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Abstract: The maritime land–sea communication channel experiences multipath shadowing and
fading due to ships, onshore and offshore structures, and reflections from the sea surface. When
using low altitude antennas, the sea surface itself can block the propagation of radio waves when
the first Fresnel zone is obstructed. The latter can occur within a few kilometres of the transmitter
at microwave frequencies. Sea reflections are stronger than ground reflections due to the higher
conductivity of the sea, leading to more interference problems. In this paper, a microwave frequency
patch antenna array is analysed, designed, and simulated for a novel system to improve marine
communications to be applied by unmanned aerial vehicles (UAVs). The patch antenna array with
flexible substrate will be studied with different frequencies. In this way, the test will check and obtain
the best characteristics for an antenna that is built into the UAV with CTS studio.

Keywords: patch antenna array; UAV; flexible substrate; marine communications

1. Introduction

Monitoring the marine environment is very important for maintaining such delicate
ecosystems, which directly affects local climates, flora, fauna, and human activities. Such
monitoring plays a key role in their preservation, which is most commonly done using
environmental sensing buoy networks.

Marine communications between land base stations and boats, as shown in Figure 1,
are generally needed to provide voice and data exchange services. However, there are often
quite a few problems in maritime communications, such as the shadows of the various
obstacles located among the points to be communicated, and the reflections from the sea
surface [1]. Experimental measurements made so far highlight that one of the problems of
marine communication is the low height of on-board antennas [2–4], and another is the low
efficiency of these antennas. If the height of the antenna is not high enough above sea level
and the antenna design is not optimum, there will be a considerable power loss, which will
weaken the signal to the point that there will be no communication among the nodes of the
communications network [5].

UAVs [6] can be used to enhance marine communications. For instance, it can be
seen as an extremely low orbit satellite relaying the signal between the boat and the
base station or other boats. This is intended to combat the fading phenomena described
above. A UAV [7] relay can also send data from a source sensor to a remote base station
(BS) to minimize the average outage probability along the three-dimensional (3D) UAV.
Additionally, UAVs are used as systems of analysis, as nodes in free-space optical (FSO),
with the amplify-and-forward relaying protocol and intensity modulation/direct detection
technique [8], and investigation in an asymmetric, dual-hop radio frequency (RF)/FSO
system with the amplified-and-forward relay protocol for the Space-air-ground integrated
networks (SAGIN) [9].
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Figure 1. First communication scenario representing the communication between a boat and a
base station.

In this paper, we will prove that increasing the height of maritime communication
antennas, by deploying a UAV at high altitude, considerably decreases the impact of
multipath and shadowing fading [10]. This is because when the height of the antennas
is increased, the free space of the first Fresnel zone is larger. Consequently, possible
obstacles between the transmitting and receiving antenna can be overcome, which results
in a minimisation of the shadow fading effect. In addition, reflections from the sea surface
will be less severe because the angle of incidence of the radio wave will be larger.

Together with the UAVs, installing an antenna with optimal properties on the UAV
airframe will be equivalent to installing it at a higher altitude (100 m or more). The design
of the antenna is an important point for improving maritime communications, being
capable of maximising its efficiency can achieve a long transmission distance without losses.
Therefore, in the second part of the work, several antennas with different models and
frequencies will be studied, designed, and analysed. The results will then be compared,
and the work will conclude with the fabrication of the most optimal antenna. However, it
is very difficult to design an antenna that radiates 360 degrees in all directions of a UAV,
because the substrate is flat and rigid, and the antenna does not radiate equally on both
sides as well. For this reason, we are going to study, analyse, and simulate a microstrip
array antenna with flexible substrate [11–17], which can be installed on the UAV, and
adding a new aspect to the design. The different types of flexible substrates available will
be studied to check which of them have the best characteristics for the antenna, since these
substrates are not commonly used nowadays.

Finally, simulations of a set of 2 × 1 antenna patch arrays [18–30] will be performed
with the program CTS Studio [31], step by step, with the previously chosen flexible substrate
and with different frequencies, to check their advantages and disadvantages in each sector,
finally performing an adjustment of the antenna array in order to make a design with the
maximum performance for each frequency sector.

In summary, the main objective of this paper is the design, simulation, and analysis
of a microstrip array antenna with different microstrip matching networks and different
frequencies in CST Studio, to achieve a reliable and optimal antenna for its use in maritime
communications assisted by UAVs, confirming with a study in MATLAB, that thanks to
the UAVs, the significant bit error of the signal decreases in rate.

The rest of this paper is organized as follows.

• In Section 2, we describe the effectiveness of using an UAV to improve marine communications.
• In Section 3, a design of a patch antenna is made according to the equations obtained

in the bibliography, and finally, with the support of simulations with CST Studio, an
analysis is made to improve its characteristics. The analysis is made for one frequency
antennas of two different frequencies and feeds, in order to compare and choose the
one with the best final characteristics.

• In Section 4, a similar analysis is performed as in Section 3, but for a 2 × 1 patch
antenna array.

• Section 5 explains the conclusions of the paper and suggests directions for future work.
• Finally, references are given at the end of the paper.
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2. UAV Based Model

The UAV is a device that is used today for many applications. One of them is to
improve communications through use as communication nodes, between a transmitter and
a base station, for instance.

In our paper, the UAV is used for a marine communications application, serving as a
node between a base station and a ship, and a patch antenna array with optimal properties
for lossless transmission is installed in its casing.

Firstly, three different marine communication scenarios will be compared by simulat-
ing the transmission loss of each one. The scenarios are described as follows.

The first scenario is shown in Figure 1 and represents the radio link between a boat and
a base station. This is the basic scenario for the simulation. A height of 4 m is considered
for both on-board and onshore antennas, which are 1 Km apart from each other. We
will suppose, for simplicity, that there is not any special source of shadowing affecting
communication, except the sea surface. Thus, only the multipath effect will be taken
into account.

