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Abstract

In urban environments, the accuracy of traditional Global Navigation Satellite System (GNSS) could
be compromised due to signal occlusion and multipath interference, particularly during critical
operational phases such as drone take-off and landing. This study seeks to enhance drone positioning
accuracy by integrating 4G and 5G communication antennas and applying multilateration (MLAT)
techniques based on Time-Difference-of-Arrival (TDOA) and Angle of Arrival (AOA) measurements.
The research focuses on a real-world case study in the metropolitan area of Valencia, Spain, where
extensive mobile network data were analysed using the Cramér-Rao Lower Bound (CRLB) to identify
zones with minimal positioning errors and, separately, optimal coverage for connectivity. The results
suggest that integrating terrestrial antennas could enhance drone navigation; however, its current
applicability remains limited to urban areas.

Keywords: drone positioning; 4G and 5G antennas; Multilateration (MLAT); Time-Difference-of-
Arrival (TDOA); urban planning; signal coverage; geospatial analysis; Cramér-Rao Lower Bound
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1. Introduction

The use of Unmanned Aerial Vehicles (UAVs), commonly known as “drones,” is rapidly
expanding, finding new applications such as the transportation of goods and people [1,2] that led to
the concept of Innovative Aerial Services (IAS) and Mobility (IAM) in Europe [3] and Advanced Air
Mobility (AAM) in the United States [4]. Most of the envisaged business models will fly Beyond
Visual Line of Sight (BVLOS) over urban areas [5] in what is commonly known as the Very Low-
Level Airspace (VLL), which is usually defined as the level below which regular manned flights are
not authorised unless for taking off and landing [6]. However, aircraft intended to transporting
people will fly according to manned Visual Flight Rules (VFR) using new-generation aircraft like
Vertical Take Off and Landing Capable Aircraft (CVA) above the VLL, usually in F Class uncontrolled
airspace [7]. UAVs flying for non-carrying people purposes will be required to make their position
and identity available to authorised users both by means of direct broadcast (the so-called broadcast
Remote Identification [8]) or through a network connection (Network Remote Identification, a.k.a.
Net-RID [8]). Global Navigation Satellite Systems (GNSS) receivers are envisaged as the most
common source for position data for both broadcast and Net-RID in most jurisdictions [9,10].
Moreover, manned aircraft flying VFR in the so-called U-space airspaces [11] are requested to make
their position known to U-space service providers using the conspicuity mechanisms defined in [12].
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All practically available electronic conspicuity means (i.e,, Automatic Dependent Surveillance —
Broadcast, a.k.a. ADS-B [13] and Automatic Dependent Surveillance — Light SDR-860, a.k.a. ADS-L
SRD-860 [14]) defined in [12] obtain the reported positions from a GNSS receiver. The ADS-L
MOBILE (based on 4G/5G mobile telecommunication networks), still under development by the
European Union Aviation Safety Agency (EASA) also considers GNSS as the source of data for
electronic conspicuity applications. Despite of its potentially high accuracy, GNSS at low altitudes,
where most IAS and IAM operations are envisaged, has been reported to be affected by phenomena
like satellite shading and multipath, leading to poor performance requiring rather sophisticated
mitigations [15,16].

A growing concern for GNSS-based aviation is the rise of intentional interference, notably
jamming —characterized by the transmission of high-power signals within GNSS frequency bands
that compromise the decoding of navigation data—and spoofing, involving the generation of
counterfeit GNSS signals that induce receivers to compute erroneous position solutions [17]. UAVs
using GNSS for navigation and position reporting are specially exposed to jamming and spoofing
because of the lower flight altitude (i.e., short distance to potential sources of interference). Moreover,
jamming and spoofing are usually mitigated by using redundant ground-based navigation and
surveillance systems like Very-High Frequency (VHF) Omnidirectional Range (VOR), Distance
Measurement Equipment (DME) and radars [17]. However, such systems are seldom available in the
environments where UAVs typically operate, which renders the mitigation of jamming and spoofing
particularly challenging for unmanned aerial platforms [18]. The scientific community has strived in
the recent years to fix this problem, either pursuing autonomous, onboard solutions or leveraging the
positioning capabilities enabled by 4G/5G networks [19-24]. In particular, the later seems to be
especially promising, since it can provide the ground-based back up to ensure the integrity of the
surveillance services for UAVs flying at low altitudes, mainly over urban areas and provide a
secondary, independent stream of surveillance data.

