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Highlights

What are the main findings?

• Defining and achieving bandwidth and latency performance metrics that cater for
Beyond Visual Line-of-Sight (BVLOS) drone operations is a complex study that re-
quires the design and analysis of telecommunication networks, avionics hardware,
and embedded software.

• MBSE (Model-Based Systems Engineering) effectively consolidates complex require-
ments from EU regulators, telecom providers, and drone operators, facilitating focused
design and regulatory alignment.

What are the implications of the main findings?

• Key attributable metrics for BVLOS operations can be targeted to specific stakeholders
and provide realistic goals for long-term sustainable planning as BVLOS operations
transit from rural to urban areas in Europe.

• The MBSE method is shown to provide a baseline design that is iterative and trans-
latable to similar operational scenarios, and which will enhance speed of regulatory
approval while taking into account the new and evolving safety and technical require-
ments being made by EU regulatory bodies.

Abstract

Unmanned Aircraft Systems (UAS) have seen a significant growth in civilian space over the
past decade. The number one ranked challenge in UAS operations in Europe is regulatory
obstacles such as the Specific Operations Risk Assessment (SORA) for 2023–2025. Existing
approaches have focused on individual technical solutions (radio technologies, redundancy
schemes, or cryptographic protections) or on high-level safety analysis, but have not
integrated regulatory compliance, risk assessment, and repeatable systems models that
directly support SORA artifact generation and rapid adaptation across BVLOS operational
contexts. Thus, the current state-of-the-art apparatus lacks a systematic Model-Based
Systems Engineering (MBSE) approach that can cater to Command and Control (C2) data-
link design for Beyond Visual Line-of-Sight (BVLOS) missions. In this work, we propose
an MBSE methodology designed to assist engineers in designing a C2 data link for BVLOS
drone operations that complies with SORA regulations in the Netherlands and Europe. To
validate the use of MBSE in a wide range of complex drone operations, we demonstrate
how subtle modifications in the proposed engineering models can be made without any
major overhaul of new SORA applications, and this is validate these changes through
laboratory software tests and simulations.
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1. Introduction
Unmanned Aircraft Systems (UAS) have seen a significant growth in terms of their

presence in civilian space during the past decade. This rising trend stems primarily from
the use of drones in Visual Line-of-Sight (VLOS) drone operations. In the period 2023–2024,
an independent think tank reported a record 35.7% increase in the number of VLOS
drone operations conducted in Europe and, notably, an increase of 1.1 to 1.8 million flight
hours [1]. However, within the same period of time, there has only been an increase of
2.6% for Beyond Visual Line-of-Sight (BVLOS) drone operations, recording a stagnant
0.4 million flight hours. Various think tank reports have published survey results in which
UAS operators have consistently identified regulatory obstacles as the primary challenge
to conducting BVLOS drone operations in 2023 and 2024 [2]. This trend is reaffirmed in the
latest think tank report [3]. In particular, operators largely attribute this challenge to the
stringent Specific Operations Risk Assessment (SORA) framework, which was adopted by
the European Aviation Safety Agency (EASA) in 2019.

SORA was created to bridge the gap that exists between commercially available
drones in the Open Category, and manned aircraft in the Certified Category [4]. This gap is
labeled as the Specific Category where heavy unmanned drones can fly high or far. More
specifically, the Specific Category refers to drones that weigh more than 4 kg, or fly above
120 m, or are situated more than 2 km away from the UAS operator. EASA adopted the
latest version of SORA 2.5 in 2024. We have been able to understand why SORA is not
easy to adhere to by studying the methodology related to the ten steps of SORA that UAS
operators have had to comply with [5], as shown in Table 1.

Table 1. Ten Steps of SORA.

Step Description Remarks

1 Concept of Operations (ConOps) Description
Gather all technical, operational, and system
information necessary to assess the risks of the
intended UAS operation.