In the second scenario, a signal repeater is located in the middle point between the
boat and the base station, so that the radio link is divided, just as the radio link described
in the first scenario, into two radio links of 500 m length each one. The repeater is installed
aboard a buoy. All the system nodes have 4-m-high antennas. This scenario is shown in
Figure 2.

Figure 2. Second communication scenario in which a buoy performs the role of intermediary between
the boat and the base station.

The third communication scenario is the novel scenario proposed in this paper. It will
be carried out using an UAV as an elevated platform to the repeater. In the simulation, we
will set the height of the UAV, and therefore of the repeater antenna, at 185 m. The UAV
remains flying over a fix point located on the deck of the boat. We again set a radio link
with two sections, but here, one of them is the base station to UAV section and the other
one is the UAV to boat section. We will keep the 4-m-high antennas to base station and
boat, as in the scenarios before. The same distance between the base station and the boat
(1 Km) is also considered. Figure 3 shows the novel scenario.

2.1. Large-Scale Fading Numerical Results

In this subsection, the received mean power at the base station is calculated for each
of the three communication scenarios described previously, as follows [3,4]:

PRX (d) = PRX (d0) − 10γlog10 (d⁄d0) − Xσ, (1)

In Equation (1), PRX (d0) denotes the expected level of received mean power at the
reference distance d0 (10 m in our calculation), γ denotes the loss exponent of the path, and
Xσ represents the shadow fading effect that is generally modelled as a zero-mean Gaussian
(normal) distributed random variable (in dB) with standard deviation σdB, as can be seen
in the following equation:

Xσ ~ N (0, σ), (2)
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In the calculations, γ = 3.4 and σ = 5.5 dB for both the base station to boat and base
station to buoy links are taken, and γ = 2.7 and σ = 4.9 dB for the buoy to boat link [6]. For
UAV to base station link, γ = 2.1 and σ = 3.4 dB is used [5], and for UAV to boat link, free
space conditions were considered. The frequency was taken at 5.8 GHz. The results of
different scenarios can be compared in the Table 1.

Figure 3. Third communication scenario including an UAV, which performs the role of intermediary
between the boat and the base station.

Table 1. Summarizes the results to the different scenarios.

Scenario I II III

Received mean power (dBm) −33.0 −25.6 −18.9

2.2. Bit Error Rate for the Different Scenarios

In the previous subsection, the received power was computed considering the large
scale fading only. In this subsection, the impact of multipath fading (small-scale fading)
together with large-scale fading is also taken into account. Thus, the results of error
analysis for the three communication scenarios simulated will be provided, as they were
defined previously.

In modelling the small-scale variations of marine communication, the Extreme Value
Distribution (EVD) will be used [3]. The EVD fits well with the experimental small-
scale fading data when they are expressed in logarithmic scale. The EVD distribution is
characterized by the location parameter, ν, and the scale parameter, ς. Table 2 depicts the
values of the small-scale fading parameters. The locations of the different nodes, with
respect of the base station, are shown in Table 3.

Table 2. Values of data of the small-scale fading parameters.

Campaign Location (v) Scale (ς)

Base—Boat 0.164 1.45
Base—Buoy/UAV 0.164 1.45
Buoy/UAV—boat 0.160 1.35

Based on the parameters listed before, the error performance of the three communica-
tion scenarios was evaluated. Figure 4 shows that bit error rate (BER) significantly improves
due to use of the UAV, as opposed to direct communication or buoy-based communication.
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Table 3. Positions of different nodes of the simulations regarding base station.

Coordinates (m) Base Station Buoy UAV

X 0 500 1000
Y 0 0 0
Z 9.8 1.9 185

Figure 4. Comparison of signal loss directly, with buoy and with UAV.

As can be seen in Figure 4, the height greatly helps to reduce the probability of error,
thus concluding that the UAV would be an excellent method to avoid the problems of
marine communications. In the next section, the main objective of this paper will be started
performing with the design, analysis and simulation of an array antenna patch with optimal
transmission and matching characteristics.

3. Design of the Microstrip Antenna

The microstrip antennas [32–34] are going to become the source of connection be-
tween one point and another. For this reason, their study, design, and manufacture are
going to be fundamental for the proper progress of marine communications, which are so
difficult today.

3.1. Microstrip Line Feed

The power is supplied by microstrip line [32–35]. This method consists of connecting
a microstrip line directly to the antenna, which is designed to possess the desired charac-
teristic impedance. This type of power supply was chosen for several reasons: it is the
simplest to feed, the manufacturing of antennas for different tests are more feasible, and
the cost of this type of feed is minimal, compared to others.
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3.2. Flexible Substrate

The substrate is the dielectric material on which the patch is placed and acts as an
insulator, as well as directly influences the performance of the antenna.

One of the most important characteristics of the substrate is that it must be flexible,
because the antenna will be positioned around the body of the UAV to radiate 360 degrees.
The antenna will therefore have a cylindrical shape to cover all angles of radiation. Addi-
tionally, to reduce price of the antenna, it will be created in a 3D printer. Figure 5 shows an
antenna on a curved substrate.

Figure 5. Patch antenna with a flexible substrate.

In the bibliography, several articles that explain their experiences with different flexible
substrates manufactured in a 3D printer can be found;

In [11], the design of a Bowtie antenna with a PET (Polyethylene terephthalate) sub-
strate, to improve wider bandwidth, at a frequency of 4.35 GHz.

In [12], the design of a circular patch antenna, made with an ABS (Acrylonitrile–
Butadiene–Styrene) substrate in a 3D printer, at a frequency of 2.34 GHz, proving that
ABS, even being a flexible material, shows better results than FR-4, which is the typical
substrate used.

In [13], a 3D antenna is designed with NinjaFlex filament, to show its potential for
RF circuits.

In [14], a study is made with different percentages of infill, different substrates, and
different types of PLA antennas, concluding that the lower the percentage of infill the losses
are higher at a frequency of 4 GHz.

