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Tpera merynapoana kondepenuuja ETUMA
Third International Conference ETIMA

PREFACE

The Third International Conference “Electrical Engineering, Technology, Informatics, Mechanical
Engineering and Automation — Technical Sciences in the Service of the Economy, Education and
Industry” (ETIMA’25), organized by the Faculty of Electrical Engineering at the “Goce Delchev”
University — Shtip, represents a significant scientific event that enables interdisciplinary exchange of
knowledge and experience among researchers, professors, and experts in the field of technical sciences.
The conference was held in an online format and brought together 78 authors from five different
countries.

The ETIMA conference aims to establish a forum for scientific communication, encouraging
multidisciplinary collaboration and promoting technological innovations with direct impact on modern
life. Through the presentation of scientific papers, participants shared the results of their research and
development activities, contributing to the advancement of knowledge and practice in relevant fields.
The first ETIMA conference was organized four years ago, featuring 40 scientific papers. The second
conference took place in 2023 and included over 30 papers. ETIMA’25 continued this scientific
tradition, presenting more than 40 papers that reflect the latest achievements in electrical engineering,
technology, informatics, mechanical engineering, and automation.

At ETIMA’25, papers were presented that addressed current topics in technical sciences, with particular
emphasis on their application in industry, education, and the economy. The conference facilitated
fruitful discussions among participants, encouraging new ideas and initiatives for future research and
projects.

ETIMA’25 reaffirmed its role as an important platform for scientific exchange and international
cooperation. The organizing committee extends sincere gratitude to all participants for their
contribution to the successful realization of the conference and its scientific value.

We extend our sincerest gratitude to all colleagues who, through the presentation of their papers, ideas,
and active engagement in discussions, contributed to the success and scientific significance of
ETIMA’25.

The Organizing Committee of the Conference



IIPE/II'OBOP

Tperarta merynapoana koudepennuja ,,Enexkrporexuuka, Texnonoruja, Madpopmarnka, MammHcTBO 1
ABTOMaTHKa — TEXHMYKA HAyKHW BO CiIy’)k0a Ha eKOHOMHjaTa, OOpa30BaHUETO W WHAyCTpujaTa‘
(ETUMA’25), opraausupana off EneKTpoTeXHUIKHOT (akynTeT mpu Y HUBEp3UTeToT ,,I onre Jlemaes*
— ITum, npeTcTaByBa 3Ha4YacH HaydeH HACTaH KOj OBO3MOXKYBa WHTEPIUCIMIUIMHApHA pa3MeHa Ha
3HaCHka M MCKYCTBA Mery HCTpaxKyBaud, NPOPECOPH M CKCIEPTH OJ TEXHUYKHTE HAyKH.
Kondepennujara ce onprxa Bo oHIAjH popMaT U 00earHU 78 aBTOPH OJ IET Pa3IAIHH 3EMjH.

Kondepenunjara ETUMA uma 3a nen aa co3aane GopyMm 3a HaydHa KOMYHHKAlHja, MOTTHKHYBajKH
MYJATHIUCLIUILUTMHAPHA COpaOOTKa M IPOMOBHPAjKH TEXHOJIOIIKY HHOBAIMH CO AUPEKTHO BIIWjaHHUE BP3
COBPEMEHOTO JKHBeeme. [IpeKy mpe3eHTanmdja Ha HAyYHH TPYJOBH, YYECHHIIUTE T'M CIIOJETyBaaT
pe3yNTaTUTE O/l CBOMTE MUCTPaXKyBara M Pa3BOJHU aKTHBHOCTH, IIPUIOHECYBAjKH KOH yHAIPEIyBambe
Ha 3HACHETO U NMPAKTUKATa BO PEJIEBAHTHUTE 00JIACTH.