2 Initial Ground Risk Class (GRC) Assess intrinsic factors such as UAS weight.

3 Final GRC Consider design aspects and mitigation
measures to establish the final GRC.

4 Initial Air Risk Class (ARC) Evaluate the initial air risk based on the
characteristics of the airspace.

5 Residual ARC Assess residual air risk after applying strategic
mitigation.

6 Tactical Mitigation Performance
Requirements (TMPR) Manage any remaining mid-air collision risks.

7 Determine Specific Assurance Integrity
Level (SAIL) Based on ConOps, final GRC and residual ARC.

8 Determine Containment Requirements Ensure that the target level of safety is achieved
for ground and air risks.

9 Identify Operational Safety Objectives (OSO) Demonstrate compliance with 24 OSOs at the
required robustness levels.

10 Comprehensive Safety Portfolio Demonstrate compliance with SORA regulations
and document previous steps.
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Researchers have successfully applied the SORA framework for VLOS flight operations
with Specific Assurance Integrity Level (SAIL) I and II, which typically relate to VLOS
drone operations [6]. However, the bottleneck to pushing the approval limits to higher
SAIL III and IV is understandable, as BVLOS operations are more complex in nature as
they require more automation [7]. With a basic understanding of the ten SORA steps,
we need to define specific and measurable goals to help UAS operators conduct BVLOS
drone operations.

The goals will specifically address the technical capability of command and control
(C2) data links that enable drone operations BVLOS. Reliable and secure C2 data links
are the backbone of drone operations BVLOS, ensuring continuous command, telemetry
and contingency control when the pilot cannot see the aircraft. Without robust and redun-
dant links, safety, regulatory compliance and mission effectiveness cannot be guaranteed.
Although several solutions have been published to guide UAS operators in applying for
SORA [8,9], solutions only go as far as to address the operational parameters under which
the drone will operate [10]. However, none of the literature has proposed a means for
regulators to understand how drones are designed to comply with the OSO at the required
robustness levels.

To this end, this paper aims to bridge the gap between the regulators’ limited technical
knowledge and the motivation for engineers to meet user needs in the design of a BVLOS
data-link system by using Model-Based Systems Engineering (MBSE), which to the best of
the author’s knowledge has not been addressed before. Hence, the contributions of this
paper are as follows.

1. Develop an MBSE guide for designing C2 data links in BVLOS operations.
2. Link architecture diagram connectors to system functions, enabling their use in regu-

latory verification.
3. Align software verification tests with requirements tied to validated MBSE objectives.

The remainder of the paper is organized as follows. Section 2 describes the state-of-the-
art background on SORA and Network Communication. Section 3 introduces the proposed
approach that looks at system engineering models. The corresponding test and validation
results are presented in Section 4. Our conclusions are derived in Section 5.

2. Preliminaries
2.1. Specific Operations Risk Assessment (SORA)

Building on the introduction, SORA is a methodology and regulatory framework
developed by the Joint Authorities for Rulemaking on Unmanned Systems (JARUS) to
assess and mitigate risks for specific UAS operations that fall outside of the low-risk
open category [4]. SORA provides a structured process to evaluate the operation, identify
hazards, quantify risk, and define technical and operational mitigation to ensure that
the remaining risk is acceptable to the competent authority. SORA is necessary because
many UAS missions inherently involve flight operations over people, or flights in complex
airspace that carry heterogeneous and context-dependent risks that generic rules cannot
cover. SORA gives regulators and operators a common and repeatable way to demonstrate
that a proposed operation has been evaluated and that appropriate safeguards are in place
to protect people, property, and other airspace users. The purpose of SORA is to deliver a
consistent and transparent risk-assessment process that consenting authorities can use to
evaluate non-standard UAS operations.

By defining the technical, operational, human factor, and procedural mitigation nec-
essary to reduce risks to acceptable levels, SORA creates a clear pathway for complex or
higher-risk missions to gain regulatory approval. In doing so, it also supports the safe
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expansion of UAS activities and promotes harmonization across jurisdictions by offering
a commonly accepted framework for assessing operational risk. However, the issue of
complying with SORA regulations is a huge and complex problem that has plagued UAS
operators for more than two consecutive years [2]. SORA regulation is a common problem
given its widespread adoption by 28 EASA member states [11], as shown in Table 2. SORA
is a common problem because its detailed, case-by-case risk assessments and stringent
mitigation requirements create substantial technical, administrative and regulatory burdens
for UAS operators across many jurisdictions. This requires us to analyze how successful
UAS operators in EASA member states have been in their attempt to apply for SORA
approvals. Based on Table 2, we can observe the five countries with the highest number of
Operational Authorization (OA) applications; a mandatory requirement to fly under SORA.
They are Poland, Germany, the Czech Republic, the Netherlands, and France.

Table 2. Drone Operations in EASA Member States Ranked by Operational Authorization as shown
by highest ranked with most dense shading [11].