The standard 3GPP TS 38.305 (v18.3.0, Sept. 2024) [25] defines the stage-2 architecture and
procedures for User Equipment (UE) positioning in 5G NR, covering methods such as Time
Difference of Arrival (TDOA), Angle of Arrival (AOA) and Round-Trip Time. Although less accurate,
4G networks also feature time of arrival and angle of arrival measurements [26] Multilateration
(MLAT) techniques using TDOA, AOA, and RTT have been extensively used in aviation for aircraft
surveillance in airports and Control Traffic Regions (CTR) around them since the beginning of the
20th century [27].

In its basic formulation [28], MLAT systems consist of a set of synchronized receiving stations
distributed across the coverage area and a central processing station (CPS). The receiving stations
measure the ToA of signals transmitted by aircraft, typically ADS-B or Traffic Alert and Collision
Avoidance System (TCAS) squitters, and forward timestamped messages to the central processing
unit. The CPS computes TDOA values and solves a system of hyperbolic equations to estimate the
aircraft position. AoA measurements can be combined with ToA to improve the accuracy of the
vertical component of the position, particularly at low altitudes. These techniques provide a well-
established reference framework for the design of surveillance systems based on TDOA and AoA
capabilities in 4G/5G networks. In this context, TDOA and AoA can be derived either at the user
equipment (UE) side (DL-TDOA, AoD) or at the base station (gNodeB, or gNB) side (UL-TDOA,
AoA). In both cases, the final UE position estimate is computed by the Location Management
Function (LMF) in the core network.

The design of MLAT systems for aeronautical surveillance has been traditionally based on the
Cramér-Rao Lower-Bound (CRLB) [29]. The CRLB is a theoretical lower limit on the variance of any
unbiased estimator, indicating the best achievable estimation accuracy given a parameter’s statistical
model. In other words: the CLRB represents the best possible performance in terms of position
estimation accuracy that any practical implementation of a MLAT system can provide [28]. In [30],
the authors derive analytical expressions for the CRLB considering several combinations of TDOA,
AoA and RTT and conducted a thorough assessment of the performance of those combinations in
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different conditions. For airport environments, where the main issues affecting performance are
shadowing and multipath (as in urban environments), the combination of TDOA and AoA proved
to be the most effective solution. In [31], the authors proposed a method for designing airport MLAT
systems applying the CLRB formulations from [30] to airport environments and using a Genetic
Algorithm approach. The method in [31] allows the identification of the minimum number or
receiving stations and their position on the airport layout considering a set of constraints derived
from frangibility requirements according to [32] and other practical considerations (e.g., distribution
of terminal buildings, control tower and hangars or access to airport energy or communication
networks).

Despite relying on the same theoretical foundations, the design of MLAT system in airports has
essential differences compared to 4G/5G-based implementations. Airport MLAT systems are
deployed on purpose for aircraft surveillance upon request of the airport operator, who has all the
data needed for the system design. On the other hand, 4G/5G surveillance solutions for UAVs shall
rely on existing networks deployed according to design criteria that do not take into consideration
the needs of UAVs but those of users on the ground, which represent the market’s share of the lion.
In [33], the authors extended the method described in [31] for airports to the design of city-wide
4G/5B based MLAT system to provide coverage to specific corridors in the city of Valencia (Spain).
The horizontal location of the base station was obtained from [34] and the height uniformly
distributed between 20 and 50 meters. All stations in visual line of sight were considered for the
assessment, which does not necessarily maximise positioning accuracy, as the receivers’ geometric
distribution highly impacts the result [28].

In this paper we present a further more realistic extension of the work published in [33]
addressing three main challenges: (1) integrating the information into a GIS file apt for processing,
verifying the correct positioning of the gNBs and incorporating realistic height data derived from
other sources; (2) developing a clustering criteria pursuing the selection of the best subset of available
gNBS for computing the position based on the bi-directional link budget and the effect or the
geometry; and (3) producing two GIS layers: one detailing coverage and the other showing the
minimum achievable error based on the current antenna infrastructure. These layers were developed
using the CRLB formulation from used by the UPV in [33], within a framework elaborated by the
University of Genoa (UniGe) team [35]. The ultimate purpose of those layers is to enable urban
planners to identify suitable locations of vertiports and corridors in urban areas applying a Multi
Criteria Assessment (MCA) as the one presented in [36].