[IpBata xoHdepenmmja ETMMA Oeme opranm3mpaHa TMpel YeTHPW TOIWHHU, TpH INTO Oea
npesentrpann 40 HaydHu TpynoBH. Bropara koHdepenuuja ce oapxka Bo 2023 roanHa U BKIyYd HaJ
30 tpynoBu. ETUMA’25 mnpomoyku co McTaTa Hay4Ha Tpajauiidja, Npe3eHTHpajku moBeke ox 40
TPYZOBH KOWU THM OTCIMKYBaaT HAjHOBUTE [OCTUTHYBama BO o0jacTa Ha €JIEKTPOTEXHHUKATa,
TEXHOJIOTHjaTa, MHPOPMATHKATa, MAIIMHCTBOTO U aBTOMATHKATA.

Ha ETUMA’25 6ea npe3eHTUpaHU TPYI0BH KOM 00pab0OTyBaaT aKTYEIHA TEMH O] TEXHHYKHUTE HAYKH,
Cco ToceOeH akIeHT Ha HHUBHATa NpUMEHa BO HWHAYCTpHjaTa, OOpa30BaHHMETO W EKOHOMHjaTa.
Kondepenuunjara 0Bo3MOXH TUIOIHA JUCKYCHja Mely y4YECHHUIIWTE, MOTTUKHYBAjKHM HOBU HIEH W
WHHULYjaTUBH 32 UIHU UCTPAKYBamba U MIPOEKTH.

ETHUMA’25 ja moTBpau cBojaTa yJiora Kako 3HavajHa IulaTopMa 3a HaydyHa pa3MeHa W
MHTEpHAIMOHAIHA copaboTka. OpraHM3alMOHUOT OI00p yIaTyBa MCKpeHa OJIaroJapHOCT IO CUTE
YUYECHUIIM 32 HUBHUOT MPHIOHEC KOH YCIIEITHATA Peali3allija Ha KOH(EepEeHIMjaTa i Hej3HHATa HaydHa
BpeaHocT. Kondepenijara ce o/ip>xka OHIAjH U 00SAMHU CEIyMICCET U OCYM aBTOPH OJ1 €T Pa3IUIHU
3eMjH.

I/I3pa3yBaMe rojcmMma 6JIal"O,Z[apHOCT A0 CUTC KOJICTU KOU CO NPE3CHTUPAKLC HA CBOUTE TPYAOBU, HJICH U

aKTHBHA BKJIIYUYEHOCT BO JUCKYCHUTE MpHIoHecoa 3a ycnexoT Ha ETMMA’25 u Hej3uHaTa HaydHa
BPEJIHOCT.

Opeanuzayuonen 0060p Ha KoOHepeHyujama
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Abstract

The integration between aviation and telecommunication systems is essential for enabling safe and scalable
beyond visual line of sight (BVL0S) drone operations. To make BVLOS drone operations scalable, real-time
access to dynamic airspace connectivity and dynamic population density data is critical for ensuring
operational safety, regulatory compliance, and efficiency. Mobile network operators (MNOs) are uniquely
positioned to deliver this data, allowing aviation systems to make informed decisions based on the existing
ground risk, as well as extrapolated and real-time network conditions such as throughput, latency, and other
key radio network coverage indicators. This paper provides an introduction to the services that mobile network
operators (MNOSs) are delivering to support the drone ecosystem, with a particular focus on the reliability of
information about airspace connectivity.

In Germany, the MNO Vodafone has released a commercially available solution that, uses pre-processed
historical radio network data to provide extrapolated insights for the airspace connectivity and population
density. In the Netherlands, MNO KPN offering similar capabilities, is collaborating with the Dutch Air Traffic
Control to establish a digital drone corridor between hospitals. In Spain, the MNO Telefonica is not only
delivering radio network intelligence but is also aiming to become a drone operator itself. In Switzerland, the
MNO Swisscom has announced a deployment of 300 "drone-in-a-box" systems, making it the largest drone
operator in Europe. In the United Kingdom, MNO BT is not only investing in capabilities to digitise the
airspace and deliver dynamic population density data but is also taking a step further by investing in an
Unmanned Traffic Management (UTM) system.

