Journal of Physics: 53‘::; PURPOSE-LED
Conference Series PUBLISHING

PAPER « OPEN ACCESS You may also like

. [ - Comparative Analysis of 4G Network
On UAV Terrestrial Connectivity Enhancement Internet Data Conneciivly Based on
. Quality of Service (QoS) Method (Case
through Smart Selective Antennas sy st Pawlung Regercy (045
T Ernawati and B D Pratama
To cite this article: Emanuele Pagliari et al 2024 J. Phys.: Conf. Ser. 2716 012057 - Analysis of 4G Data Service Quality: Case

Study of Tasikmalaya Area
Rahmad Hidayat, Fachrul Rezka Fauzi,
Dwiyanto et al.

Vi h icl line f d denh - How to balance computational cost and
lew the article online for updates and enhancements. accuracy of the model for negative
hydrogen ion sources? A level-lumping
strateqy
Yu-Ru Zhang, Xin Wang, Wei Yang et al.

) The Electrochemical Society

i =
Advancing solid state & electrochemical science & technology SC’en ce +

= Technology +

ECS Meeting

Chicago, IL

October 12-16, 2025 .~ |
’ — SUBMIT
Hilton Chicago .‘( ABSTRACTS by
March 28, 2025
SUBMIT NOW

LOCCUCCOCOCCCCCK

This content was downloaded from IP address 160.78.29.122 on 17/01/2025 at 10:53



https://doi.org/10.1088/1742-6596/2716/1/012057
/article/10.1088/1757-899X/879/1/012017
/article/10.1088/1757-899X/879/1/012017
/article/10.1088/1757-899X/879/1/012017
/article/10.1088/1757-899X/879/1/012017
/article/10.1088/1757-899X/879/1/012017
/article/10.1088/1742-6596/1175/1/012126
/article/10.1088/1742-6596/1175/1/012126
/article/10.1088/1361-6595/ac12c3
/article/10.1088/1361-6595/ac12c3
/article/10.1088/1361-6595/ac12c3
/article/10.1088/1361-6595/ac12c3
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjstVlKNIDC3HqG6KcE2_TMOVk4vYJ6Likd10yOgjFYjQkY3AZ5Y56RERccjCCCRgXvw0qtsWltoqbfxU411Or0Ucuc4tsLpeXIOHPNS0zxbKTvSVqJAzzIlgcDMigKseArDB9Gyf9iescuOZEOcHNKkMEbB0ozSgRtJm8JSehTy6FgKcdzR7Ch3s_xb9ChRYf4xE6FBevppBny3xSlQn4ME-fErXjqdFotzX1zEi80kXTl7NLLuP67AGv4diXaITAk2v8a_PW-Z0bRLwsjWGdHVXqxATgBPAvkS_-zQ8QT3hTG0Hh7puZ3egLr-iUY0hwFL7Oop_lIXdanyAbGpp97G4_qlYOwGAvjUZapAEB2hJ&sig=Cg0ArKJSzJvYLEX7c7gj&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://ecs.confex.com/ecs/248/cfp.cgi%3Futm_source%3DIOP%26utm_medium%3Dbanner%26utm_campaign%3DIOP_248_abstract_submission%26utm_id%3DIOP%2B248%2BAbstract%2BSubmission

EASN-2023 IOP Publishing
Journal of Physics: Conference Series 2716 (2024) 012057  doi:10.1088/1742-6596/2716/1/012057

On UAYV Terrestrial Connectivity Enhancement
through Smart Selective Antennas

Emanuele Pagliari', Luca Davoli', Giordano Cicioni?, Valentina
Palazzi?, and Gianluigi Ferrari'

! Internet of Things (IoT) Lab, Department of Engineering and Architecture, University of
Parma, Italy, and National Inter-University Consortium for Telecommunications (CNIT),
Parma, Italy.