No. Country Organisation
Number of Registered
Drone Operators

Number of OA STS A1/A2/A3 STS/OA

19 Poland Urząd Lotnictwa Cywilnego 222,190 349 12,794 209,819 37

13 Germany Bundesministerium für Digitales und
Verkehr (BMDV) 694,000 289 11 346,600 0

20 Czech Republic Civil Aviation Authority of the
Czech Republic 54,782 272 0 60,636 0

10 Netherlands Human Environment and
Transport Inspectorate 66,228 245 330 7274 1

14 France Cabinets ministériels 117,598 195 0 47,389 0
2 Norway CAA Norway 23,660 167 215 34,513 1
5 Denmark Trafikstyrelsen—Droner 8315 121 1511 32,185 12

4 Finland Finnish Transport and
Communications Agency Traficom 17,600 91 10 27,500 0

9 Ireland Irish Aviation Authority 6451 66 546 19,238 8
24 Slovenia Civil Aviation Agency Slovenia 5763 64 159 5454 2
17 Spain AESA 94,033 46 43,255 140,432 940
21 Austria Austro Control 51,978 44 0 76,262 0
28 Greece - 11,350 42 0 16,210 0
15 Switzerland Federal Office of Civil Aviation FOCA 67,200 33 5 61,331 0

23 Hungary Légügyi Kockázatértékelési
Hatósági Főosztály 4603 31 0 3752 0

3 Sweden Transport Styrelsen 39,035 29 0 57,394 0
18 Italy Italian Civil Aviation Authority 110,518 22 0 37,234 0
26 Romania - 14,710 21 8989 8989 428

8 Lithuania Lietuvos Respublikos Seimo
kanceliarija, biudžetinė įstaiga 5583 19 397 4093 21

6 Estonia Estonian Transport Administration 2976 15 10 4845 1

16 Portugal ANAC—Autoridade Nacional da
Aviação Civil 11,460 12 0 4488 0

25 Croatia Croatian Civil Aviation Agency 2628 11 0 6545 0
7 Latvia Civilās aviācijas a ‘gentūra 4391 10 49 6696 5
11 Belgium FOD Mobiliteit en Vervoer 23,112 8 0 18,966 0
12 Luxembourg Direction de l’Aviation Civile 3063 4 0 94,362 0

27 Bulgaria Directorate General “Civil Aviation
Administration” 3361 1 0 2642 0

1 Iceland The Icelandic Transport Authority 1562 0 0 930 0
22 Slovakia Transport Authority 858 0 0 100 0

We have also been able to learn that to bypass OA, operators in countries such as Spain,
Romania, Denmark, and Lithuania could have aligned their operations with Standard
Scenarios (STS) [12], as seen by their exceptionally high number of STS applications to
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avoid the failure to apply for OA. This can be seen in the last column in Table 2, where
the ratio of STS to OA is greater than ten. According to EASA, an operator does not
need to apply for an OA to perform an operation covered by an STS [5]. Currently, there
are two STS cases. The first published scenario is for drones that weigh less than 25 kg
and fly VLOS operations below 120 m in urban or suburban environments. The second
published scenario applies to the same drones that fly up to 1 km or 2 km if an airspace
observer is deployed to provide an additional 1 km VLOS. In addition to analyzing the
number of STS applications, the number of OA applications also needs further analysis
to determine the complexity of non-standard operations. Based on two of the top five
countries (namely, Poland and the Czech Republic), we witness that a vast majority of
registered drone operators hold basic A1/A2/A3 authorizations for Open Category flights.
The number of these A1/A2/A3 applications nearly equals the total number of registered
operators, so only a small proportion pursue or successfully obtain the OA required for
higher-risk, SORA-governed operations.

This pattern indicates a low uptake and success rate for SORA OA in these countries,
with most operators remaining confined to lower risk visual line-of-sight activities. Hence,
the Netherlands, being one of the three remaining countries in the top five (the others being
Germany and France), is a suitable country of choice for which to research their drone
operations tied to OA under the SORA framework.