In [15], a microstrip patch antenna operating at 38 GHz is designed to affirm the
advantages of flexible substrate antennas over others, and its low cost and ease of fabrication
is well documented. A comparison of different experiments that have been performed with
different antennas, frequencies, and flexible substrates is found.

In [16], a microstrip patch antenna is designed with two substrates: ABS and NinjaFlex,
which is flexible. The resonant frequency achieved is 2.305 GHz with a bandwidth of
0.12 GHz (5.21%), and when the antenna is flexed downwards, the resonant frequency
shifts slightly upwards to 2.365 GHz (60 MHz) and the bandwidth is 0.13 GHz (5.71%).

In [17], a series of planar antennas on textile substrate and fed by a microstrip trans-
mission line were designed and constructed, comparing their performance at different
frequencies between 2 to 10 GHz.

The design of patch antennas on flexible substrates for radio frequencies must take into
account two main parameters such as the dielectric constant and the tangent loss; however,
the thickness is also very important. Increasing the thickness results in better radiation
efficiency in the antenna, higher losses in the dielectric, and an increase in surface waves.

Knowing the arrangement of the antenna around the body of the UAV, it has been
taken into account that the thinner the substrate is, the lighter the UAV will be, thus
increasing the durability of the suspended UAV.
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We have also taken into account the procurement, manufacture, and cost of the
substrate; thus, for ease of design, rapid production, and minimum expense, we chose a
material that could be manufactured with a 3D printer.

Finally, two parameters that have an important role in the choice of substrate were
taken into account: the dielectric constant and the loss tangent, the former being the
influence produced by an electric field on a material, while the latter quantifies the loss of
signal due to the dissipation of electromagnetic energy from the substrate.

Different substrates have been compared in the following table, to check the most
important characteristics for our study. These characteristics are that the substrate can be
manufactured with a 3D printer, low cost, a flexible substrate, and the two constraints of di-
electric constant and loss tangent, which must be met, to improve the antenna performance.

In the Table 4, a comparison between different substrates can be checked, checking the
different characteristics related to the project. In the comparison, the PETG (Polyethylene
terephthalate glycol) substrate stands out, which is the combination of PET with glycol,
improving the interesting properties of PET with a glycolisation process, and it will be the
one used to carry out the tests and check its effectiveness. The calculations from now on
will be made knowing the dielectric constant and the loss tangent of the chosen substrate,
PETG, which are 3 and 0.008, respectively.

Table 4. Advantages and disadvantages of different flexible substrates.

Substrate Print 3D Cost Flexible 1 ≤ er ≤ 5 tang (δ) < 0.002

TPU Yes Medium High 4 0.04
Nylon No Medium High 3.4 0.02
LCP No High Medium 3.14 0.002

Ninjaflex Yes Medium High 2.98 0.06
Teflon No Medium Medium 2.1 0.002
PETG Yes Low High 3 0.008

R04003C No Medium Low 3.38 0.0027

3.3. Impedance Matching or Coupling

Matching networks [35,36] avoid reflections generated on transmission lines due to the
difference between the load impedance and the characteristic impedance, i.e., a matching
network allows the input impedance of the network to match the impedance of the line
so that the reflection coefficient is zero. The main advantages are optimizing the power
delivered to the load, optimizing power losses in the supply line, and improving the
signal-to-noise ratio of the system in receivers and transmitters.

The most common methods to implement the matching network are discrete elements,
lambda/4 transformers, matching stubs, or a combination of them.

In this paper, two methods to implement the matching network will be discussed, and
they are used for a microstrip antenna as well: lambda/4 transformer or InsetFeed [35,37].

In the bibliography, a multitude of papers can be found that study a microstrip antenna
or array with different designs, substrates, and frequencies, and with them, we check and
compare their conclusions and the results obtained.

In [18], a microstrip array design, with frequency of 5.4 GHz and substrate of FR4,
RO4003C and ROGERS, is designed for use in a biostatic synthetic aperture radar. The
types of feed networks are compared, and finally, a parallel feed of several antenna arrays
is realised.

In [19], the design and simulation of rectangular microstrip antenna arrays (1, 2× 1 and
4 × 1) for improved gain is presented. The substrate is ROGERS with thickness = 1.6 mm
and the frequency of 2.4 GHz and the simulation is realised with HFSS (High Frequency
Simulation Software). The gain of the three configurations is compared and it is checked
that the bigger gain is the array of 4 × 1, which is 10.29 dB.

In [20], a fed rectangular microstrip patch antenna array (E-Shape) of 4 × 1 antennas is
designed and fabricated. The resonant frequency from 1.9 GHz and the substrate ROGERS



J. Mar. Sci. Eng. 2023, 11, 730 8 of 25

RT Duroid with thickness 1.574 mm. The gain of the three configurations is compared and
it is checked that the bigger gain is the array of 4 × 1, which is 11 dB.

In [21], the experiences in the study and development of a microstrip dipole for the
2.4 GHz band and RF-35 substrate of 1.52 mm thickness is described. The results obtained
are not optimal.

In [22], different microstrip antenna arrays of 5.8 GHz frequency and 1.5-mm thick
DiClad 880 substrate are designed and simulated in HFSS, achieving a wide bandwidth
and high gain.

In [23], two-dimensional 2 × 2 and 4 × 4 microstrip antenna arrays with λ/4 trans-
formers are designed at a frequency of 9.5 GHz with the 0.508-mm thick Rogers RO4350
substrate, achieving a gain of 11.38 dBi and 17.32 dBi respectively. Improving the design
and radiation characteristics, reducing the cost of the array.

In [24], a microstrip antenna is designed with a λ/4 transformer, an impedance of 75 Ω
for a frequency of 700 MHz and a 1.6-mm thick FR4 substrate, achieving a directivity of
7.4 dBi.