These examples demonstrate how MNOs, by leveraging their existing infrastructure and driving airspace
digitization, are becoming a critical link in the chain of BVLoS drone operations for the lower airspace.
Recognising this role, they are increasingly positioning themselves not just as data providers, but as future
aviation system providers. Despite advancements, challenges remain. Regulatory frameworks must evolve to
incorporate real-time network intelligence, and standardisation is needed to ensure unified interoperability
between telecom and aviation systems. Addressing these gaps will unlock a new era of automated, scalable,
and safe BVLOS drone operations. This work aims to contribute to the academic and professional discourse
around the convergence of telecommunications and aviation, providing real-world insights into how telecom
operators are becoming key enablers of airspace digitization through dynamic connectivity (and population
intelligence). The conclusion is clear: to achieve automated and digital airspace management and enable the
safe scaling of BVLOS drone operations, mobile network operators must move beyond sim card’s provision -
becoming an embedded part of aviation systems by bridging telecom infrastructure with the airspace
ecosystem. As this white paper will demonstrate, that transformation is already underway.
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Introduction

Drones are transforming industries and reshaping the way we live and work. From delivering
vital medical supplies and supporting emergency response operations to enabling infrastructure
inspections and environmental monitoring, uncrewed aerial systems (UAS) have become an
integral part of the global technological ecosystem. These use cases demonstrate the enormous
potential of drone operations to improve safety, efficiency, and quality of life.

However, to unlock this potential at scale, especially for Beyond Visual Line of Sight (BVLOS)
drone operations, a paradigm shift is required.

In traditional aviation, a licensed pilot is physically present in the aircraft, directly controlling
its movement and bearing full legal responsibility for the safety of the aircraft and its operations.
With drones, the situation is fundamentally different: the remote pilot is not on board the
aircraft, yet regulators still require proof that the operator maintains full control over the drone
throughout the entire planned flight path. For BVLOS operations to scale, aviation authorities
must be assured in an automated and unified manner that:

e Command and control (C2) links are reliable,

e Connectivity along the entire flight path is sufficiently robust, and

e Dynamic Ground risk is continuously understood based on dynamic population density

data.

This need is further emphasized in the newly released Part 108 draft [166] from the Federal
Aviation Administration of USA (FAA) on BVLOS operations, which states:
“Based on current research and operational approvals of BVLOS operations, FAA has seen C2
metrics that include, but are not limited to, link accessibility, latency of link, and operational
processes in the event of lost link. FAA expects that work performed by industry consensus
standards bodies will refine the key metrics for C2 over time. For BVLOS operations, an
operator would need to be aware of the potential for link to their aircraft to not be available due
to interferences and other reasons along the predicted flight path. In addition, FAA expects that
BVLOS flights could at times experience intermittent lost link. As such, the operator would
need to do an assessment of how link latency and intermittent lost link may impact the safety
of their operation and produce mitigation protocols in these instances to maintain a low-risk
operation. FAA looks to industry and other stakeholders for additional comment on what
additional metrics should be considered in a C2 assessment, which are expected to be
documented in a to-be-developed industry consensus standard.”
This introduces a new requirement: integrating an additional data layer within existing
airspace management systems. This data layer provides dynamic insights into airspace
connectivity (cellular signal strength, throughput, latency) and dynamic population density
intelligence, enabling automated proof of control and enhancing safety assessments for
BVLOS flight approvals.

This is where mobile network operators (MNOs) come in. With their nationwide
infrastructure beside the connectivity, MNOs have the capabilities to provide:

« Dynamic airspace connectivity information — extrapolated and real-time insights into
4G/5G coverage, throughput, latency, and other key parameters
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o Dynamic population density information — essential for ground risk assessment and
regulatory compliance

e Integration within UTM systems — enabling automated decision-making and flight
approvals

How can the mobile network operators derive extrapolated and real-time insights into the
4G/5G coverage and aviation authorities access this information in practice? The answer lies
in one of the few disruptive solutions that many leading MNOs are already using today —
AirborneRF [2].