Given that research has been done to help UAS operators complete each step of the
SORA process, the current bottleneck in BVLOS operations lies in exceeding successfully
attained SAIL levels I and II [13], which usually refer to VLOS operations where the drone
can fly only within 1 to 2 km. As shown in Table 1, step 7 is a crucial stage in the SORA
process because it evaluates the aggregate effectiveness of all proposed mitigation and
supporting evidence. Consequently, achieving SAIL III and IV is particularly challenging
in terms of convincing regulators to approve BVLOS applications. The critical shift from
SAIL II to SAIL III raises the operational context to flights over more populated areas,
which has increasing intrinsic risk, thus raising the bar for required mitigation. Meeting
these higher SAIL levels is substantially more complex and costly for BVLOS because
technical requirements demand extensive design, testing and validation. The need to
produce rigorous, traceable design evidence, therefore, makes regulatory approval for SAIL
III and IV much more difficult to achieve than for VLOS SAIL levels. MBSE can address this
gap by generating the structured design artifacts and traceability necessary to substantiate
the claims evaluated in step 7 and to support regulatory assessment for higher SAIL BVLOS
operations. Regarding SAIL V and VI, we know that the Dutch Human Environment and
Transport Inspectorate has yet to approve them at the time of publication, as such drones
require an additional EASA Type Certificate (TC) [14], thus confirming that the current
bottleneck in the SORA process is SAIL III and IV of the SORA process.

Although safety can be achieved when ground and air risks are within safe confine-
ment in Step 8 of the SORA process, the key question lies in demonstrating the robustness
levels required for the OSO that are necessary to achieve SAIL levels III and IV in step 9 of
SORA. From an engineering perspective, we can examine the relevant Operational Safety
Objectives (OSO) that address the necessary C2 data links needed for BVLOS operations, as
reflected in Figure 1. These relevant OSO include OSO #05, which focuses on the design of
the UAS with system safety and reliability in mind; OSO #06, which is the main objective
that ensures that the performance of the C2 link is appropriate for operation [15]; OSO #10,
which refers to the safe recovery of technical issues; OSO #16, which emphasizes the safe
recovery of human error; OSO #17, which involves an evaluation of the human–machine
interface to ensure its suitability for the mission; and OSO #20, which requires hardware to
adhere to the environmental conditions defined and measured.
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OSO#10 - Safe recovery 
from technical issue

OSO#16 - Safe recovery 
from human error

OSO#17 - A human factors
evaluation has been

performed

OSO#06 - C3 Link performance
is appropriate for the operation

OSO#20 - Environmental conditions
for safe operation defined,
measurable and adhered to

OSO#05 - UAS is designed
considering system safety

and reliability

Figure 1. Six key objectives filtered from a list of twenty-four operational safety objectives that are
related to C2 data links in terms of technical challenges, human error, or adverse operating conditions.

The six OSOs summarized in Figure 1 aim to address the risks related to C2 data
links and to address the safety concerns of BVLOS drone operations. Having filtered a
select list of OSO, the validation of the selected OSO that helps in the design process of
the data link to satisfy the needs of the UAS operator will be shown in Section 3.1. There,
we construct the operational diagram and the mission capability diagram [16] based on
realistic operational activities and confirm the six OSO through the validation process.
Although most of the discussion until now has focused around the topic of SORA and C2
data links, SORA has made a brief mention of the third “C” in addition to C2 data links.
The third “C” refers to Communication [17], more specifically referring to the exchange of
information between surrounding aviation platforms, including Air Traffic Control (ATC).
The purpose of identifying all aviation platforms is to prevent collisions between manned
aircraft and unmanned aircraft-like drones.

The system implemented in Europe since the beginning of 2024 is called Remote
ID [18], and aims to identify all drones in Europe’s shared airspace. It transmits pertinent
information from the drone. In addition to a drone’s unique identifier, location (latitude,
longitude, and geometric altitude), velocity, and take-off location, Remote ID devices can
send a timely emergency status to all compatible receivers when a drone malfunctions.
Given that information from the Remote ID protocol can be transmitted with the aid of an
additional module, this research can proceed to focus on the original intended design of
the C2 data links and comply with previously identified objectives in SORA version 2.5.

2.2. Drone Communication Networks

A deep understanding of SORA regulations must be complemented with a strong
foundational knowledge of network communication in BVLOS drones. The Open Systems
Interconnection (OSI) model is a technical framework to guide engineers in designing
layered networks. OSI divides the data-exchange process into seven distinct layers, as
seen in Figure 2. In this paper, the OSI layering is used as a design-decomposition aid to
assign software functions to abstraction levels. It is not a claim that deployed UAS systems
implement the full OSI stack as the TCP/IP model is the practically deployed reference for
modern UAS communications.

However, in the context of drone communication networks, the OSI model provides a
useful reference to understand how data are transmitted and received between the drone
and the ground control station (GCS). Drone communication networks can be grouped
into three main categories based on the technological services used in industry: unlicensed
bands, cellular networks, and Satellite Communication (SatCom).
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Figure 2. OSI model standardizes network communication into seven layers, clarifying processes
from physical transmission to application-level services.

