+02
fe 0.00E+00 0.00E+00 3.97E-24 0.00E+00 1.42E-09 0.00E+00
id 9.80E+01 1.99E+01 9.14E+00 2.02E+05 8.81E+01 3.10E+05
fs -2.87E+01 | -1.93E+01 | -2.50E+01 | -2.28E+01 | -2.84E+01 | -6.24E+00
fo 3.00E+00 3.00E+00 3.00E+00 3.00E+00 6.60E+00 3.00E+00
fio -3.86E+00 | -3.86E+00 | -3.86E+00 | -3.86E+00 | -3.86E+00 | -3.86E+00

Initialize Np packs
with Nc coyotes
each

Evaluate the
coyotes’ adaptation

Select the best

as the solution

Initialize the Coyotes ages

packs’
counter, p=1

Coyote's
transition
between packs

Define the alpha

Compute the
social tendency of

the pack Increment the

packs’ counter,
p=p+1
'

Initialize the
coyotes' counter,

c=1
i Birth and death
inside the pack

Evaluate the
new social
condition

Increment the
coyote's
counter, c=c+1

Evaluate the
coyote's
adaptation

Update the
coyote's social
condition

FIGURE 1. Flowchart of the Coyote Optimization Algorithm’s main mechanisms.

f10: Hartmann 3-D) with various characteristics (many local
minima, plate-shaped, valley-shaped, steep drops, etc.) [65].
For the assessment of the COA’s performance against the
other meta-heuristic algorithms, the following parameters are
applied:
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TABLE 2. Friedman’s non-parametric ranking test (the best (smallest) values are
indicated in bold).

Algorithm | Mean Ranking
COA 2.65
PSO 2.95

FA 2.8
BA 44
HS 3.75
ACO 4.45

e Number of decision variables: 30

o Boundaries of decision variables: [—10 10]
o Population number: 100

e Maximum number of iterations: 1000

o Number of independent trials: 30

Table 1 lists the performance score (mean value of the
computed cost function over the set independent trials) for
each of the previously mentioned algorithms. From the listed
results, we can conclude that the CO algorithm outperforms
in 7 of the 10 benchmark functions, PSO outperforms in 6 of
the 10 functions, and FA outperforms in 5 of the 10 functions.
It is also noteworthy that, for some benchmark functions (f4,
f5, f6, fo, f10), more than one algorithm achieves the same
performance score. To further assess the computed results of
the meta-heuristic algorithms, the Friedman test is applied.
This non-parametric test utilizes the mean values of the com-
puted cost function for every optimization method over the
set of the independent trials to rank the given algorithms
based on their performance.

Table 2 lists the computed results of the Friedman non-
parametric test. From the given results, we can conclude
that the CO algorithm achieves the best mean ranking, FA
is second in the ranking list, and PSO obtains the third-
best score. We should also point out that the differences in
the mean ranking between the first three algorithms in the
list, i.e., COA, FA, and PSO, are relatively small. However,
from the presented results, the CO algorithm exhibits a small
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FIGURE 2. Boxplot distribution of the computed cost function for the meta-heuristic
algorithms over representative benchmark functions (a) f5: Griewank, (b) f3:
Rastrigin, (c) f7: Rozenbrock, and (d) fg: Michalewicz.

lead in terms of its performance against the FA and PSO
algorithms.

Finally, Fig. 2 illustrates the boxplot distribution of the
computed cost function for each of the aforementioned meta-
heuristic algorithms. Four representative examples of equally
benchmark functions are selected to demonstrate the COA
performance against the other optimization algorithms. From
the presented graphs we can conclude that the 50-percentile
values (median) of the cost function of the COA for each
of the selected benchmark functions presents competitive
performance when compared to the boxplot distribution of
the other algorithms’ cost functions. It is also noteworthy that
the 25-percentile and the 75-percentile of the cost function
value for the CO algorithm show indiscernible variation, thus
exhibiting the algorithm’s stability and durability.

IV. ANTENNA OPTIMIZATION PROCEDURE

The optimization process to obtain a feasible solution of
a multiband patch antenna that can be suitable for RF
EH applications is taking place by the interaction between
the Coyote Optimization algorithm and the utilization of a
powerful commercial high-frequency electromagnetic solver
(HFSS, © 2020 ANSYS, Inc.).