2 Department of Engineering, University of Perugia, Italy

E-mail: emanuele.pagliari@unipr.it, luca.davoli@unipr.it,
giordano.cicioni@studenti.unipg.it, valentina.palazziQunipg.it,
gianluigi.ferrariQunipr.it

Abstract. Nowadays, Unmanned Aerial Vehicles (UAVs) are widely used in heterogeneous
contexts and, thanks to a continuous technological evolution, are going to be used for several
applications such as, for example, Beyond Visual Line of Sight (BVLOS) operations. Since in
BVLOS flights the UAV and the ground control center may not have a direct visibility with
each other, a robust communication system is needed to provide reliable connectivity. Although
a cellular (4G/5G) network is the current best candidate to enable BVLOS applications,
there are still some limitations to overcome, as 4G (LTE) and 5G (NR) cellular networks
are natively designed for terrestrial use. In this paper, we first investigate current cellular
communication limitations for UAV-based applications, in particular taking into account both
results available in the literature, as well as experimental performance campaigns. Then, a
viable solution for mitigating these drawbacks exploiting selective on-board antennas is proposed,
whose performance is experimentally investigated with a preliminary prototypical architecture.

1. Introduction

In the last decade, the UAV market sector has experienced a steady growth and is expected to
further expand by 2030 [1], also thanks to UAV adoption in several heterogeneous scenarios,
such as surveillance, rescue operations in harsh environments, environmental monitoring,
experimental delivery services, and so on. However, due to regulations and technical limitations,
so far most of the applications have been mainly carried out in Visual Line of Sight (VLOS)
conditions, where existing solutions are reliable and effective. Although VLOS flights still have
significant growth opportunities, most of the drone manufacturing companies are nowadays
targeting the adoption of UAVs in Beyond VLOS (BVLOS) scenarios, in order to enable complex
missions and advanced services over large areas.

A key technical challenge of BVLOS applications is network connectivity, for both Command
and Control (C2) and application-related data exchange. Illustrative examples include real-
time video feeds kept from on-board cameras, data collection from Internet of Things (IoT)
sensing nodes deployed in the surrounding environment, and connectivity provision to ground
devices located in the area where the UAV is flying over. Therefore, strong and reliable bi-
directional communication links are needed in these BVLOS-like scenarios. Commercial UAV
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Figure 1: Generic cellular connectivity-enabled UAV BVLOS scenario.

manufactures have investigated the use of existing cellular networks for BVLOS missions, leading
to the implementation of high-end quad-copters exploiting cellular communications [2] to extend
their flight missions’ operating range, as graphically shown in Figure 1.

As of now, canonical UAVs use 4G LTE connectivity only as a backup solution in case of
failure of traditional point-to-point wireless communication links between the drone and the pilot.
This is because, despite a widespread adoption of cellular networks for terrestrial applications
(whose maturity and reliability are clear), the adoption of the same paradigms for aerial
applications still needs to be thoroughly investigated, since currently deployed cellular networks
are optimized for terrestrial use. In fact, cellular deployment and frequency reuse plans between
nearby cells have been optimized to avoid inter-cell interference on ground-located connected
terminals. However, since UAVs can fly at several altitudes (with the most common commercial
drones typically flying close to a 100 m Above Ground Level, AGL, altitude), a cellular terminal
located on a drone will be in direct visibility with multiple Base Transceiver Stations (BTSs)
of nearby cells, especially in geographically flat environments or in high population density
regions (where several BTSs are deployed in a limited region). This leads to a strong inter-cell
interference, since a UAV receives strong signals from the neighboring BTSs, whose detrimental
effects have been experimentally verified through in-flights cellular network signal measurements
carried out by several entities (i.e., Internet Service Providers, ISPs, and research institutions).
Consequently, a degradation of radio signal quality metrics is observed, eventually affecting the
network effective performance and stability, thus limiting the safety of critical BVLOS missions.

In this paper, we first investigate the current cellular connectivity drawbacks for UAV
applications identified in the literature (together with already provided solutions). Then,
we propose and detail a prototypical antenna architecture composed by a selective antenna
system useful to mitigate the inter-cell interference issue. Finally, we provide some preliminary
experimental performance results based on well-known 4G LTE radio quality indexes and the
number of cell changes, evaluated at different flight altitudes.