In [25], two microstrip antennas were designed and simulated with the HFSS and
FEKO software, comparing the results with Rogers and FR4 substrate of 2 mm thickness.
The square antenna was found to be more efficient at 3.5 GHz, while the circular antenna
was more efficient at 6 GHz, both with FR4 substrate. The antennas achieved a directivity
of 7.14 dB and 6.99 dB, respectively.

In [26], a patch antenna array (2 × 2) is designed at 2.44 GHz for WIFI and WIMAX
applications and 1.5 mm thick Rogers RT5880 substrate, achieving a directivity of 13.42 dBi
with high radiation efficiency.

In [27], a patch antenna of frequency 5.4 GHz is designed and simulated in IE3D
software, and real tests are performed with a Vector Analyser. The chosen substrate was
Bakelite and a thickness of 1.6 mm, reaching a gain of 5.42 dB, proving that there are
differences between simulation and reality, as there are many factors that are not taken into
account in the simulation.

In [28], a patch antenna array of frequency 60 GHz is designed to achieve a directivity
of 21 dBi. This parameter was achieved with 6 arrays in parallel and each with 6 arrays in
series, on a 0.254-mm thick Rogers 5880 substrate.

In [29], it is desired to design, simulate, and build an array of patch antennas at a
frequency of 740 MHz, with the FR4 substrate and thickness 1.5748 mm, meeting gain
(5–6 dBi) and bandwidth (690–790 MHz) characteristics being the most relevant.

In [30], a microstrip antenna and a 2 × 2 array at a frequency of 10.5 GHz, with FR-4
substrate of 1.5 mm thickness, are designed, simulated, fabricated, and analysed. The array
achieves a gain of 9.26 dBi.

3.3.1. Coupling and Feeding with a Quarter Wavelength Transmission Line

In the case of a quarter lambda transformer coupling network, the variation in the po-
sition of the microstrip line relative to the patch will generate a higher or better impedance
coupling. The microstrip antenna can be matched to a transmission line of characteristic
impedance (Zo) by a transmission line of quarter wavelength impedance (Zc) [38]. Mi-
crostrip feed with a quarter wavelength transmission line is shown in Figure 6, while
microstrip feed with InsetFeed is shown in Figure 7.

To achieve impedance matching where the input impedance Zin = Zo, and the antenna
impedance ZL, requires that:

Z0 =
Z2

c
ZL

, (3)

The Zc parameter can be altered by changing the width of the quarter-wavelength
strip. The wider the matching line, the lower the characteristic impedance (Zo).
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Figure 6. Both figures are microstrip feed with a quarter wavelength transmission line. (a) details of
the sizing parameters, and (b) impedances.

3.3.2. Coupling and Feeding with InsetFeed

In the case of insertion feeding, it is the depth of the insertion that dictates the
impedance coupling. With this insertion, since the current is low at the ends of a half-wave
patch and increases in magnitude towards the centre, the input impedance is reduced as
the patch is fed closer to the centre [38].

Figure 7. Both figures are microstrip feed with InsetFeed. (a) details of the sizing parameters, and
(b) impedances.

To achieve an impedance match the input impedance Zin = Zo, and the antenna
impedance ZL, it is required that:

Zo(R) = cos2

(
Z2

c
ZL

)
× Zo(0) (4)
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By varying the distance R, a parameter that can be seen in the figure above, the
voltage-current relationship will not be so high, achieving characteristic impedance values
similar to those of the microstrip line. As can be seen in the image, the most representative
difference between the InsetFeed adaptation and the fourth lambda transformer is a notch
of length R at the input of the patch, which introduces a capacitive component modifying
the resonance frequency of the patch.

In this paper, a study of both feeds and adaptations will be carried out to determine
the preferable option to be introduced into the system in two different frequencies: 2.4 GHz
and 5.2 GHz.

3.4. Patch Antenna Design Calculations

In this subsection, the sizing of four different rectangular patch antennas is going to
be calculated depending on their frequency (2.4 GHz and 5.2 GHz), and their feeding and
coupling method (fourth lambda transformer or InsetFeed), for their subsequent study
in simulation.

These four antennas will be dimensioned and simulated for the same previously de-
fined substrate, PETG, with a dielectric constant of value 3 and a loss tangent of value 0.008.

Next, the calculation of the substrate thickness, h, will be carried out, which will be
determined by [32],

0.005λ ≥ h ≥ 0.2λ, (5)

The following subsection describes the transmission line model, useful for thin sub-
strates

(
h
λo < 1

100

)
with respect to the wavelength in free space of the signal at which the

antenna in question will resonate.
A description of the design procedure for rectangular microstrip antennas is given be-

low. The procedure assumes that the specified information includes the dielectric constant
of the substrate (er = 3), the resonant frequency (that is in GHz = 2.4 GHz or 5.2 GHz), the
characteristic +impedance (Zo = 50 Ω) and the thickness of the substrate. The procedure is
as follows:

First of all, let us calculate the wavelength at a frequency 2.4 GHz and 5.2 GHz,
respectively, with the equation, λ0 = v

f :

λ0 =
3× 108

2.4× 109 = 125 mm (6)

λ0 =
3× 108

5.2× 109 = 57.7 mm (7)

Knowing the wavelengths of both frequencies, it is important to determine the thick-
ness of the substrate (h):

h
λ 0

<
1

100
so h must be <

λ0

100
(8)

Thus, h < 1.25 mm if Fr is 2.4 GHz and h < 0.577 mm if Fr is 5.2 GHz.
For an antenna with good radiation efficiency, its width (W) is determined by the fol-

lowing equation, which is based on radiation efficiency criteria studied by Bal and Bhartia:

W =
co

2f

√
2

(e r +1)
, (9)

where co is the speed of light, fr is the frequency at which we work, and er is the dielectric
constant of the chosen substrate.