The rest of the paper is structured as follows: in the Section we provide a methodological
overview detailing the processes involved in data extraction and pre-processing prior. In Section 3,
we describe the algorithms developed to estimate the coverage in terms of link budget and CRLB.
Finally, we present the results in Section 4, followed by the conclusions of our work in Section 5.

2. Methodology

This section presents the methodology developed to assess the feasibility of using urban 4G/5G
mobile networks as a secondary positioning layer alongside GNSS for UAVs. Without loss of
generality, the methodology is applied to the metropolitan area of Valencia as a case study.

The objective is to evaluate two key performance indicators for urban drone operations:
positioning accuracy, quantified through the CRLB, and communication coverage, determined by the
availability of 4G/5G gNBs. These assessments are conducted over a large urban area using a raster
grid-based simulation, where each grid cell represents a discrete UAV position at a fixed flight
altitude relative to the terrain. The focus is placed on en-route segments of UAVs operations; take-off
and landing phases are not considered here, as they would require localized analyses similar to
traditional airport assessment methodologies.

The methodological workflow, summarized in Figure 1, includes a series of pre-processing and
analysis steps:
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1. Data acquisition and preparation: Data were retrieved from the relevant source platform and
converted into a GIS-compatible format for further processing in Python. This enabled the
application of data manipulation techniques to correct inconsistencies and standardize the
dataset.

2. Obstacle analysis: A critical step involved identifying base stations (gNBs) obstructed by
surrounding buildings or terrain. This was achieved by overlaying a Digital Surface Model
(DSM) onto a resampled Digital Terrain Model (DTM) with a resolution of 50 meters. An altitude
offset of 150 meters was applied to simulate flight conditions.

3. Coverage calculation: For each pixel in the raster grid, the number of visible gNBs with a viable
bidirectional link budget was calculated. Visibility was determined by analysing signal
propagation paths and identifying obstructions via the DSM overlay.

4. CRLB computation: Based on the visibility information, the CRLB was computed for each UAV
position. The specific characteristics of each antenna were preserved in the calculation. The
results were stored as GIS layers representing spatial variations in positioning accuracy and
communication availability.

The resulting data layers form the basis for identifying suitable regions for vertiport placement,
when combined with additional criteria as discussed in [36].
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Figure 1. Overview of the proposed methodology.
We further detail the different steps of this methodology in the next sub-sections.

2.1. Extraction of Base Stations of Public Mobile Networks

Spanish authorities make data on the location of base stations of mobile networks and their
technological characteristics publicly available to enable citizens to verify the level of electromagnetic
radiation they are exposed to [34]. Since the work that we are presenting in this paper was carried
out in the city of Valencia (Spain), we chose that city as a case study. This choice is absolutely arbitrary
and does not compromise the validity of the methodology, that can be applied elsewhere (provided
that the necessary information on the gNB location and characteristics is available).

Although the official source of information about mobile networks base station is [34], other
private platforms, such as Antenas GSM [37], also provide this information in more user-friendly
formats. We obtained from this website the identification codes, geographical coordinates (latitude
and longitude), address (when available), frequency bands, and available technology (e.g., 5G) of all
the base stations in the study area (see Figure 2). The antenna elevation data is only accessible to
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premium users, but we managed to approximate it as detailed in the following sub-sections. We
converted this information into GIS format for processing with ArcGIS Pro and Python scripts.

Legend

[ % Antenna distribution
4l by technology
®

636
6

Figure 2. Base station distribution on the study area.

2.3. Data Preprocessing

A preliminary assessment of the raw data revealed that our database contained over 13,000
antenna points, representing individual radiating elements. Notably, base stations from different
mobile network operators were often located in small spatial clusters, with antennas slightly
separated but positioned in close proximity. This reflects a common industry practice of site sharing
to reduce infrastructure costs. We confirmed this assumption through selective on-site inspections
and an extensive case-by-case validation using Google Maps satellite imagery.

