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Abstract

This work presents the design of a compact, omnidirectional, and circular polarized antenna
for first-person-view (FPV) drones. An FPV drone is an aircraft used in sporting activities,
where the pilot, equipped with a visor, controls the drone’s activities. Due to the high
velocity of FPV and the required low reaction time, the radio connection must be safe and
accurate. An omnidirectional antenna with circular polarization, high gain, low weight,
and good mechanical robustness is mandatory for FPV design. The proposed antenna is
designed and fabricated on a ceramic substrate operating at 5.8 GHz. The prototypes tested
ensure that the proposed design is a potential candidate for FPV applications. A set of
antenna prototypes has been designed, fabricated, and assessed numerically and experi-
mentally, demonstrating the capabilities and potential of the proposed antenna design.

Keywords: circular polarized antennas; microwave antennas; electromagnetic propagation;
first person-view (FPV)

1. Introduction

First-person-view (FPV) is a method used to control a radio-controlled aircraft or other
types of unmanned aerial vehicles (UAVs) [1], such as rescue, security, surveillance [2], sport
competition [3], and military drones [4]. The pilot usually uses a radio remote controller
to drive the drone, and gets a first-person perspective from an onboard camera that feeds
video to FPV goggles or a monitor. There are more sophisticated setups that include a pan-
and-tilt gimbaled camera controlled by a gyroscope sensor in the pilot’s goggles and with
dual onboard cameras, enabling a true stereoscopic view. The two primary components
of an FPV system are the aircraft component and the ground station. A basic FPV system
consists of a camera and an analog video transmitter, mounted onboard the vehicle. The
ground station consists of a video receiver and a suitable display. There are more advanced
setups that incorporate global positioning systems GPS for navigation and flight data,
stabilization systems, and autopilot devices that permit the return to home capability,
which allow the aircraft to fly back to its starting point autonomously in the event of a
signal loss. Receiving equipment placed at the ground station consists of an analog video
receiver tuned to the frequency of the transmitter on board the aircraft and a viewing device.
More complex Ground Stations are equipped with record devices that receive images of the
mission. Recently, unmanned aerial vehicles (UAVs) with first-person view (FPV) control
systems are going to become crucial devices for security and safety applications, such as
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surveillance in agriculture, healthcare system problems, sport (drone race competitions),
military, and rescue operations. These systems require a small and lightweight design,
high-technology capabilities, and cost-effective solutions. Of great importance is the
antenna design, a crucial device aimed at guaranteeing a good radio connection with
the pilot. In particular, an antenna for a FPV drone must have omnidirectional gain and
circular polarization. Half- and quarter-wavelength cloverleaf antennas are widely used
because of their omnidirectional beam pattern, good axial ratio, with variation of less than
0.5 dB [5,6]. The problem with these antennas is the mechanical fragility and the excessive
weight, especially if they are equipped with a plastic radome aimed at protecting the
antenna structure from collisions. Various types of omnidirectional and left-hand circular
polarization (LHCP) antennas can be realized using cylindrical monopoles combined with
arc-shaped dipoles, Vee dipoles, planar microstrip antennas, or arrays made of cylindrical
patches [7-10]. These types of antennas offer good results but are complex to manufacture
and mechanically fragile, making them unsuitable for the proposed application [11,12].
New types of planar microstrip antennas have recently appeared in the scientific literature.
These antennas are typically based on a zero-order rectangular resonator (ZOR) loaded
with open stubs arranged along the ground perimeter to convert linear polarization to
circular polarization [13-15]. A ZOR antenna principle is based on the so-called “zero-
order” mode. In particular, the electromagnetic wave propagates without a phase shift along
the antenna structure, so the entire antenna resonates in phase. This behavior allows the
realization of very small, efficient radiators. These kinds of antennas are usually fabricated
with a set of patches and via structures, creating a mushroom-type geometry. The antenna
structure resembles the conceptual configuration of current loops that act as electric and
magnetic monopoles, respectively. This type of antenna has a wide range of applications in
wireless communications because, in addition to providing very clean left-hand circular
polarization (LHCP) and an omnidirectional radiation pattern, it limits the multipath fading
phenomena that degrade the quality of video transmissions. In this letter, we propose the
design of a light, circularly polarized, omnidirectional microstrip antenna fabricated on
a robust ceramic substrate. In particular, the antenna structure consists of a square patch,
four arms around the patch edges, and vias connecting to a square ground plane. The
design is inspired by the geometry reported in [16]. Four different antenna prototypes
operating in the C band at 5.8 GHz have been fabricated and experimentally assessed. The
obtained results are quite satisfactory and promising, demonstrating the effectiveness of
the proposed antenna as a good substitute for cloverleaf and other circularly polarized
antennas.