The length of the patch can be determined by the solution of the next equation:

L =
co

2f×
√

Eeff
− (2 × ∆l) (10)
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where Eeff is the effective dielectric constant of the microstrip antenna, which is calculated
by the following null equation:

Eeff =
er+1

2
+

(
er−1

2

)(
1+

12× h
W

)−0.5
(11)

And ∆l is the length increment that was calculated,

∆l = 0.412 h ×
(E eff+0 .3) ×

(
W
h +0.264

)
(E eff−0 .258) ×

(
W
h +0.8

) (12)

Typical microstrip patch lengths are given by equation,

L ≈ (0.47 − 0.49)
λo√

er
= (0 .47 − 0 .49)λ (13)

where λ is the wavelength in the dielectric

λ =
λ0√

er
(14)

The next step would be to calculate the transmission line length and width.

LLT =
λ

4
, (15)

where LLT is the length of the transmission line and the WLT is the width of the transmission line:

WLT =
8heA

e2A−2
if

WLT

h
< 2 (16)

Or

WLT =
2h
π

[
B− 1 − ln(2B− 1) +

er−1
2er

ln(B− 1)+0.39 − 0.61
er

]
if

WLT

h
> 2 (17)

where B and A are variables that can be calculated with the following equations:

B =
377π

2Z0(
√

er)
and A =

(
Z0

60

)
×
(

er+1
2

)0.5
+

(
er−1
er+1

)
×
(

0.23+
0.11
er

)
(18)

The length and width of the substrate is determined:

Wsusmin= 6h + W (19)

Lsusmin= 6h + L (20)

where Wsusmin and Lsusmin are the minimum width and length to be assigned to the
substrate, respectively.

The impedance of the antenna can be calculated as indicated in the following equation:

Rin =
1

2G1 ± G12
(21)

where Rin is the actual impedance of the antenna expressed in ohms, G1 and G12 are the
conductance at the input resistance, and are calculated below:

The InsetFeed patch antenna, as has been seen previously, has two radiation spaces,
therefore, the total admittance in slot #1 (input admittance) is obtained by transferring
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the admittance of slot #2 from the output terminals to the input terminals. Solving, it is
obtained that the total resonant input admittance is real and is given by:

Yin = Y1 + Y12 = 2G1 (22)

Knowing that the input impedance will then be:

Zin =
1

Yin
= Rin =

1
2G1

(23)

where G1 can be expressed as follows:

G1 =
I1

120π2 (24)

I1 =
∫ π

0

 sen
(

K0W
2 cos(θ)

)
cos(θ)

2

sen3(θ)dθ = −2 + cos(X) + Xs(X)+
sen(X)

X
(25)

where:
X = K0W (26)

And K0 is the phase constant, being:

K0 =
2π
λ

(27)

The resonant input resistance, given by the above equation, does not take into account
the mutual effects between the slots. Making such a consideration, the equation number
is obtained, the mutual conductance G12 can be calculated as follows, where J0 is the
first-species zero-order Bessel function:

G12 =
1

120π2

∫ π

0

 sen
(

K0W
2 cos(θ)

)
cos(θ)

2

J0(K0Lsen(θ))sen3(θ)dθ (28)

With this data, the distance of the insertion point, called inset in this project, can be
calculated:

y0 =
L
π
× cos−1

(√
Z0

Rin

)
(29)

The next factor to determine is the separation distance between the patch and the feed
line. This is determined with the equation:

g =
c√

2Eeff

4.65−12

f[Ghz]
(30)

For a patch antenna with a fourth lambda transformer feed, the calculation of the
patch is exactly the same. However, the calculation of y0 and g is not necessary, and the
calculation of the impedance of the transmission line and the antenna is also different. Rin
calculates it in the program, using the above equations. The results are shown in Table 5.

Table 5. Calculation of antenna parameters depending on feed type and frequency.

Feeding Fr λo λ Wp Lp Lla Wla Yo g WLT LLT

InsetFeed
2.4 125 72.17 44.2 36 - - 12.9 1.38 1.30 18.04
5.2 57.7 33.31 20.40 16.51 - - 5.91 3.02 1.30 8.33

λ/4
2.4 125 72.17 44.2 36 18.04 0.22 - - 1.3 5
5.2 57.7 33.31 20.40 16.51 8.33 0.22 - - 1.3 5
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3.5. Patch Antenna Simulation

In this subsection, the performance of the antennas calculated in the previous subsec-
tion will be designed and simulated. The program chosen is CST Studio Suite because of
its speed in simulation, its low RAM consumption, and its features to achieve the design
required to simulate. The steps to carry it out are detailed below:

Firstly, the workflow for the project is detailed: MW and RF and Optical, and Antennas
is selected, and finally, the type of Antenna: Patch.

Then, the program makes it possible to choose the type of domain, for this project, the
Tempo Domain, and the maximum and minimum simulation frequency is chosen.

After creating the simulation environment, the antenna design is carried out. The
design process is divided into three layers: the PETG substrate layer of h = 0.5 mm, the
copper ground plane which is underneath the substrate, and its thickness depends on
the prototyping machine used, h = 0.025 mm, and the patch antenna created above the
substrate and h than the ground plane.

In the following Figure 8 show (a) the patterning of the substrate in light blue, which
represents PETG, (b) the ground plane in yellow, representing Cu, and (c) patch antenna in
yellow. The width of the transmission line is calculated in Figure 9.

Figure 8. (a) Substrate, (b) ground, and (c) patch antenna.

The antenna layer is made, which includes the body of the patch antenna, the λ/4
transformer matching line and the 50 Ω impedance transmission line.

In the design calculations, the width of the transmission line was calculated with
impedance Zo = 50 Ω. However, the matching line has an impedance of Zc = 117 Ω, which
is essential for the width calculation. The length, as we know, is calculated as λ/4, while
the width can be calculated by various applications. CST program allows us, through a
MACRO, “Impedance Calculation”, to calculate the width by adding the data required for
the calculation, as can be seen in the following figure.