For the purposes of this study, we aggregated each cluster of co-located antennas into a single
representative point, as illustrated in Figure 3, which shows a zoomed view of the city centre around
the main train station. To identify clusters based on spatial proximity, we employed the Density-
Based Spatial Clustering of Applications with Noise (DBSCAN)algorithm [38], using a maximum
distance of 40 meters. For each identified cluster, we calculated the geometric centroid to represent
the aggregated antenna position, while preserving all relevant attributes of the original points. An
exception was made in cases where base stations from different companies shared the same physical
location. In these instances, the centroid was computed for the cluster, but company-specific
information was maintained separately, even though the coordinates were identical. The cleaned and
clustered database ultimately included antennas from four major operators: Orange, Telefonica,
Vodafone, and Xfera.

To ensure spatial accuracy, we verified that aggregating clustered antennas did not significantly
distort the base station’s real-world position. Additionally, we identified instances of apparent
placement errors in the original data, potentially introduced for security reasons. In such cases, we
applied a relocation protocol based on the assumption that antennas are typically placed at the
highest available point in the area—most often on rooftops in urban zones, or on poles or towers in
rural environments.

A key challenge was to distinguish between urban and rural contexts, as this classification
directly affected how the antenna’s installation height was estimated relative to the building or
structure. In urban areas, we analysed the surrounding environment—such as the density, size, and
height of nearby buildings —to determine whether relocation was warranted. If so, the point was
moved to the nearest highest building within a 10-meter radius, ensuring it remained at least 1 meter
inside the building perimeter. In contrast, for rural areas —where buildings were generally absent or
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consisted only of small structures (e.g., sheds) —the antenna was left in its original position, assuming
it was mounted on a mast.

(a)

Figure 3. Antenna distribution (a) by technology and not consolidated and (b) by company and consolidated

(zoom on the area of the city’s main rail station).

To support this process, we used building footprint data from the Geoportal of the Valencian
Community [39], which provides detailed building geometries, although without height attributes.
Antenna heights, crucial for line-of-sight (LOS) calculations with UAVs, were estimated using a
Digital Surface Model (DSM) from the same source, with a spatial resolution of 2 meters, capturing
surface features including buildings and vegetation. Before integrating the building and DSM
datasets, we converted both to the ETRS89 UTM Zone 30N coordinate system (EPSG:25830) to ensure
consistency in metric spatial operations. Using the Zonal Statistics tool in GIS, we transferred DSM
elevation values to each building polygon, computing the mean height within each footprint as an
estimate of building height.

To determine the total antenna height above ground, we added the estimated building height to
a characteristic offset: 3 meters for antennas located on buildings in urban areas and 9 meters for
antennas on poles in rural areas.

Finally, a spatial join was performed to associate each base staion (stored in shapefile format)
with the corresponding building geometry and height attributes derived from the DSM, completing
the height estimation and correction phase of the pre-processing workflow.

We analysed the network of each of these companies separately, because the positioning service
will be provided by a specific company using its own infrastructure.

2.4. Signal Coverage Computation

The initial step involved determining the coverage of the antennas and verifying the ones visible
from specific points above the ground. Each point was identified as the centroid of pixels in a DTV,
which, unlike the DSV, includes only terrain elevation, excluding any objects on it. The DTM was
obtained, like the DSM, from the Geoportal of the Valencian Community. A simulated drone flight
altitude was calculated by adding an offset of 150 meters to each pixel in the DTM. It is the maximum
flight altitude allowed by U-Space regulations in Spain.

After several trials, it was established that a grid resolution of 50 meters, derived from the
resampled DTM, was optimal for the study area in terms of computational efficiency. The calculation
was not performed directly on the pixel; instead, the information was aggregated into a single point
representing the centroid of each pixel of the raster grid (Figure 4). This approach was used to verify

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.2152.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 December 2025 d0i:10.20944/preprints202512.2152.v1

7 of 17

both the line of sight between pixels, simulating the drone flight altitude relative to the antennas, and
to assess the actual coverage distance of the antennas.

Figure 4. Vector grid from pixel centroids.

To compute the coverage for the visible antennas, each point in the centroid grid of the raster
was processed using the signal propagation equation (1) to determine whether it falls within the
maximum range of the antenna.

B = frlonb x4 *2/12 ¢9)
(4+m*d)

In Equation (1), Pr is the received power (expressed in Watt, W), while P: is the transmitted
power. The gain of the transmitting and receiving antennas are indicated by G: and Gy, respectively.
The symbol A refers to the wavelength of the signal. The wavelength of a signal is determined by
dividing the speed of light by the frequency of the signal. Finally, the term d refers to the distance
between the antenna and the mobile device, the drone in this case.