The paper is organized as follows. In Section 2, a literature overview on UAV-oriented
cellular connectivity is presented, analyzing limitations and possible solutions. Section 3 presents
our prototypical architecture featuring a smart selective antenna system, while in Section 4
some preliminary experimental results are shown. Finally, an overall discussion, together with
improvements and future research directions, is provided in Section 5.

2. Related Works
According to well-known cellular network vendors [3,4] (and as will be experimentally
investigated in Section 4 with regard to the behaviour of 4G LTE cellular networks signals quality
indexes at different flight altitudes), it has been shown that, depending on the environment
morphology and BTSs’ spatial density, at 100 m AGL flight height the free-space path loss
propagation of radio signals transmitted by nearby 4G LTE BTSs has a relevant impact on
UAV connectivity, thus hindering the overall network stability.

In [3-6], it is confirmed that current cellular network implementations are not optimized for
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aerial utilization. Therefore, even if they are already used for backup and non-critical UAV
connectivity applications, several drawbacks and issues are still to overcome to assure sufficient
reliability, especially for critical BVLOS missions. For the sake of completeness, a similar
behaviour has been observed through our experimental in-flight measurements performed in
a semi-rural area in the north of Italy at different flight heights (from ground level up to 120 m
AGL) using a traditional omni-directional 4G LTE antenna on the UAV. The following four most
relevant 4G LTE radio signal quality indexes (as defined by the 3GPP [7]) have been evaluated.

e The Received Signal Strength Indicator (RSSI, dimension: [mW]) is the pure wide band
measured power, depending on the connected cell signal as well as interfering signals from
nearby cells and thermal noise. The RSSI can be expressed as

RSSI = Siot + Tiot + Niot (1)

where: Sior (dimension: [mW]) is the useful received signal power; I (dimension: [mW])
and Niot (dimension: [mW]) are the interference and thermal noise powers, respectively.
All powers are measured over the 12 Resource Elements (REs) subcarriers foreseen in the
4G standard [7].

e The Reference Signals Received Power (RSRP, dimension: [mW]) indicates the useful
received signal power of the connected BTS and can be expressed as

1 NgrE
RSRP = — P.; 2
Yo 22 P @)

where: Ngg is the number of usable REs within the measurement frequency bandwidth,
and P, ; (dimension: [mW]) is the power contribution of the i-th RE.

e The Reference Signal Received Quality (RSRQ, adimensional) is used to assess the overall
quality of the received signals, thus allowing to decide which cell to connect to, and can be

expressed as
Nprp - RSRP

RSSI (3)
where Nprp is the number of Physical Resource Blocks (PRBs).

e The Signal-to-Interference-plus-Noise Ratio (SINR, adimensional) quantifies the relative
strength of the useful signal (with respect to noise), and can be expressed as

RSRQ =

1
SINR = ————— (4)
12RSRQ ~ Nprs

used

where: Ngrg and Nprg,,, correspond to the numbers of REs and used PRBs within the
measurement band, respectively; and 12 is the number of REs’ subcarriers.

For a better comparison, in the following the logarithmic scale is adopted: therefore, SINR and
RSRQ are expressed in dB, while RSSI and RSRP in dBm. The obtained results are shown in
Figure 2: it can be noticed, for increasing altitude, that SINR and RSRQ reduce (Figure 2(a))
while RSSI and RSRP increase (Figure 2(b)).

On the basis of observed performance, several approaches have been investigated to improve
the integration of 4G LTE cellular connectivity for UAV applications: (i) optimizing the existing
cellular networks to extend their coverage for aerial devices; (ii) optimizing the flight path of
cellular connected UAVs; (iii) using selective antennas on the drones. With regard to the
first approach, the 3rd Generation Partnership Project (3GPP) Release 15 [8] introduced
enhancements aiming at mitigating the interference problem [9]. However, despite various
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Figure 2: Omni-directional antennas signal quality metrics different altitudes, in terms of
(a) SINR and RSRQ, and (b) RSRP and RSSI.

technical studies and mitigation approaches, the assumptions, models, and techniques used
in the design and deployment of 4G cellular networks need to be revisited: this can be partially
carried out with 5G and, hopefully, with 6G. The second approach has been evaluated in the
literature in [10], where the UAV’s flight path is planned according to the cellular radio signal
quality, targeting a route optimization to ensure a reliable connectivity. However, this approach
requires the definition of a radio map based on several field measurements and cannot always
be applied, since, for specific flight missions, a flight path’s change is not possible. Finally, the
third approach has been investigated in [11] through a novel theoretical model for aerial 4G LTE
cellular connectivity. Promising results have been obtained, through simulations, on the use of
directive antennas located on the UAV: however, a validation in real testbeds is still missing.