Unlicensed bands (e.g., 2.4 GHz and 5 GHz) are widely accessible and low-cost tech-
nologies (WiFi and Bluetooth) suitable for short-range direct drone–controller links [19].
They are simple to implement and common in consumer/recreational drones. Unlicensed
bands have a limited range and susceptibility to co-channel and adjacent-channel inter-
ference from many other devices. They are best suited for local inspections, hobbyist
use, and short VLOS operations where low cost and ease of deployment are priorities.
Cellular networks (4G/LTE and 5G) provide wide coverage and high data rates, allowing
long-range control, real-time telemetry and video streaming [20]. 5G improves LTE with
ultra-low latency, higher capacity, and better support for massive device connectivity, which
is advantageous for autonomous and fleet operations [21]. Cellular networks are dependent
on the commercial operator infrastructure, which implies variable availability and network
policies. Cellular networks are promising candidates for industrial BVLOS missions when
combined with coverage planning, resilience measures and regulatory alignment. SatCom
offers near-global coverage and is indispensable for operations beyond the reach of the
terrestrial network (remote-, maritime-, and polar regions).

Although SatCom incurs a higher cost and typically has a higher latency than terrestrial
links, it acts as a resilient backup or primary link when cellular/unlicensed coverage is
unavailable or unreliable. Nonetheless, despite the fact that services such as network
technologies exist in the market, it is necessary to investigate how data-link technologies
function and the key working principles that allow such C2 data links to comply with
SORA regulations [22]. The purpose of this research is to investigate the hardware and
underlying scheduling software and also to convey the essential information to regulators
in the form of system engineering (SE) models so that it demonstrates compliance with
SORA regulations. In particular, we propose an MBSE approach, which meets OSO and
enables safe BVLOS flight operations.
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3. MBSE for Safe BVLOS Flight Operations
The established facts on SORA regulations and drone communication networks pro-

vide the necessary background information for readers to understand the current state and
progress of technology for carrying out BVLOS drone operations. However, a key question
to answer would be what purpose and need drone technology serves in terms of BVLOS
drone operations.

With the Netherlands having an aging population and facing higher labor costs [23],
drones with BVLOS capability can be an essential resource to bridge the labor shortage gap
relating to the necessary inspection of critical national infrastructure. Examples of critical
national infrastructure include long power-transmission-line networks [24] and the tall
wind turbines [25,26] that exist in giant wind farms. So, given the incentive to improve the
safety of maintenance crews at a lower cost, drones with BVLOS capability are increasingly
being adopted in such maintenance operations.

These examples require drones from the Specific Category because such operations
generally fly above 120 m for the inspection of modern wind turbines [25,26], or stretch
further than 2 km when power is delivered from one province to another [24]. Furthermore,
inspection of wind turbine blades requires specialized imaging sensors that would incur
additional weight and make the entire drone weigh more than 4 kg.

As such, the operational, logical and physical architectures constructed in this paper
follow directly from the operational needs and constraints described above and together
form a structured path from the mission intent to implementable system design. Op-
erational considerations, long-range routes, high-altitude inspections and heavy sensor
payloads define the actors, activities and information flows in the operational diagram.
Those actors and flows are then translated into the logical architecture, into the required
functions and into the interfaces between those functions. Finally, the physical architec-
ture assigns these functions to the concrete software elements and specifies redundancy,
interface connections and resource allocations needed to meet operational performance
and safety goals.

This top-down mapping from operational to logical to physical architectures helps
solve the overall task by making requirements traceable and testable as each operational
need becomes a functional requirement in the logical model and then a measurable per-
formance or verification requirement in the physical design. That traceability supports
focused design decisions and identifies where mitigation or redundancy are required to
satisfy SORA OSO. It also structures verification evidence whereby logical models show
which functions must be exercised in tests and the physical architecture shows how to
instrument hardware and software to produce the data that regulators require in step 7
of SORA.