With AirborneRF, the critical question, “is there sufficient connectivity for my planned flight
path?”, can be answered instantly. The solution delivers predictive and near real-time
insights into airspace connectivity using globally unified APIs [3] and a visual user interface
(UI) that makes connectivity conditions clear and actionable.

As illustrated in Figure 3, AirborneRF provides a visual representation of connectivity
quality across the flightpath, giving both drone operators and aviation authorities the
necessary evidence to support BVLOS flight planning, safety cases, and regulatory
approvals.

Furthermore, organisations like the Aerial Connectivity Joint Activity [4] (ACJA) are
ensuring that this convergence between telecommunications and aviation happens through
globally unified interfaces. Since AirborneRF’s APIs are fully aligned with ACJA
specifications, the solution acts as a practical implementation of this interface, enabling
seamless integration between MNOs, UTM systems, and aviation authorities worldwide.

This white paper primarily focuses on airspace connectivity data and aims to demonstrate
the predictive capabilities of AirborneRF using statistical indicators. To validate the
prediction capabilities, we decided to utilize the real-world measurements as ground truth
data and compare them with AirborneRF’s predictions. For this reason, a large amount of
real-world measurements were gathered in an LTE operational network in Latvia.

Figure 3. Screenshot aken from a test instance of AirborneRF © [2]. To summrize, green cinders
indicate reliable and safe areas for flying, whereas red

130



1. Real-World Measurements, Flights and Scenario

A series of RF-measurement campaigns were performed in Latvia during a two-week-period
in September 2022 by one of the largest Latvian mobile operators within its operational LTE
network. These measurements flights were realized in cooperation with a local UAV
contractor using a commercial quadcopter UAV (DJI Matrice 300 RTK) that was equipped
with an OnePlus Nord N10 smartphone running the Enhancell measurement software. The
smartphone was placed under the UAV and remained in the same position throughout all the
flights.

The measurement phone continuously recorded the network KPIs Reference Signal
Received Power (RSRP), Reference Signal Received Quality (RSRQ), Signal-to-Noise-and
Interference Ratio (SINR) as well as network identifiers. In order to measure latency and
throughput, several scripts were run within the measurement software to measure both
downlink PHY data rate and latency (i.e. ICMP ping) in specific cycles. The ping script was
configured (regarding packet size) in order to correspond to the requirements defined in
Global System for Mobile Communications (GSMA) - ACJA [5] regarding round-trip time
latency.

Some of the flights were band-locked at 800 MHz, while in others the frequency band
selection remained open.

The flights were conducted at various locations in Latvia, covering a range of distances and
altitudes. Figure 2 (a) shows the locations of the flights, whereas Figure 2 (b) provides a
screenshot captured from AirborneRF representing a flight. The flights were organized to
reach heights up to 120 m above ground level, with each flight covering a horizontal distance
of approximately 6 km. In total, the flight time amounted to 12 h, covering a total distance
of 564 km.

Figure 2. (a) The screenshot captured from Google Earth Pro © illustrates flight areas, which are
represented by yellow rectangular shapes;
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Figure 2. (b) The screenshot captured from AirborneRF © for a measurement flight.

2. Method

The measurement flights were grouped according to their date and location into different
flight campaigns, each of which consisting of five to eight flights along comparable routes
at the same location at the same time (in a time-frame of around 2h). A total of 86 flights
which were grouped into 12 different flight campaigns were available for the evaluation,
containing a total of around 70000 individual measurement points (GPS location with RF
parameters).