Fig. 3 illustrates the proposed patch antenna geometry. The
proposed antenna consists of a rectangle patch with three
different slits of various sizes. From Fig. 3(b), we can easily
derive that the social condition vector (vector of the decision
variables) consists of 14 elements, thus 14 design parameters
are required to define the proposed antenna geometry. The
antenna is fed by the use of a microstrip line. It is designed on
a single FR-4 substrate layer (thickness = 1.6 mm, relative
permittivity €, = 4.4, tan§ = 0.02). A ground plane is placed
beneath the FR-4 substrate. Finally, boundary conditions of
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Proposed §
patch antenna ‘

Substrate —___

Ground plane —

(b)

FIGURE 3. Geometry of the proposed microstrip patch antenna: (a) expanded
perspective view (red color: ground plane and the proposed patch antenna, green
color: FR-4 dielectric substrate), (b) plane view (the decision variables of the
optimization process are indicated).

finite conductivity (conductivity = 5.80E 4 07 Siemens/m,
relative permeability = 1) are applied to the patch antenna,
the microstrip line, and the ground plane.

One may observe that the proposed antenna geometry is
rather complex and requires the proper setting of 14 different
design parameters. Hence, it would be quite difficult or even
impossible to assess the effect of each design parameter in
order to meet the desired antenna performance using a trial-
and-error procedure. Thus, we need to apply an optimization
algorithm to solve this type of problem. In this case, we apply
the recently introduced Coyote Optimization algorithm.

In this work, the objective of the optimization problem is
to minimize the S;; magnitude of the proposed antenna at
three (at least) different frequencies within the frequency
bands of European LoRaWAN (Long Range Wide Area
Network) (863 MHz - 870 MHz), the Global System
for Mobile Communications GSM-1800 (1710 MHz -
1880 MHz), and the Universal Mobile Telecommunications
System (UMTS) (1905.1 MHz - 2155.3 MHz) communica-
tion systems. A solution provided by the optimization process
can be accepted if the reflection coefficient value is equal
or less than a criterion limit. For the optimization of a patch
antenna for RF EH applications, the criterion limit is set
to —10 dB. Therefore, the objective function of the given
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Obtain feasible
solution of the
optimization
problem

Generate the
e PrOpOsEd antenna
maodel

Initialize Coyote
Optimization
Algonihtm

Create a new set of
decision variables

Parze the proposed
muodel from the EM
solver

Reserve the best
social condition

Update the set of
decision vanables

Compute the 5;y
parameters at the
desired frequencies

Computa the
objective function

Export the Sy
parameters

FIGURE 4. Process to obtain a feasible solution for a given optimization problem by
applying the CO algorithm.

problem can be expressed as
Minimize F(%) = max<s§§’8MHZ(5c), SEROHE (), sffGHZ(fc)>
+ WU x max(O, SBOBMHS (3 LdB)
+ ¥ x max(O, S}'ISGHZ()_C) - LdB)
+ W x max(O, SHIGHE (5) — LdB) (14)

where x is the vector of the proposed antenna geome-
try parameters (social condition or decision variables of
the optimization process), S??SMHZ, S}'ISGHZ and S%'IIGHZ are
the S1; parameters (reflection coefficient) of the proposed
antenna, Lgp is the Sy criterion limit in dB, and W is a very
large factor (1E+ 10) that is assigned to the current solution
of the problem when the criterion limit is not satisfied.

Fig. 4 illustrates the general concept of the aforementioned
optimization process. Firstly, we define the algorithm’s
parameters (N, N., MaxIt: maximum number of iterations),
as well as the upper (ub;) and lower (/b;) boundaries of the
optimization process. Secondly, for each coyote member of
the population N (N = N, X N¢), a set of decision variables
(social condition) is determined using (1) and an antenna
model is created. The proposed model is parsed from the
EM solver to compute the reflection coefficients (S1; param-
eters) at the frequencies of interest. These values of reflection
coefficients are used as inputs to further compute the objec-
tive function of the optimization problem using (2). The
new set of decision variables is updated using (11), (12) and
the best social condition is reserved using (13). When the
iterative process is completed, the feasible solution of the
given optimization problem is obtained.

To obtain a feasible solution from the optimization pro-
cess described in Fig. 4, the definition of the CO algorithm’s
parameters is also required. For the given optimization
problem of a patch antenna for RF EH applications, we
apply the following parameters:

« Total population of coyotes N: 30

o Number of coyote packs Ny: 5

« Number of coyotes in each pack N : 6

o Maximum number of iterations MaxIt: 1000

o Number of independent trials: 20

156

TABLE 3. Feasible solution (social condition) of the proposed multiband patch

antenna obtained by the optimization process described in Fig. 4.

Variable | Value (mm) | Variable | Value (mm)
Lpatch 82.63 || Wyatch 44
Lyeeder 86.40 || Wreeder 9.09
Ls1 413 || Wa 4.84
Ls2 496 || Wsa 8.08
L3 14.96 || W3 8.26
Ofeeder 2148 || Os1 8.36
Os2 18.04 || Oss 8.26

Microstrip line
Patch Antenna

FIGURE 5. Fabricated antenna (the geometry was obtained by the optimization
process described in Fig. 4.