Figure 9. Calculation of the width of the transmission line (Wla) knowing the antenna impedance.
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The fixed value of h is added, frequency, dielectric constant and W, the latter is the
one that that can be modified, and then, “Calculate” must be pressed, to calculate the
impedance Z. The calculation method is trial and error, until the result is Z = 117, or as
close as possible. W = 0.22 mm, Z = 117.55 Ω.

Note that the impedance matching in the InsetFeed patch is performed through the
I-value, calculated in Equation (25). However, for the λ/4 transformer patch, it is calculated
by performing a calculation between the input impedance and the antenna impedance.
The antenna impedance depends on the values of Wp (patch width) and Lp (path length).
When these are modified, consequently, the antenna impedance changes and, in turn, the
impedance of the matching line, having, in turn, a new value of matching line width.

Finally, the transmission line is added, being the length of the transmission line
indifferent while the width was calculated for Zo = 50 Ω, where WLT = 1.3 mm. The next
figures show the steps for antenna design.

Before starting the simulation, a power supply port at the end of the transmission line
must be created (see in Figure 10). This is calculated with a MACRO called “Calculate Port
Extension Coefficient” and, by indicating the position where the port will be located, it
calculates and paints it directly, as shown in the following image.

Figure 10. (a) Transmission line, (b) design of the patch antenna, and (c) power supply.

Next, press the “Start Simulation” button to start calculating the different parameters
needed to evaluate if the antenna is correctly designed, such as S11, VSWR, impedance
matching (Z), Gain, and Directivity.

The Figure 11 shows the value of parameter S11. In which, it can be seen how, at
the 2.4 GHz value, which is the resonance frequency value, the power in decibels of the
signal is almost zero (−1.688 dB), i.e., almost all the signal power sent is returned (it does
not resonate). Moreover, being its highest power at the 2.36 GHz frequency, it is very low
(−8.6 dB).

The Figure 12 shows the matching of the reference impedance. In the project, a
reference impedance of 50 Ω was determined. However, the result of the simulation gives
an impedance of 47.48 Ω.

The Figure 13 shows the standing wave voltage ratio, a measure of the efficiency with
which RF energy is transmitted from the power source through the transmission line to the
antenna patch, is tested. A value of less than 2 is considered adequate; however, the result
was 10.32.

Finally, the Figure 14 shows the directivity values on the left, 6.91 dBi, and gain on the
right, 2.21 dB, are obtained. These values are optimal for an antenna of this type. However,
the values of the S11 parameter, the reference impedance and VSRM are not optimal for
the antenna design. The adaptation is deficient, this is due to the fact that the equations
give results with so many decimal numbers accumulating errors, and in addition, the PCB
printing machine of our laboratory has a minimum printing scale of 0.02 mm.
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Figure 11. S11 parameter by frequency in patch antenna of 2.4 GHz with line transmission λ/4.

Figure 12. Impedance by frequency in patch antenna of 2.4 GHz with line transmission λ/4.

Figure 13. VSWR by frequency in patch antenna of 2.4 GHz with line transmission λ/4.
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Figure 14. (a) Directivity and (b) gain (right) of patch antenna of 2.4 GHz with line transmission λ/4.

For this reason, a study is made in this paper, about how the values of the parameters
calculated in the equations vary according to the parameters introduced by simulation, to
get optimal results in transmission and matching. This study was carried out by the trial-
and-error method, introducing higher and lower values of the antenna input parameters in
the simulation and checking the variation of the output calculations.

The results of various simulations of both the λ/4 transformer antenna (the following
table) and the InsetFeed antenna can be seen below. In the left column, the antenna
parameters to be modified are shown and the effect of increasing or decreasing their value
is checked. The first row describes the main parameters taken into account for this study,
which can go up, down, or not change their value (=). In addition to these fixed values, some
values vary depending (unclear) on how much the input value is increased or decreased.
The results of the simulation the λ/4 antenna with different input parameters are shown in
Table 6.

Table 6. Result of the study of simulating the λ/4 antenna with different input parameters.

Outputs S11 BW Directivity Z VSWR Gain

Inputs

Wp
UP ↓ ↓ ↑ = Unclear ↑

DOWN ↑ ↑ ↓ = Unclear ↓

Lp
UP ↓ ↑ ↑ = = ↓

DOWN ↑ ↓ ↓ = = ↑

Lla
UP = Unclear ↑ = = ↓

DOWN = Unclear ↓ = = ↑

Wla
UP = Unclear = ↓ = =

DOWN = Unclear = ↑ = =

LLT
UP = ↓ = = ↑ ↑

DOWN = ↓ = = ↑ ↓

WLT
UP ↑ ↓ ↑ Unclear ↑ ↓

DOWN ↓ ↓ ↓ Unclear ↓ ↑

The same tests were carried out for an InsetFeed antenna as with the λ/4 antenna, and
the results obtained are shown in Table 7.
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Table 7. Result of the study of simulating the InsetFeed antenna with different input parameters.

Outputs S11 BW Directivity Z VSWR Gain

Inputs

Wp
UP ↓ ↓ ↑ = Unclear ↑

DOWN ↑ ↑ ↓ = Unclear ↓

Lp
UP ↓ ↑ ↑ = = ↓

DOWN ↑ ↓ ↓ = = ↑

LLT
UP = = ↑ = = ↓

DOWN = = ↓ = = ↑

WLT
UP = = = ↓ = =

DOWN = = = ↑ = =

INSET
UP = ↓ = = ↑ ↑

DOWN = ↓ = = ↑ ↓

g UP ↑ ↓ ↑ = ↑ ↓
DOWN ↓ ↓ ↓ = ↓ ↑

In the previous tables, the parameters that have been modified are analysed. Thus, the
results of the Outputs, ↑, ↓, =, Unclear, are calculated when the Inputs UP or DOWN. For
instance, when the Wp, UP, the value of S11 down, but if the Wp, DOWN, the value of S11
UP. The Outputs = and UNCLEAR mean that the result does not change. In the Table 8, the
meaning of abbreviations.