For the validation, to test the calibration and generalization capabilities of the RF prediction
algorithms of AirborneRF, k-fold-cross-validation [[6], Chapter 7] was applied.
Crossvalidation in Machine Learning (ML) refers to splitting a given dataset into two
disjoint subsets: a training set and a test set. The algorithm which is to be evaluated is trained
in a first step using only the training set. Then, in order to assert its predictive performance,
its predictions for the test scenarios are compared with the measured data for this data set
and presented in terms of statistical indicators. See Section 0 for details.

In our case, a data set consists of the flight routes, given in terms of timestamps and GPS
points, together with the measured RF KPIs. For the tuning of the algorithms, both the flight
route and the measured KPIs are used together with the Mobile Network Operator (MNO)’s
static network data (e.g. cell locations, antenna data, etc.) and the MNO’s dynamic network
data (i.e. cell loads). For the test evaluation only the flight route and static network data was
used, whereas the dynamic network data is predicted by the predictive algorithms using only
historical data up to a day before the test flight took place. Furthermore, the serving cells
were unknown in the test evaluation.

K-fold-cross-validation refers to repeating the cross-validation procedure with different
training/test data combinations. In this case, the selection was done on the level of flight
campaigns, in order to account also for the level of variation of the individual scenarios. The
procedure for generating the individual cross-validation sets was as follows: Select one of
the given flight campaigns. For the current cross-validation, this measurement campaign is
used as test data set, i.e. with its six to eight flights, while the remaining other flight
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campaigns were used as training set. This means that the cross-validation procedure was
executed nine times, with each campaign appearing exactly once as a test scenario. The
predictive errors are collected from each cross-validation and presented in an aggregated
manner with both distribution graphs and corresponding indicators presented in Section O.

3. Results and Discussion

For the evaluation of the performance of AirborneRF’s RF prediction algorithms, in this
section we present the error distribution along with Mean Error (ME), Root Mean Squared
Error (RMSE), Standard Deviation (SD), and 25-th, 50-th, 75- th, 95-th, 99-th quantiles of
absolute error for the following KPIs: RSRP, SINR, RSRQ, PHY data rate, round-trip
latency, and one-way latency.

3.1 Coverage and Signal Quality

In Figure 3 a, the error distribution of RSRP is depicted. The statistics indicate optimistic
results, demonstrating that the predictive algorithms employed in AirborneRF align closely
with the actual measurements. It is important to note that, for the purpose of this analysis,
the best serving cell selections in AirborneRF’s algorithms are simulated rather than using a
priori information from the measurement data. Otherwise, even more optimistic overall
statistics can be expected in context of predictive algorithms. Moreover, according to 3GPP
TS 36.133 [7], measurement errors up to +6 dB are defined for User Equipments (UEs).
Therefore, when it comes to absolute measurement accuracy, it should be understood that
such error values can be expected for UEs. Consequently, this small deviation factor can be
partly attributed to the measurement uncertainties of the UEs.
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Figure 3 a. Error distribution of RSRP.

Figure 3 b and Figure 3 c represent the error distribution of SINR and RSRQ, respectively.
The overall results demonstrate optimistic predictive outcomes for both SINR and RSRQ.
In accordance with 3GPP TS 36.133, measurement errors of up to +3 dB are permissible
for RSRQ. It is worth noting that the predictive capabilities of AirborneRF fall
within this defined margin. These findings indicate that AirborneRF
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performs well in predicting both SINR and RSRQ, aligning closely with the actual
measurements and complying with the specified measurement error limits.
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Figure 3.2. (a) Error distribution of Figure 3.2. (b) Error distribution of
downlink PHY data rates: overall downlink PHY data rates: 95-th percentile.