V. RESULTS AND DISCUSSION

Table 3 lists the values of the decision variables (social
condition) obtained by the optimization process as described
in Fig. 4. These values provide a feasible solution to the
optimization problem of designing a multiband patch antenna
suitable for RF EH applications. Fig. 5 presents the fabricated
multiband patch antenna based on the model of Fig. 3(b) and
the results of Table 3.

We evaluate the fabricated multiband patch antenna by
performing a set of measurements in its main character-
istics, i.e., the reflection coefficient (S;; magnitude), the
radiation pattern in the tuning frequencies, the half-power
beamwidth (HPBW), and the gain. For the experimental vali-
dation of the proposed antenna, the following equipment was
utilized:

« E5062A, ENA-L RF Network Analyzer, 300 kHz to 3
GHz (© 2020 Agilent Technologies, Inc.)

o 8593EM, EMC Analyzer, 9 kHz to 22 GHz (© Keysight
Technologies 2000-2020)

« IFR Signal Generator, 9 kHz to 2.51 GHz (© IFR Ltd.
1999)
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Antenna Under Test (AUT)

Transmitter Antenna

FIGURE 6. Measurement setup (controlled environment).
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FIGURE 7. S11 parameter (reflection coefficient) versus frequency of the multiband
patch antenna (blue solid line: computed results, orange dash line: measured results,
red dash line: —10 dB limit).

e 3115 Double-Ridged Waveguide Horn Antenna,
750 MHz to 18 GHz (© Keysight Technologies
2000-2020)

Fig. 6 portrays the experimental setup for the performance
evaluation of the fabricated multiband patch antenna
(Antenna Under Test - AUT) in a controlled environment.
Fig. 7 compares the computed against the measured S1;
magnitude of the multiband patch antenna versus frequency.
From the presented graph it is clear that the proposed antenna
has a multi-frequency tuning operation (computed results:
—21.94 dB at 867.7 MHz, —23.68 dB at 1585.5 MHz,
—23.85 dB at 1801.9 MHz, and —24.33 dB at 2095.8 MHz,
measured results: —19.53 dB at 873 MHz, —20.38 dB at
1563 MHz, —20.51 dB at 1830 MHz, and —18.22 dB
at 2105 MHz) within the European LoRaWAN frequency
band (863 - 870 MHz), as well as the GSM-1800 (1710 -
1880 MHz) and the UMTS (1920.3 - 2155.3 MHz) mobile
communication frequency bands. From the measured results
we can obtain that the Sj; bandwidth (—10 dB band-
width) of the multiband antenna is 15 MHz (865 MHz -
880 MHz), 80 MHz (1525 MHz - 1605 MHz), 78 MHz
(1790 MHz - 1868 MHz), and 40 MHz (2085 - 2125 MHz)
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TABLE 4. Half Power Beamwidth (HPBW) of the fabricated antenna in the two main

planes of interest.

Frequency XZ plane | YZ plane
867.7 MHz 120 deg 90 deg
1585.5 MHz 100 deg 80 deg
1801.9 MHz 170 deg 93 deg
2095.8 MHz 60 deg 60 deg

TABLE 5. Computed against measured maximum gain values of the proposed

multiband patch antenna.

Frequency Computed gain | Measured gain
867.7 MHz 1.78 dBi 1.29 dBi
1585.5 MHz 3.80 dBi 3.94 dBi
1801.9 MHz 2.18 dBi 1.15 dBi
2095.8 MHz 1.64 dBi 0.89 dBi

at the previously mentioned frequency bands of operation,
accordingly.

Fig. 8 compares the computed versus the measured nor-
malized radiation pattern of the multiband patch antenna in
the two main planes of interest (XZ plane (phi = 0 deg),
YZ plane (phi = 90 deg)). From the depicted graphs we
can derive that the proposed patch antenna with three slits
exhibits broadside beamwidth at the desired frequency bands
in both main planes. Table 4 lists the experimental results of
the half-power beamwidth. The maximum HPBW achieved
by the fabricated antenna is 170 deg in the frequency band
of GSM-1800 and for the XZ plane (phi = 0 deg). From
the presented results of Table 4, we can conclude that the
proposed patch antenna can be properly performed as an RF
energy harvester in the aforementioned frequency bands of
operation.