To facilitate the analysis, data simplification was necessary. For each antenna, the operating
frequencies relevant to the technologies under consideration - specifically 5G and 4G - were carefully
analyzed. Given that antennas supporting both technologies may transmit at varying frequencies, a
conservative approach was adopted. For the purposes of this study, the highest typical frequency
associated with each technology was selected for this analysis to ensure a comprehensive and
conservative evaluation of coverage and performance. This step was repeated for each antenna,
counting the number of visible antennas per pixel in the DTM-derived grid. The following
parameters were used:

- transmission power: 20 dBm,

- antenna gain of the mobile device: 0 dBj,
- antenna gain of the base station: 8 dBi,

- minimum receiving power: “90 dBm.

To compute the coverage for the visible antennas, each point in the centroid grid of the raster
was processed using the signal propagation equation (1) to determine whether it falls within the
maximum range of the antenna.

At this stage, the algorithm checks each point to determine whether any antennas are within the
possible transmission range. If antennas are present, it verifies that no obstacles block the line of sight
between the target point and the antenna. This was done by extracting the height of points along the
signal path from the DSM. If the DSM height exceeded the signal height at any point along the path,
the target point was deemed not visible. This process was conducted separately for both 5G and 4G
technologies, considering their different operating frequencies, as mentioned before.
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It was then possible to convert from a point-based geometric format back to a raster, as a JSON
file was simultaneously generated during the process. For each pixel in the DTM raster grid, this
JSON file contains information about the visible antennas, including their identification codes (IDs),
coordinates, frequencies, heights above sea level, maximum signal distance, and the distance to each
antenna. Each piece of information is recorded for both 5G and 4G antennas. This JSON file was
subsequently converted into a GeoPackage, creating, again, a grid of points based on the pixel
centroids of the DTM, like shown in Figure 4. Each piece of previously mentioned information is
represented in a separate column, maintaining a Python dictionary-like association between the data
calculated for each drone position and the antenna IDs. This method not only facilitates the counting
of the visible antennas per pixel but also enables the calculation of additional parameters, such as the
maximum and minimum transmission and reception power values for each pixel, and the possibility
to recalculate coverage with different parameters. Furthermore, this approach will be useful for
identifying areas with lower positioning errors.

2.5. Calculation of Areas with Less Positioning Error

The following paragraph describes the calculations used to identify areas at a specific elevation
above the ground - 150 meters, as in the coverage case - where optimal drone placement could be
achieved using 5G antennas to minimize positioning error, as determined by the CRLB. For this
analysis, only antennas with 5G technology are considered. For each pixel centroid, representing a
simulated drone position, the IDs of visible antennas along with their information are collected using
the Geopackage file produced from the coverage process.

If fewer than four antennas are visible, the code assigns predefined values of -9999 to the
calculated metrics and proceeds to the next point. This ensures that points incapable of providing a
valid 3D positioning are not processed further.

To minimize processing time and quickly determine the optimal antenna combinations, two
intermediate steps were implemented to enable calculations over a large area. In the first step, visible
antennas were filtered to exclude those with distances above the average distance of all antennas. In
the second step, it was considered that higher SNR levels yield better accuracy (Figure 5 and 6), as
lower noise reduces the error contribution in the error covariance matrix used for the CRLB
calculation. Based on this, the remaining visible antennas were divided into sectors, with the centroid
of each pixel - previously used as the reference point for calculating antenna visibility during the
simulated drone flight at 150 meters - serving as the origin of a Cartesian plane. Then the antennas
were assigned to a sector according to an angle set by the user (Figure 7). The process iteratively
selected the antenna with the best SNR in each sector, moving sequentially through the sectors in a
clockwise manner. After selecting the first antenna in each sector, the CRLB was calculated to assess
whether the configuration improved positioning accuracy. If no improvement was achieved,
additional antennas with lower SNR were progressively tested, repeating the process across sectors
until an optimal configuration was reached, or the threshold remained unchanged for a specified
number of iterations (Figure 7).

The calculated metrics included both Target Horizontal Positioning Accuracy (THPA) and
Target Vertical Positioning Accuracy (TVPA), which represent the contribution of system geometry
to the error in estimating the target position. Additionally, Horizontal Dilution of Precision (HDOP)
and Vertical Dilution of Precision (VDOP). While HDOP and VDOP reflect the precision of
positioning based on system geometry, THPA and TVPA offer a more specific measurement of the
target’s estimated position accuracy.