3.1. Operational Architecture Diagram

If drones are increasingly being adopted in such maintenance operations, we must
first follow an SE approach and investigate the needs of a UAS operator when their drone
operation evolves from a VLOS operation to a BVLOS operation. A suitable method
to illustrate these needs is to build the operational diagram and the mission capability
diagram [16] based on realistic operational activities. As shown in Figure 3, the operational
diagram represents the UAS operator who has command and control over a drone that is
performing a mission to inspect long power transmission lines. Not only can the operational
diagram provide a visual representation of the UAS operator’s needs, it also serves as a
validation and confirmation of the six OSO found in Figure 1 and of whether they aid in the
design process of the C2 data link required in the mission. In the GCS, the drone operator
turns on the drone via remote commands to deploy the drone from the dock.
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Figure 3. The mission capability diagram shows a list of mission aspects that must be fulfilled by
the UAS operator. The operational diagram shows how the UAS operator commands the drone
from Dock-to-Target Destination while controlling from a ground control system; solid lines indicate
normal transitions between operational activities, while dotted lines indicate transitions to sudden
(contingency) activities.

In the diagram, the operational step of transmitting commands and receiving telemetry
is linked to OSO #06, which defines the required performance of the C2 data link. Poor
C2 performance leads to a loss of operational capability to communicate with the drone.
The transition of operational steps to and from the OSO operator also links to OSO #10,
#16 and #17. Whenever the UAS operator becomes confused during flight operations,
system designers must identify the root causes that confound the operator. Designers must
determine whether a software bug or missing network metrics obscure the operator’s view
of drone state, or whether an overly complex user interface increases the probability of
human error. The drone control information, including feedback, state estimation and
any on-board autonomy that converts commands into actuator movement, is sent back
to the drone operator in the form of telemetry. When the drone is equipped with C2 data
links, the UAS operator has the ability to command the drone and fly towards the power
transmission line for inspection.

While the drone is cruising towards the target destination for maintenance inspection,
it will alternate between available BVLOS connections such as cellular networks or satellite
networks. On the other hand, when the drone is able to complete the inspection, it can proceed
to return home safely, which is a complete mission cycle. However, a sudden obstacle can
hinder inspection and cause the drone to abort the mission and fly home. Thus, the C2 process
is linked to OSO 06 that matches the higher objective OSO 05 for the drone to fly safely and
not crash since the C2 data link is a sub-module installed on a drone. As for the other four
OSOs, they are lower-level objectives in a hierarchal grouping [27] that support OSO 06.

In summary, Figure 3 serves as the first contribution for UAS operators to emulate and
adapt from VLOS to BVLOS drone operations. This is so that when Figure 3 is submitted,
regulators have a clear understanding of the main details of the BVLOS operation before
studying the functions of the drone hardware or software required in the mission. This is
because the operational diagram can standardize most BVLOS drone flights where a drone
flies to an intended target destination. However, the exact mission at the destination is the
defining difference between the various operational diagrams.
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3.2. Logical Architecture Diagram

The operational architecture diagram defined in the previous Section 3.1 helps validate
the selected OSO and define the requirements of the usual SE process. Having a set of
requirements, we will then need to translate them into functions that can meet them.
However, in engineering, coming up with functions themselves means nothing without
understanding how to achieve them via hardware and software. So, we model how a C2
data-link functions using a sequence diagram in which the operator starts by activating
the drone system, as drawn in Figure 4. The operator will conduct tests where the flight
controller communicates with the data-link system by initializing a cellular connection
during pre-flight activities.

Figure 4. Sequence diagram shows the time-ordered interactions between system components during
the operation to validate the requirements and constraints of a C2 data link in a drone.
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When the ping message is sent successfully, the BVLOS drone can switch from the
preliminary ping test and proceed to the secondary stage of real-time transmission during
the mission. The conventional sequence diagram can be represented in finer detail when
designed with a logical architecture diagram, as shown in Figure 5, which also acts as a
deeper design layer compared to the operational diagram in Figure 3.

5G
Telco 1

5G
Telco n

Data Link
System

Main
System

OA - Start-
Up Checks

OA - Get
Mission

OA - Run
Mission

OA - Check
Sensors

OA - Relay
Mission Plan

OA - Determine
Network Performance

OA - Obtain
Sensor Data

OA - Receive
Signals

OA - Receive
Real-Time Data

OA - Transmit
Signals

OA - Receive
Signals

OA - Transmit
Real-Time Data

OA - Receive
Real-Time Data

8. Return 5G
Connection

4. Send
Ping

5. Return
Ping

3. Init 5G
Connection ...

15. Execute
Mission

16. Real-Time
Transmission

17. Real-Time
Receive

OA - Transmit
in Real-Time

OA - Transmit
Real-Time Data

OA - Test
Transmission

OA - Transmit
Signals

12. Return
Status

9. Check
Operation

14. Return
Mission Plan

13. Query
Mission Plan

Obstacle Avoidance
System

OA - Transmit
Beam

OA - Receive
Beam

10. Request
Sensor Data

11. Return
Sensor Data

...