Fig. 9 portrays the realized gain of the multiband patch
antenna (feasible solution obtained by the optimization pro-
cess described in Fig. 4) in a 3D plot and at the frequency
bands of interest. Once again, from the presented graphs we
can derive that the proposed antenna operates satisfactorily
as an RF energy harvesting module in a rectenna system.
Table 5 lists the maximum computed and measured gain val-
ues of the multiband patch antenna at the tuning frequencies.
The measured gain values of the proposed antenna are
obtained by utilizing the signal generator, as well as the
EMC analyzer, and applying the Friis transmission equation.
The maximum measured gain value of the fabricated antenna
achieved in the tuning frequency of 1585 MHz and is equal
to 3.94 dBi. The maximum deviation between computed and
measured results is about 1 dB. It is also noteworthy to indi-
cate the fabricated antenna exhibits acceptable gain values
in the frequency bands of European LoRaWAN, as well as
in GSM-1800 and UMTS mobile communication systems.

Table 6 lists the comparative results of this work against
selected published works in the literature. From the presented
results we can find that our proposed antenna exhibits
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FIGURE 8. Normalized radiation pattern of the multiband patch antenna in two main planes (XZ plane, YZ plane) of interest (blue solid line: computed results, orange circular
markers: measured results) (a) freq = 867.7 MHz, ¢ = 0 deg, (b) freq = 1585.5 MHz, ¢ = 0 deg, (c) freq = 1801.9 MHz, ¢ = 0 deg, (d) freq = 2095.8 MHz, ¢ = 0 deg,
(e) freq = 867.7 MHz, ¢ = 90 deg, (f) freq = 1585.5 MHz, ¢ = 90 deg, (9) freq = 1801.9 MHz, ¢ = 90 deg, (h) freq = 2095.8 MHz, ¢ = 90 deg.

TABLE 6. Comparative results of the proposed multiband patch antenna against

related work.

Ref. Size in \§ Frequency Bands Max. Gain
. LoRa, 1.585 GHz, .
This work | 0.24 x 0.13 3.94 dBi
GSM-1800, UMTS
GSM-900, GSM-1800, .
[32] 0.14 x 0.12 2.3 dBi
UMTS, Wi-Fi
GSM-900, GSM-1800, .
[36] 0.3 x 0.3 6.0 dBi
UMTS, Wi-Fi
GSM-900, GSM-13800, .
[47] 0.62 x 0.54 8.15 dBi
UMTS
GSM-900, Wi-Fi,
[50] 0.14 x 0.12 1.6 dBi
3.2 GHz, 3.8 GHz
0.79 GHz - 0.96 GHz, .
[53] 0.29 x 0.29 6.0 dBi
1.71 GHz - 2.69 GHz

*Xo 1s the wavelength referring to the Iowest tuning frequency of
antenna operation.

satisfactory results, having an acceptable physical size com-
pared to the wavelength of the lowest operating frequency,
operating in four different frequency bands including the
European LoRaWAN band, and achieving acceptable gain
values. Therefore, from both simulated and measured results,
we can conclude that the proposed antenna has features of
operation which make it a possible candidate for RF energy
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harvesting applications. The multiband patch antenna can be
utilized in various wireless-based applications by harvesting
energy from the RF environment in order to self-power sen-
sor systems. These applications can include (a) LoRaWAN
IoT networks for agricultural or aquacultural sectors, by
harvesting RF energy mostly from dedicated sources, (b)
LoRaWAN IoT networks for parking seats in a smart city
ecosystem, by harvesting RF energy either from dedicated or
ambient sources, and (¢) mobile communication networks for
environmental monitoring, by harvesting RF energy mostly
from ambient sources.

VI. CONCLUSION

In this work, we have presented a multiband microstrip
patch antenna which is a promising candidate for RF energy
harvesting applications. The proposed antenna operates sat-
isfactorily in the European LoRaWAN frequency band, as
well as in the GSM-1800 and UMTS mobile communica-
tion networks frequency bands. The multiband operation
is achieved by introducing three slits of various sizes in
the original rectangular patch. The feasible solution of the
proposed antenna is obtained by applying an optimization
method that combines the Coyote Optimization algorithm
and a powerful high-frequency electromagnetic solver. The
designed antenna is fabricated and evaluated in a controlled
environment. Experimental results of the proposed antenna
exhibit acceptable values of key performance markers (size

VOLUME 2, 2021
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of 0.24)19 x 0.131p compared to the wavelength of the lowest
frequency of antenna operation, multiband tuning operation
including the frequency bands of LoRaWAN, GSM-1800,
and UMTS, broadside beamwidth (maximum HPBW of
170 deg), adequate gain (maximum gain of 3.94 dBi)),
which make it a suitable candidate for RF energy harvesting
systems. Future work includes the design and fabrication of
the rectifying module, the study of alternative techniques
for the antenna feeding, the conduct of harvesting measure-
ments and DC voltage upconversion, and the experimental
evaluation of the overall rectenna system.
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