Given the feasibility of adopting selective antennas on a drone and since this solution enables
UAVs to exploit existing cellular networks without modifying the radio equipment’s mounted
on thousands of cell towers, in this paper we focus on the design and development of a novel
prototypical communication architecture including four selective antennas mounted on the drone
and controlled by a proper algorithm, aiming at enhancing the UAV’s connectivity reliability
with the existing 4G LTE networks in BVLOS scenarios.

3. Proposed Selective Antenna System

The proposed prototype is composed by four antennas, connected to the cellular modem on
board the drone by means of a network switch. In particular, only the antenna pointing in
the direction of the BTS (out of all the antennas) is activated at a time, to reduce inter-cell
interference arriving from other nearby BTSs. The active antenna is selected on the basis of
drone’s and cell towers’ relative positions, obtained through the UAV’s Flight Controller (FC)
and via an a-priori access to open-data lists of BTSs, respectively.

More in detail, the antenna system, shown in Figure 3(a), features four directional antennas,
mounted on a square support attached to the UAV platform, providing a 360° radio coverage on
the horizontal plane. The antennas have been designed in planar technology, as grounded stacked
V-slotted patches, to operate in vertical polarization on existing 4G LTE cellular networks—
within a frequency range from 1800 MHz (LTE Band 3: 1710 + 1880 MHz) up to 2690 MHz
(LTE Band 7: 2500 + 2690 MHz). Each antenna consists of 2 elements aligned horizontally, at
a 10 cm distance, so that, including the 3D-printed frame, each antenna has a 21 x 11 x 2.4 cm
size and weighs 153 g. In the operational frequency range, the single antenna element has a
horizontal 3 dB beamwidth on the H-plane between 60° and 80°, and a vertical 3 dB beamwidth
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Figure 3: (a) Block diagram of the selective antenna system, where the sectors are selected one
at a time, and (b) prototypical selective antenna system mounted on the reference UAV.

(E-plane) between 56° and 65°.

The antennas are connected to a custom network switch, consisting of a pair of Single-Pole
4-Throw (SP4T) commercial radio-frequency switches, one per channel, and controlled by a
Raspberry Pi 4 (RPi4) Single Board Computer (SBC), that is powered by the UAV’s battery
and connected to the drone’s FC to retrieve the main telemetry data. The 4G cellular modem
located on board the drone is a Sierra Wireless EM9191 [12], equipped with coaxial ports to
connect to the network switch. The complete system—four antennas, network switch, RPi4,
EM9191 cellular modem, and coaxial cables—has a final payload weight of about 1.1 kg.

The selective antenna system has been integrated in a custom-built quad-copter, as shown
in Figure 3(b), where the four antennas are shifted by 45° with respect to the drone’s front, to
avoid potential interference introduced by the carbon fiber legs of the UAV.

Regarding the algorithms defined for controlling the proposed antenna system, two real-
time mechanisms have been defined and used for in-flight data collection: (i) “nearest BTS”
(NBTS) selection algorithm and (i) “connected BTS” (CBTS) selection algorithm. In detail,
both NBTS and CBTS exploit different types of antennas’ control criteria and take into account
several parameters: (i) the Global Navigation Satellite System (GNSS) in-flight coordinates of
the UAV, gathered from the drone’s FC telemetry; (ii) the flight direction of the UAV (also
denoted as heading angle on a bidirectional plane); and (iii) the list of the cell towers of the ISP
providing cellular connectivity, with their GNSS coordinates and cell IDs.