Table 8. Input and output parameters of the antennas.

Inputs Outputs

Wp: width of the patch S11: parameter S11
Lp: length of the patch BW: bandwidth

Wla: width of the adaptation line Directivity
Lla: length of the adaptation line Z: impedance

LLT: transmission line VSWR: line in standing wave ratio
WLT: width of the transmission line Gain

Wsus: width of the substrate
Lsus: length of the substrate

g: separation distance between the patch and the feed line
Yo: Inset

Win: width of the feed line (only array)
Lin: Length of the feed line (only array)

Distance Array: distance between the center of the each patch antenna (only array)

This study helps to design, fix, and achieve an appropriate and effective antenna, in
order to obtain profitable radio link results.

Comparing the results obtained for the values of the parameters calculated in the
equations and the values of the parameters obtained in the simulated antenna, we can see
in the Figures 15–18 the difference in optimisation between them. The results of the first
simulated antenna showed almost no matching, but higher directivity and gain, while in
the case of the second simulated antenna, which was tested with many simulations, a little
bit lower directivity and gain but a high matching were shown, which is what we were
trying to achieve.

3.6. Results Obtained for a Microstrip Antenna

In this subsection, the results obtained from both antennas are assembled, and the
results obtained from the equation calculations are compared with the best simulated result,
taking into account all the values of the outputs (antenna output parameters), in the Table 9.
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Figure 15. S11 parameter by frequency in new design of patch antenna of 2.4 GHz with line transmission λ/4.

Figure 16. Impedance by frequency in new design of patch antenna of 2.4 GHz with line transmission λ/4.

Figure 17. VSWR by frequency in new design of patch antenna of 2.4 GHz with line transmission λ/4.
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Figure 18. (a) Directivity and (b) gain (right) of new design of patch antenna of 2.4 GHz with line
transmission λ/4.

Table 9. Inputs and outputs of the calculated and simulated parameters of the antennas.

2.4 GHz λ/4 2.4 GHz Inset 5.2 GHz λ/4 5.2 GHz Inset

EQN Simulation EQN Simulation EQN Simulation EQN Simulation

Inputs
Wp (mm) 44.2 30 44.2 30 20.4 15.9 20.4 14.7
Lp (mm) 36 35.62 36 36 16.5 16.18 16.5 16.54

Wla (mm) 0.34 0.2 – – 0.34 0.24 – –
Lla (mm) 18.04 17 – – 8.32 8.32 – –

WLT (mm) 1.2 1.2 1.3 1.22 1.2 1.18 1.3 1.22
LLT (mm) 5 5 18.04 20 5 5 8.32 8.32
Yo (mm) – – 12.9 11.5 – – 5.9 5.9
g (mm) – – 1.38 0.6 – – 3.02 0.6

Wsus 70 70 70 70 30 30 30 30
Lsus 61.5 61.5 61.5 61.5 23 23 23 23

Outputs
S11 (dB) −2.05 −17 −2.53 −32.29 −2.29 −24.51 −0.37 −25.25

BW (MHz) 0 20 0 25.6 0 65.1 0 74.5
Z (Ω) 49.95 49.97 47.89 49.87 49.38 49.87 49.81 49.86

VSWR 8.5 1.33 6.91 1.05 7.62 1.13 46 1.11
Directivity (dB) 6.91 6.8 7.2 7.06 7.12 6.97 7.05 6.64

Gain (dBi) 2.33 1.41 2.64 1.86 4.14 3.92 2.03 4.3

All the values are calculated directly from the CST Studio program, except the BW
value is calculated by subtracting the lower and upper frequency from the cut-off frequency,
which crosses with a value of −10 dB.

Observing the results obtained from the tests between the calculated and simulated
antennas, it can be seen that the calculated antennas have a higher directivity. However,
other important characteristics, such as matching and coupling, are very weak.

4. Design and Simulation of Patch Antenna Arrays

In this section, an array of previously verified patch antennas will be designed and
simulated. Therefore, a study of four 2 × 1 arrays will be carried out in order to compare
their results and determine which one is more effective for the project.

The following should be taken into account in order to make a correct adaptation
between the different transmission lines:

1. Firstly, the impedance of the supply line is determined, which is equal to 50 Ω.
2. Next, the transmission line is divided in two, so that the impedance becomes 100 Ω.
3. The impedance of the antenna is calculated by the Equation (23).
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4. Finally, the impedance of the matching line is calculated by the root of the product of
the antenna impedance times the 100 Ω impedance.

As can be seen, there is a difference between the input impedance of the patch antenna,
which was equal to 50 Ω, while in the array the input impedance is 100 Ω. This is due to
the fact that in the array the feed line is split in two, which causes the input impedance to
double from 50 Ω to 100 Ω.

In addition to the design shown in the previous image, where the input impedance of
the array patch has been determined at 100 Ω, a design with 50 Ω could have been made,
as in the previous section. However, an additional matching line would have to be added
between the 50 Ω input of the patch and the 100 Ω of the power supply transmission line.
This line would mean a higher occupancy, which is detrimental to the interests of weight
and size of the UAV.

The following Figures 19 and 20 show the design and the calculated impedance in each
transmission line. If both figures are compared, the difference between the impedances can
be observed. As in Section 3, an analysis is made for the two types of patch antenna feeds,
in order to achieve better antenna output characteristics. In contrast to the previous section,
the analysis will be performed with a patch antenna array.

Figure 19. Design of the patch array antenna 2 × 1 and InsetFeed.

Figure 20. Design of the patch array antenna 2 × 1 and lambda quarter.
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The results of the simulation the λ/4 antenna with different input parameters are
shown in Table 10.