2. Antenna Design

The antenna structure is shown in Figure 1 while the values of geometrical parameter
are summarized in Table 1. The antenna consists of two parts printed on a Arlon 25 N
ceramic substrate (¢, = 3.38, tan(§) = 1073). The substrate thickness is t = 0.8 mm.
This ceramic substrate was chosen for its mechanical resistance. On the top layer of the
upper substrate (metallized with 10 um copper), there is a square patch of side W;, with
four folded metallic arms arranged in rotational symmetry and joined at the central square
patch. On the bottom layer of the lower substrate, a square patch of side W, is connected
to the corresponding metallic patch on the top layer by means of a via placed exactly at
the antenna center. The antenna structure is quite similar to the one reported in [16], but it
was optimized to properly work in the C band at 5.8 GHz with a good bandwidth, more
than 0.5 GHz, to properly guarantee the transmission speed mandatory to obtain good and
stable video and telemetry signals during the FPV operations. The geometrical dimensions
of the proposed antenna are optimized using a suitable optimizer in conjunction with the
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High-Frequency Simulation Software (HFSS), 2025 R2. The design methodology is based on
the combination of commercial electromagnetic simulator HESS, an evolutionary algorithm,
the particle swarm optimizer, and a suitable cost function aimed at guaranteeing good
radiation properties. In more detail, the particle swarm algorithm (PSO) [17], has been
combined with the HFSS simulator, to minimize a suitable cost function and optimize the
antenna geometrical parameters. The goals of the cost function are to minimize the Sy1, the
axial ratio (AR), and maximize the gain. In particular, the cost function, reported in the
following [17], receives as input the antenna geometrical parameters defined in Figure 1
(namely W,, Wy, H, T1, T, L, Xy, Yo, X r and Yf) and provides as output an estimation of
the antenna radiating properties.

F(X) = a1 - min{S11(X)} + ap - min{ AR(X)}

)

+az - min{ + oy - max{BW(X)}

1
Gain(X) }
where 07 = 04, ap = a3 = ag = 0.2 are four weights empirically chosen, and
X = {Wu, Wy, H, Ty, 15, L, Xy, Yy, X fr Yf} is the vector of geometrical parameters to optimize.
Then, the PSO optimizer has been used in conjunction with a commercial electromagnetic
simulator able to simulate the antenna with a high degree of accuracy. The PSO generates a
set of trial solutions by varying the geometrical parameters of the antenna, and the electro-
magnetic simulator estimates the performance of the corresponding trial origami feeder to
compute the cost function and guide the algorithm’s evolution toward the optimal solution.
Concerning the considered PSO parameters, ten different particles have been considered, a
constant inertial with an inertial weight I, = 0.6. The optimizer has been run on a laptop
equipped with 16 Gbyte of RAM and an AMD Ryzen I5 processor. The computational time
required to obtain the results was about two hours. The summary of antenna geometri-
cal values of each parameter obtained after the optimization procedure is listed in Table 1.
Table 2 reports the comparisons of different FPV antennas characteristics, in particular,

monopole, loaded monopole, cloverleaf, and the proposed ZOR antenna are reported.
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Figure 1. Antenna geometry.
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Table 1. Antenna geometrical parameters.
Parameters Value [mm]
Wy 9.0
Wy 9.8
H 1.0
T; 1.0
T, 0.5
L 4.15
X ¥ 4.15
Yf 4.15
Xy 3.95
Y, 2.50
Table 2. Comparisons of FPV antennas’ characteristics.
Antenna Length [mm] Gain [dBi] = Weight [gr.] Pol Conn.
Monopole 8 2.8 6 LIN. SMA
Loaded Monopole 13 1.9 4 LIN SMA
Cloverleaf 24 1.26 4 LHCP SMA
ZOR 1 1.9 4 LHCP SMA
Antenna Prototype

In this sub-section, the fabrication procedure of the antenna will be detailed. Starting
from the geometrical parameters reported in Table 1, four prototypes have been fabricated
by using a CNC milling machine with an accuracy of 0.1 mm. The obtained upper bottom
sides of the four prototypes are shown in Figure 2. The central via has been connected
with a small silver wire, and the four prototypes have been equipped with coaxial SMA
connectors for the experimental assessment. The four prototypes equipped with the SMA
connectors are reported in Figure 3 , while Figure 4 shows an antenna prototype placed on

a scale to verify its weight.