More in detail, once all the data are received, the NBTS algorithm first loads the known
BTSs” GNSS location list, filtering them on the basis of the geographical distance between the
drone and each BTS. Then, once the nearest BTS has been selected, the algorithm calculates
the bearing angle between the UAV’s GNSS coordinates and those of the selected nearest BTS.
Finally, exploiting the UAV’s heading angle and the bearing angle of the nearest BTS, the NBTS
algorithm selects the antenna (out of the four antennas available on board the UAV) pointing
towards the nearest BTS, leaving the others antennas disabled.

Instead, besides considering the same inputs of NBTS, the CBTS selection algorithm takes
into account, as an additional parameter, the cell ID of the BTS which the cellular modem is
connected to. Consequently, as for the NBTS, an initial temporary BTS selection is performed
to consider only the closest BTSs and, once a cellular network connection has been established,
the CBTS algorithm retrieves the LTE cell ID directly inspecting the network traffic. Then,
the CBTS looks for the BTS identified by the same cell ID (inside the BTSs’ list) and retrieves
its GNSS coordinates, thus calculating the geographical distance and the bearing angle with
respect to the UAV position. Finally, once the BTS of interest has been identified, using the
drone’s heading angle and the computed bearing angle of the selected cell tower it is possible to
select the antenna pointing towards the BTS the UAV is connected to, while the other antennas
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Figure 4: (a) CDF of the SINR, (b) CDF of the RSRQ, (c¢) CDF of the RSRP, all among the
considered experimental setups (NBTS, CBTS, OBTS) at a 100 m AGL flight height.

are turned off.
As a final remark, both NBTS and CBTS algorithms reiterate every 500 ms: this value has
been experimentally evaluated to make the proposed selective antenna mechanism efficient.

4. Experimental Results

In order to evaluate the performance of the proposed selective antenna system and to compare it
with omni-directional antenna-based solutions, several automatic flights (scheduled to follow pre-
defined flight paths) have been conducted to gather 4G LTE radio quality metrics with different
antennas setups, namely (i) standard omni-directional antennas (denoted as OBTS) and (ii)
selective antennas (detailed in Section 3) controlled through NBTS or CBTS algorithms. Then,
in order to comply with the European Union Aviation Safety Agency (EASA) regulations [13],
the experimental flights have been carried out in the Po Valley, near Sabbioneta, Italy, in a semi-
rural area completely flat and without hills, featuring direct visibility for tens of BTSs within
a few kilometer distance. This made the experimental area suitable for verifying the proposed
solution, given the large number of nearby BTSs causing inter-cell interference at the flying
drone. The experimental campaigns have been performed at low (20 m AGL) and high (100 m
AGL) flight altitudes, evaluating (i) RSRP, RSRQ, and SINR metrics, and (ii) the number of
cellular cell changes introduced in Section 2.

4.1. Radio Quality Metrics at Different Flight Heights

As a pre-processing operation, all the data collected at 20 m AGL and 100 m AGL have been
properly “cleaned” removing data gathered during take off and landing phases. Then, data
have been grouped according to the UAV’s flight height, to perform a meaningful comparison
between the three experimental system setups (namely: NBTS, CBTS, and OBTS). For the sake
of clarity, in the following the SINR, RSRQ, and RSRP (defined in Section 2) will be investigated
in terms of their Cumulative Distribution Functions (CDFs), to better compare and investigate
gains and drawbacks of our proposed smart selective antenna system. We will also investigate
the number of cell changes, which is another relevant metric to determine the network stability:
the smaller the number of cell changes, the more reliable the connection link.

With regard to the drone flying at 100 m AGL, the corresponding CDFs of the SINR, RSRQ),
and RSRP are shown in Figure 4(a), Figure 4(b), and Figure 4(c), respectively. In Table 1, the
average values of SINR, RSRQ, and RSRP are shown at two representative heights: 20 m AGL
and 100 m AGL (as considered in Figure 4).

Analyzing the results shown in Figure 4, one can observe, on average, an RSRP improvement
when selective antennas are used—the average RSRP for the CBTS solution is more than 10 dBm
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Table 1: SINR, RSRQ, and RSRP measurements obtained at the considered experimental flight
heights (namely: 20 m AGL and 100 m AGL) with the different antennas setups.