The calculated metrics are saved in a GeoPackage file, with points representing the centroids of
the DTM grid and each column containing the calculated parameters. Each column is then
transformed into a raster, with each raster representing a specific calculated metric (Figures 14-17).
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3. Results

As previously discussed, it was necessary to differentiate the antennas based on the available
technology. For the calculation of coverage, both 4G and 5G antennas were utilized, being 5G the
most recent technology available in Valencia according to the database. For the calculation of the
CRLB, only 5G antennas were considered.

Despite its declining market position, in the Metropolitan area of Valencia, Vodafone still has
the largest number of antennas overall, reflecting its former dominance (Table 1). Telefonica ranks
second in terms of the number of antennas, following Orange, which has strong 5G coverage. As
expected, both 4G (Figures 8 and 9) and 5G antennas (Figures 10 and 11) have their highest density
in areas with greater population density, building concentration, and along major transportation
infrastructures. The density of 5G antennas is generally lower compared to 4G antennas due to the
use of more conservative factors in the coverage calculations for 5G, which results in a shorter signal
range. Consequently, coverage is generally adequate for most areas, except in the mountainous
regions surrounding the city, where the number of antennas per pixel is low, often approaching one.

Table 1. Summary of maximum antennas per pixel and distribution by company and technology.

4G max per pixel 5G max per pixel 4G Tot 5G tot
Orange 259 104 493 222
Telefonica 303 87 501 182
Vodafone 316 98 597 223
Xfera 205 37 304 73

As highlighted in the previous paragraphs, the algorithm used to calculate the CRLB was
applied separately to the four identified companies. CRLB has both a vertical (TVPA) and a horizontal
component (THPA). Achieving accurate results for the vertical component is particularly challenging
without antennas positioned at significantly varied heights. This component is especially relevant for
landing and takeoff, although other instruments are available for calculating the position of the aerial
vehicle. In contrast, the horizontal component is less critical to calculate. Therefore, the focus was
placed on enhancing accuracy by applying AOA solely to the vertical component to improve the
overall CRLB. There are various techniques available to mitigate the limitations of the TVPA, which
largely depends on the heterogeneous distribution of antennas across the territory. Efforts were made
to enhance the vertical component accuracy by imposing that at least one antenna between all the
visible had the AOA calculated.

PR
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Figure 8. Number of antennas visible for 4G by pixel for Orange (a) and for Telefonica (b).
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Figure 9. Number of antennas visible for 4G by pixel for Vodafone (a) and for Xfera (b).
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Figure 10. Number of antennas visible for 5G by pixel for Orange (a) and for Telefonica (b).
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Figure 11. Number of antennas visible for 5G by pixel for Vodafone (a) and for Xfera (b).
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As mentioned, the CRLB metric is a synthesis of both a vertical and a horizontal component.
Figures 12 and 13 represent the error levels, with yellow indicating the minimum error level and red
representing the highest error. Among the operators, Vodafone offers the most extensive coverage
for all the city center (Figure 13a), with an acceptable error threshold, potentially under 10 meters,
followed by Orange (Figure 12a). In contrast, the area covered by Xfera is too limited. However, it is
important to consider that Xfera antennas might be integrated into Orange network in the future,
which could improve Orange overall results. Additionally, there are plans to develop a
telecommunications network specifically designed to serve drones, though this remains a distant
project at this stage.

Legend

F 8 CRLB for Telefonica

@ S

(a) (b)
Figure 13. CRLB calculation by pixel for Vodafone (a) and for Xfera (b).
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Figure 16. TVPA calculation by pixel for Orange (a) and for Telefonica (b).
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Figure 17. TVPA calculation by pixel for Vodafone (a) and for Xfera (b).