BOTTOM LAYER

Figure 2. Top and bottom layers of the four obtained antenna prototypes after the milling process.
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Figure 3. The four antenna prototypes, equipped with SMA coaxial connectors ready for the
experimental setup.

Figure 4. An antenna prototype, without the SMA coaxial connector, is on the scales to verify its weight.

3. Experimental Assessment

In this section, the proposed planar antenna is numerically and experimentally as-
sessed. The numerical data were obtained using ANSYS HFSS. The fabricated prototypes
are measured in an anechoic chamber for their reflection and radiation characteristics. The
beam patterns have then been collected along the E-plane and H-plane with an angular
step of 1 degree. A photo of the experimental setup is reported in Figure 5. The results
are shown in Figure 6, which reports the simulated (blue line) and measured 511, for all
four prototypes. However, despite the frequency shift, the S;; remains well below —10 dB,
especially at F = 5.78 GHz where the return loss is about —13.0 dB for the worst case
(prototype number 4) and —17.1 dB for the best case (prototype number 2). Anyway, all
four prototypes present a bandwidth of about 1 GHz in which the Sq; is below —10 dB. It
is worth noticing that the bandwidth reported in [16] is narrow, and this was confirmed
by the numerical simulation. However, the measurement campaign shows a less sharp
resonance peak, due to a lower quality factor. This is certainly due to the losses and the
small thickness of the dielectric substrate that reduced the resonance peak depth and con-
sequently increased the bandwidth. In the next measurements, the antenna beam pattern
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and gain are estimated. Figures 7 and 8 report the beam patterns along the H-plane and
E-plane, respectively. The radiation pattern in E-plane (Figure 7) shows a dipole pattern,
and omnidirectional radiation (Figure 8) in H-plane for all four prototypes. The agree-
ment between numerical and simulated data is quite good. Concerning the antenna gain,
these are the measured values for the four prototypes G,,;1 = 1.90 dBi, Ggu2 = 1.80 dB;,
Gunz = 1.95 dBi, and G4 = 1.75 dBi. In the last set of measures, the axial ratio AR was
measured at the C-band central frequency of f = 5.8 GHz along the direction of maximum
and compared with numerical results. The results are reported in Figure 9. As it can be seen
from the data shown in Figure 9, the AR is very good, always less than 2 for the various
positions of the azimuthal angle. For the sake of completeness, Figure 10 reports the AR
versus frequency, in the direction of maximum radiation 6 = 90 degrees.

Figure 5. Experimental setup arranged into a semi-anechoic chamber. To obtain a circular polarization
from a linear polarized antenna a circular polarization converter metasurface has been considered [18].
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Figure 6. Variation of 511 with frequency. Measured vs. simulated results.
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Figure 7. Radiation pattern along the E-plane. Simulated vs. measured data.
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Figure 8. Radiation pattern along the H-plane. Simulated vs. measured data.

Axial Ratio

Simulated —
Measured P1 @ == == =
Measured P2

Measured P3 = =— —

Measured P4 1 == == =

z v) 30

300

330

Figure 9. Axial ratio , simulated vs. measured.
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3. Axial Ratio vs. Frequency
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Figure 10. Measured axial ratio vs. frequency.

4. Conclusions

A planar, omnidirectional, and circularly polarized microstrip antenna has been pro-
posed in this letter. The proposed antenna geometry can operate in the C band at 5.8 GHz,
which is the central band. The agreement between numerical and experimental data is
good. In Sy1, a slight frequency shift is present, which is probably due to material and
fabrication tolerances. The beam pattern is omnidirectional in the H-plane as required. The
axial ratio, measured at 5.8 GHz, is in the range between 1.0 and 2.0. Moreover, the antenna
is very compact and mechanically robust, presenting a weight of about 2 g, which makes
it particularly suitable for mounting on small UAV drones. A set of antenna prototypes
has been designed, fabricated, numerically simulated, and experimentally assessed. The
obtained results were quite satisfactory, and they demonstrated the potentialities of such
an antenna as a competitive substitute for standard FPV antennas, such as cloverleaf and
helical antennas.
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