3.2 Data rates
Data rate is an essential aspect of the C2 connectivity service requirements for UAVS, as

defined in 3GPP TR 36.777 [8]. Therefore, we aim to discuss the results obtained for
predictive capabilities of AirborneRF in this context. It’s widely acknowledged that building
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robust predictive models for data rates is a complex task due to various factors involved such
as SINR levels, spectral efficiency, scheduled bandwidth, appropriately selected Multiple-
Input Multiple-Output (MIMO) technique, optimally chosen Carrier Aggregation (CA)
functionality, and more. Additionally, as described throughout the paper, AirboreRF’s
capability to make predictions for the future (e.g. a flight is scheduled to happen in five days)
requires predicting highly dynamic parameters, including cell load and other factors. This
adds another layer of complexity to the prediction process.

Figure 3.2 presents the error distribution obtained for downlink PHY data rates. Both Figure
3.2 (a) and Figure 3.2 (b) demonstrate reasonable overall results, with 95-th percentile graph
(see Figure 3.2 (b)) exhibiting superior performance compared to the overall graph (see
Figure 3.2 (a)).

3.3 Latency

Latency is another component of the C2 connectivity service requirements for UAVS, as
defined in 3GPP TR 36.777. Let’s discuss the obtained results in this regard.

Figure 3.3 (a) presents the error distribution of round-trip latency, considering all the
measurement data without any filtering. Despite the complexity introduced by factors such
as radio link failures, intermittent network delay peaks, drops in signal quality, transmission
delay, re-transmission delay, queuing delay, air-interface delay, node processing delays, and
more, optimistic statistical results are obtained. We have observed the presence of frequent
extremely high values, with some measurement samples even exceeding 1 s. This behaviour
is reflected in the long-tail to the right of the error distribution graph. Modelling such
dynamics is highly complex, especially with limited configuration data available.
Nonetheless, these extreme values significantly impact the overall statistical evaluation. To
minimize their impact, a filter was applied. Figure 3.3 (b) illustrates the error distribution of
round-trip latency after applying the filtering process. First, the round-trip latency error was
computed, and then the data were filtered based on the 95-th percentile rule. Considering the
maximum latency requirement specified in 3GPP TR 36.777 [8] (i.e., one-way maximum
latency of 50 ms), the 99-th quantile of the absolute error falls within the acceptable margin.
It is worth noting that only half of the obtained value in the graph is reasonably comparable
to the maximum latency requirement set by 3GPP.

We define the one-way latency in our measurement samples to be approximately half of the
round-trip latency. Typically, in scenarios where there is no pre-scheduling of radio
resources occurring at the eNodeB (eNB), it is expected that uplink latency would be higher
than downlink latency due to delays associated with scheduling requests and scheduling
grants. However, analysing and discussing the specific details of this phenomenon is beyond
the scope of this white paper.

Figure 3.3.1 (b) shows the error distribution of one-way latency. The statistics presented in
figure 3.3.1 (b) demonstrate that the 99-th quantile of the absolute error falls within the 50
ms margin. Generally speaking, it is plausible to expect one-way latency values higher than
50 ms when considering delay factors falling beyond eNB - UE section, as discussed in [9],
[10]. For the sake of completeness, figure 3.3.1 (a) illustrates the overall data.
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Figure 3.3. (a) Error distribution of Figure 3.2. (b) Error distribution of
round-trip latency: overall round-trip latency: 95-th percentile.
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Conclusion

This white paper provides an introduction to BVLOS drone use cases, explaining how
mobile network operators are supporting the drone ecosystem, the interfaces enabling
integration between telecommunications and aviation, and the reliability of connectivity
intelligence provided by MNOs through one of the key enabling solutions — AirborneRF.
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It further presents an overview of the predictive capabilities of AirborneRF. By utilizing
statistical indicators and analyzing the evidence gathered, the findings demonstrate a very
strong alignment between the predictions and the actual measurements. The results
demonstrate that AirborneRF is a sophisticated platform that allows forecasting airspace
connectivity with very high accuracy and reliability. On that basis, AirborneRF results are
well suited to provide the required evidence of connectivity along a flight path for flight
planning, flight clearance and approval processes, as well as for automated risk assessments.
Thus, AirborneRF enables the automation and safe scaling of BVLOS drone operations.
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