Algorithm 20 m 100 m
&0 SINR | RSRQ | RSRP | SINR | RSRQ | RSRP
[dB] | [dB] | [dBm] || [dB] | [dB] | [dBm]
CBTS 2.63 | —13.85 | —81.66 || —1.45 | —15.82 | —84.20
NBTS | 1.94 | —13.99 | —82.53 | —1.97 | —16.32 | —85.85
OBTS 29 | —1543 | —88.30 || —2.62 | —17.87 | —94.33
— CBTS — OBTS — NBTS — CBTS — OBTS — NBTS — CBTS — OBTS — NBTS
v _Ssn\'u (du)u ) - - R_SII:Q (dB) h - - _g(l)tsnp (dl_}:) - N
(a) (b) (c)

Figure 5: (a) CDF of the SINR, (b) CDF of the RSRQ, (c) CDF of the RSRP, all among the
considered experimental setups (NBTS, CBTS, OBTS) at a 20 m AGL flight height.

higher than with omni-directional antennas, while the NBTS achieves a 8.5 dBm gain with
respect to the OBTS. Regarding the average SINR, both CBTS and NBTS manage to achieve
better values, with NBTS leading to an improvement around 0.6 dB and CBTS leading instead
to a (higher) 1.2 dB gain. Finally, the same applies to RSRQ, with CBTS achieving a gain of
almost 2 dB and NBTS of almost 1.5 dB. Overall, from a radio signal quality perspective, at
100 m AGL the best solution seems to be the adoption of a CBTS-controlled selective antenna
mechanism since, on average, it returns better radio performance than NBTS.

Considering the scenario with the drone flying at 20 m AGL, the corresponding CDF's of the
SINR, RSRQ, and RSRP are shown in Figure 5(a), Figure 5(b), and Figure 5(c). As anticipated
before, the average values are listed in Table 1. Focusing on the results shown in Figure 5,
it can be observed that the benefit of the proposed smart selective antenna system seems to
be limited to RSRP and RSRQ values, while there is advantage, with respect to an omni-
directional antenna-based system, in terms of SINR. In detail, RSRP gains are within 7 dBm
(CBTS) and 6 dBm (NBTS) with the selective antenna system, with CBTS thus achieving
the best performance. Finally, RSRQ returns similar values between CBTS and NBTS, both
achieving an average gain closer to 1.5 dB with respect to the omni-directional solution.

4.2. Number of Cell Changes

According to the data collected during the experimental flights, the proposed selective antenna
system experiences a smaller number of cell changes with respect to the omni-directional system,
with NBTS experiencing, on average, 37.6 cell changes per flight, taking into account all the
flights altitudes of the flight path. In comparison, CBTS experiences 46.2 cell changes per flight
(on average), while the omni-directional antenna-based system experiences 54.3 cell changes per
flight (on average). Therefore, it can be concluded that our proposed selective antenna system
achieves better performance, especially if controlled through the CBTS algorithm allowing
(especially at higher altitudes, where the drone is in LOS with most of the BTSs) to significantly
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decrease the inter-cell interference, thus improving the overall communication link stability.

5. Conclusions

In this paper, we have investigated experimental (and promising) results obtained comparing
the adoption of standard (and traditional) omni-directional antennas with a prototypical smart
selective antenna system controlled by innovative mechanisms (namely, NBTS and CBTS).
The results show that the adoption of selective antennas (aiming at enhancing the cellular
connectivity for UAV in BVLOS conditions) may be beneficial (as expected) at higher altitudes,
where the inter-cell interference is significantly higher. In particular, our results show that
the best control mechanism is CBTS, since, given the obstacle-free LOS path between the
UAV and the BTSs, the different transmission power of the cells towers lead to achieve the
best performance by enabling the antenna pointing towards the connected BTS instead of the
closest one. Future research directions include the simultaneous use of our multiple antenna
architecture together with a beamforming network, in order to compensate the weak antenna
gain between two consecutive antennas disposed on two different sides. Such novel architecture
might be beneficial at lower flight altitudes, where the performance of the current proposed
prototype is worse than that with traditional omni-directional antennas. Finally, implementation
aspects could be optimized, including the antenna form factor as well as the support for different
frequency ranges.
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