4. Discussions and Conclusions

This work contributes to draw considerations on the potential developments of the drone market
within the communication and security sectors. The algorithm developed in this study could be
further optimized, both in terms of computational speed and the parameters considered, to achieve
results that are as close to real-world conditions as possible. It is important to note that both the
coverage calculation and the CRLB calculation were conducted by considering only the potential
obstructions between the drone in flight and the antennas, which is particularly relevant for
positioning, in addition to the maximum signal range. Expanding the analysis to include other
factors, such as multipath effects, was not within the scope of this study. Instead, the objective was
to approximate a real-world scenario as closely as possible and to assess whether, given the current
infrastructure, it is feasible to achieve what is widely discussed in the literature - namely, using 5G
antennas in conjunction with GNSS for drone positioning. In addition, it would have required further
enhancement of the algorithm, significantly increasing computational time. Furthermore, under
typical conditions - excluding specific adverse weather that may cause atmospheric attenuation - if
the antenna is visible to the drone, it is expected to maintain optimal communication. However, the
downtilt of base station antennas, which are generally directed towards the ground, may affect signal
quality.

The value of this work lies in advancing the study of optimizing safety levels using existing
infrastructure. To the knowledge of the authors, no large-scale study has yet verified whether areas
with a high density of antennas can feasibly support their use for positioning. However, for achieving
optimal vertical positioning, it was necessary to implement the capability for calculating the AOA.
The AOA was calculated solely for the vertical component. As the number of available antennas
decreases, the number of antennas requiring AOA increases to achieve satisfactory results. In the
central area, approximately 10% of the antennas are using AOA, whereas this percentage rises to 34%
in less densely served areas. The number of antennas could have been further reduced by considering
the geography and area extension, but this would have required an optimization of the algorithm,
necessitating additional computational time. Moreover, to achieve optimal results across the entire
area, it would have been necessary to calculate the AOA for the horizontal component, as was done
for the vertical component, and then recompute for the entire region. This would likely have
enhanced the results across the board. However, the primary objective was to assess the feasibility of
using fixed mobile communication antennas for drone operations. The issue is further compounded
considering that 5G antennas are primarily installed in areas of high population density or high
usage, such as along major communication routes. For instance, considering the road west of Valencia
that crosses the mountains and leads to Madrid, following specific routes, the current number of
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available antennas may suffice. Along the road, 5G antennas are present throughout the entire route,
within the boundaries from which we have extracted data.

One of the most interesting discussion points arises considering that, under current conditions,
is not feasible to ensure a dual level of security for positioning using GNSS and ground-based
antennas when deploying drones for inter-urban connections. This issue becomes even more
significant considering that the CRLB was calculated under optimal conditions, while current
antennas are not designed to disperse signals upwards.

To ensure better coverage, particularly to support the landing and take-off phases of a drone in
an urban context, it will be necessary to increase the number of antennas in areas identified as suitable
for the establishment of a vertiport. Indeed, the example assumes the drone is flying at an altitude of
150 meters, but once on the ground, there is generally an insufficient number of visible antennas.

However, other tools will also be available to ensure positioning. For example, the use of
cameras for location recognition and subsequent drone localization, to identify ground symbols to
facilitate a safe landing, and technologies such as radar and, in particular, Lidar, are being considered.
Additionally, for interurban flights, planning optimal flight paths for drones is a key focus of the
ongoing authors research project. This involves identifying the essential data required to develop
suitability maps for the placement of corridors and vertiports. By concentrating investments in these
specifically identified areas, costs can be reduced while results are maximized. This approach also
ensures the highest level of safety in the most frequently used areas. This will lead to a significant
increase in the density of antennas, although those installed for drone flights will need to be
optimized to send the signal upwards, while current ones do so downwards. Consequently, a
fundamental aspect of the design of 5G networks will be the compliance with electromagnetic field
(EMF) exposure limits. Optimizing transmitted power and managing incident power density are
essential to ensure safety and regulatory compliance [17].

Moreover, it is possible to consider a combination of positioning techniques, which can
significantly improve accuracy and reliability. For example, [18] proposes an integrated methodology
that utilizes both GNSS and 5G signals to achieve high-precision positioning, while [19] compares
the performance of 3D positioning algorithms using 5G signals, demonstrating the effectiveness.
These antennas will continue to serve their traditional function [20], such as facilitating
communication between mobile phones, but in this case with drones [21]. Alternative solutions, such
as satellite communication, also exist, with Starlink being one of the most widely discussed options
[22].

Another important factor, as discussed at the beginning of section 3, is the understanding of the
market structure for different operators. This understanding can be useful for assessing the potential
for future interoperability among them. Currently, the systems of various operators do not always
communicate seamlessly with each other. However, this knowledge could enable the strategic use of
operators in areas where they perform better than others, thereby optimizing coverage and service
quality by leveraging the strengths of each operator.
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