...

...

7. Return
Ping

19. RT
TX

20. RT
RX

6. Send
Ping

Figure 5. Logical architecture diagram shows the functional components between each system
component. Each solid line represents a function between functional components with specifications
on exposed component interface for a C2 data link on a drone.

In Figure 5, the highlighted green boxes inside each hardware logic module denote
the features implemented to achieve the operational activities. When an arrow is drawn
from one green box to the other, it represents functions that aim to meet the requirements.
The key message is that green logical blocks expose interface and functional requirements,
which, in turn, help designers make concrete hardware choices. The logical architecture,
therefore, validates the operational diagram by specifying how functions map to hardware
and by revealing the number and type of software interfaces that processors must support.
Communication modules typically appear as one logical block with one or two functions,
whereas a central processing unit (CPU) appears as a single logical block that implements
many functions and interfaces to multiple communication modules. In other words, the
CPU acts as the system brain, where it processes data and coordinates each connected
module, so its interface count, performance, and resource budgets determine whether the
individual functions of those communication modules can be achieved.

In summary, Section 3.2 is a deeper design layer that helps the designer make hardware
selection choices. Given that better and newer hardware will become available in the
market over time, designers can adapt Figure 5 with each new hardware improvement. For
example, 5G cellular modules made by Telit or Sierra Wireless can provide the features of
signal transmission in real-time while the data-link system can use an NXP Layerscape
communication processor, which features TrustZone technology that provides a secure
environment for sensitive data. When the hardware design process is firm, the next stage
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is to look at the design of the software with the help of the physical architecture diagram.
The physical architecture diagram will also help designers create the necessary software
tests to verify the performance of the C2 data link on a drone that is simulated to switch
cellular links when it travels towards the target destination.

3.3. Physical Architecture Diagram

The logical architecture diagram defined in the previous Section 3.2 helps to define the
hardware on which the C2 data-link software is to be built. However, before any software
engineer plans any architecture for the software, there is a need to first understand an
essential consideration in communication system design. In any communication system
design, there is a trade-off between coverage, capacity and quality. Coverage depends on
radio propagation parameters such as cell tower placement, antenna height, transmission
power and frequency bands. Capacity is related to bandwidth, which is measured in
megabits per second. Quality relates to latency and reliability, namely round-trip times and
packet loss.

Given that coverage is within the control of Mobile Network Operators (MNOs), it
can be assumed that the usage of cellular network modules is in operational areas with
healthy cellular coverage [28]. Hence, the design of the C2 data-link software aims to
balance and optimize the capacity and quality aspects of the network connection during
BVLOS drone operations. Hence, the two goals of capacity and quality in a piece of network
communication software are the key focus in the software engineering process. As data-
link software is developed, Figure 6 reflects a ground-up example of system architecture
for a C2 data link. Taking reference from Figure 6, the drone on the left is sending an
outgoing message to the GCS [29]. In the middle are two blocks which correspond to two
separate blocks of hardware, namely the air data-link unit and the ground data-link unit.
Within each piece of hardware, unique software design blocks enable the function of the C2
data-link system. The first block is a scheduler software module that follows an algorithm
to decide which route to send the packets. In order of priority, the scheduler can send
data packets to cellular data links, followed by satellite links. Only during the take-off and
landing phases can the scheduler choose to send data packets over short-range links like
Wi-Fi. However, a normal cellular link is ideal for use during take-off as it minimizes the
switching time from Wi-Fi when the drone flies towards the target destination. The link
manager is another software block that obtains essential metric data on the performance
and availability of the respective links and periodically updates the scheduler in a feedback
loop for the scheduler to make alterations to its routing decisions. With the design of the
scheduler and the link manager, the design of the physical architecture as seen in Figure 7
can be drawn to explain how the bandwidth capacity and latency quality can be improved.

Air Unit Ground Unit

Ground-
Unit

Scheduler

Network 
Traffic

Concentrator
for IP Traffic

Link Manager

Link Availability Data
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Figure 6. System architecture is a conceptual representation of the software design to aid in developing
software features for a C2 data link on a drone [29].
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Figure 7. Physical architecture diagram shows the finer details that include implementation com-
ponents in the C2 data-link software meant for a drone. The solid lines represent the physical links
between implementation components while the dotted lines represent the future software add-ons.