Table 10. Result of the study of simulating the λ/4 antenna with different input parameters.

Outputs S11 BW Directivity Z VSWR Gain

Inputs

Wp
UP ↓ ↓ ↑ = Unclear ↑

DOWN ↑ ↑ ↓ = Unclear ↓

Lp
UP ↓ ↑ ↑ = = ↓

DOWN ↑ ↓ ↓ = = ↑

Lla
UP = Unclear ↑ = = ↓

DOWN = Unclear ↓ = = ↑

Wla
UP = Unclear = ↓ = =

DOWN = Unclear = ↑ = =

LLT
UP = ↓ = = ↑ ↑

DOWN = ↓ = = ↑ ↓

WLT
UP ↑ ↓ ↑ Unclear ↑ ↓

DOWN ↓ ↓ ↓ Unclear ↓ ↑

Distance Array UP ↑ = ↑ = ↑ ↑
DOWN ↓ ↓ ↓ = ↑ ↓

Win
UP ↓ ↓ ↓ ↑ = =

DOWN ↓ ↓ ↑ ↑ = =

Lin
UP = = = ↓ = ↑

DOWN = = = = = ↓

Wsus
UP ↓ = ↑ = ↑ ↑

DOWN ↓ = ↓ = ↑ ↓

Lsus
UP ↓ = ↑ = ↑ ↑

DOWN ↓ = ↓ = ↑ ↓

The same tests were carried out for an InsetFeed antenna as with the λ/4 antenna, and
the results obtained are shown in Table 11.

Table 11. Result of the study of simulating the InsetFeed antenna with different input parameters.

Outputs S11 BW Directivity Z VSWR Gain

Inputs

Wp
UP ↓ ↓ ↑ = Unclear ↑

DOWN ↑ ↑ ↓ = Unclear ↓

Lp
UP ↓ ↑ ↑ = ↑ ↓

DOWN ↑ ↓ ↓ = ↑ ↑

LLT
UP = = ↑ = ↑ ↓

DOWN = = ↓ = ↑ ↑

WLT
UP = = = ↓ ↑ =

DOWN = = = ↑ ↑ =

Yo
UP = ↓ = = ↑ ↑

DOWN = ↓ = = ↑ ↓

g UP ↑ ↓ ↑ = ↑ ↓
DOWN ↓ ↓ ↓ = ↓ ↑

Distance Array UP ↑ = ↑ = ↑ ↑
DOWN ↓ ↓ ↓ = ↑ ↓
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Table 11. Cont.

Outputs S11 BW Directivity Z VSWR Gain

Win
UP ↓ ↓ ↓ ↑ = =

DOWN ↓ ↓ ↑ ↑ = =

Lin
UP = = = ↓ = ↑

DOWN = = = = = ↓

Wsus
UP ↓ = ↑ = ↑ ↑

DOWN ↓ = ↓ = ↑ ↓

Lsus
UP ↓ = ↑ = ↑ ↑

DOWN ↓ = ↓ = ↑ ↓

Finally, the antennas’ parameters are calculated and the antennas are simulated,
obtaining the results that can be checked in the next Table 12.

Table 12. Inputs and outputs of the calculated and simulated parameters of the antenna arrays.

2.4 GHz λ/4 2.4 GHz Inset 5.2 GHz λ/4 5.2 GHz Inset

Inputs
Wp (mm) 32 32 25.2 22
Lp (mm) 35.54 35.68 16 16.16

Wla (mm) 0.16 – 0.2 –
Lla (mm) 18.04 – 8.28 –

WLT (mm) 0.28 0.32 1.18 0.32
LLT (mm) 0 18.04 5 8.3

Inset (mm) – 11.5 – 6
g (mm) – 0.6 – 0.16

Win 1.3 1.2 1.3 1.2
Lin 3 3 3 2

LAMBDA 125 125 57.7 57.7
Distance Array 87.5 87.5 40.4 40.4

Wsus 137.5 137.5 75 75
Lsus 55 55 30 30

Outputs
S11 (dB) −32.4 −40 −38.66 −48

BW (MHz) 36 32 105 100
Z (Ω) 50.2 49.8 49.75 49.86

VSWR 1.05 1.02 1.02 1.01
Directivity (dB) 10.1 9.72 10.2 10.3

Gain (dBi) 4.65 4.78 8.16 8.22

As can be seen, the antenna arrays with a frequency of 5.2 GHz have better output
characteristics than the 2.4 GHz antennas, especially in terms of gain or directivity. For this
reason, the 5.2 GHz frequency with Inset Feed will be used to design a 2 × 1 array because
it has a slightly better output characteristics, and its smaller size is also very important for
the weight of the UAV.

5. Conclusions

Due to scientific and industrial interest, in the last years, many works have been devel-
oped to improve marine communications. However, these developments are unaffordable
or difficult to put into practice.

In this paper, a study is made to verify the usefulness of a directive antenna and to
explore ways to improve its design. Additionally, the process of coupling the antenna to a
UAV to give it a higher altitude is studied, showing that it avoids experiencing shadowing
and multipath fading.
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It is verified in the simulation of the designed antennas that the calculated parameters
are not as appropriate as required, and how, with the tests carried out, better results are
achieved in their functional capabilities.

Two tables were specified to improve the output’s characteristics of a patch antenna:
Tables 6 and 7 for a patch antenna, and Tables 10 and 11 for a 2 × 1 array patch antenna.
These tables determine how the increasing or decreasing of an input parameter affects an
output parameter of the antenna. Thus, a maximum gain of 8.22 dBi and directivity of
10.3 dBi, with a frequency of 5.2 GHz was achieved in an array patch antenna InsetFeed
with a flexible substrate such as PETG.

In future papers, the implementation of this antenna in the UAV will be studied in a
smart antenna with a switched sweep through phase shifters to achieve greater directivity,
knowing at all times the destination of reception and emission.
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