The Scheduler operates primarily on the Network Layer (Layer 3) of the OSI model.
It is responsible for determining how data packets are distributed across multiple cellu-
lar links by implementing path-selection and scheduling algorithms. Routing decisions
that determine which network path to use are a network-layer function executed by the
link manager.

The Scheduler also operates at the network layer to manage packet distribution across
the paths selected by the link manager. The scheduler consists of two main components:

• Packet Distribution: Manages packet distribution and load balancing across available
paths to optimize data throughput.

• Transfer Measurement: Monitors data-transfer performance to support efficient path-
utilization decisions.

The Link Manager, operating in the network layer (Layer 3) of the OSI stack, evaluates
link quality by monitoring latency. It comprises four key components:

• Link Evaluation: Assesses real-time link metrics to prioritize the most reliable commu-
nication paths.

• Hardware Management: Configures modem settings and manages physical resources.
• Predictive Link Estimation (future software add-on): Anticipates link conditions to

maintain stable connection.
• Manage Initialization (future software add-on): Handles the coordination of the boot-up

sequence between the main system and the C2 data-link system when intricate startup
management is needed.

Together, these components enable a dynamic multilink communication system where
the link manager handles link-level quality, while the scheduler directs network-level
data routing with optimized bandwidth. In essence, the physical architecture diagram
not only reflects the company’s system architecture but also correlates with the logical
architecture diagram designed in Figure 5. Thus, this creates a cohesive design flow from
the operational architecture diagram to the logical architecture diagram, and, finally, to the
physical architecture diagram.
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4. Test Results for Bandwidth and Latency
This section outlines the essential tools and environments used to establish the test

setup to verify internal C2 data-link improvements. It will describe two different setups:
one for testing bandwidth and the other for testing latency.

4.1. Test Setup for Bandwidth

The throughput tests were managed within a virtualized Linux environment running
Ubuntu 22.04 LTS. With the use of a M2 Pro MacBook Pro equipped with 16 GB of Random
Access Memory (RAM), virtualization was managed using Parallels Desktop software, al-
lowing multiple instances of Ubuntu to run concurrently and smoothly. This configuration
enables simulation of communication links and network nodes in BVLOS operations with-
out requiring new flight trials during early-stage software validation. Importantly, related
LTE flight activities were carried out within the ADACORSA project, funded by the ECSEL
Joint Undertaking (Grant No. 876019), while detailed technical evidence is documented
in project deliverables that are confidential and not publicly released [30]. Therefore, the
purpose of the VM setup in this paper is to provide MBSE-focused, reproducible software
verification and to establish a redeployable baseline for later operational integration. Given
that small errors can grow into compound errors when software is scaled up using multiple
virtual machines (VM) to become a complex system, the first step is always to determine
bugs and error messages in the software. Hence, the use of a single VM is needed to verify
the execution of the software on the drone client and the GCS server side. It serves as an
initial verification step to confirm the basic functioning of the communication stack within
a controlled environment.

After verifying that software components such as the aforementioned scheduler and
link manager can operate as intended through the single VM setup, we transit from the
functional module test and scale to four VMs. The goal is to simulate a realistic network
topology that includes two separate cellular networks, as shown in Figure 8. In this
particular configuration, two virtual machines represent the cellular network routers of
network providers A and B, respectively. Then, at both ends, VM 1 acts as the drone client,
while VM 4 acts as the GCS server. This scenario enables evaluation of the C2 data-link
software to manage connections on dual network paths, reflecting a platform to analyze
routing decisions and link switching within a multi-network environment. In fact, the test
setup scenario in Figure 8 represents the Figure 7 that we aim to test in a real-life BVLOS
scenario. For the evaluation of network bandwidth performance within the virtualized test
environment, open source iPerf3 was used. iPerf3 is widely used to measure the maximum
achievable bandwidth in communication networks, providing detailed metrics such as
throughput and packet loss. These measurements assess the bandwidth and reliability of
communication links in the C2 data-link system. An example of the command used on the
drone client VM to test bandwidth is shown in Listing 1.
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Figure 8. Network block diagram shows four virtual machines with client and server software
running separately. Each virtual machine is programmed with specific IP addresses as part of the
dual network paths.
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Listing 1: iPerf3 command example.
iperf3 -c <server_IP_address > -B <client_IP_address > -t 10

Given such meaningful, reproducible bandwidth tests for C2 links, they are exe-
cutable with minimal setup and no specialized hardware. A basic VM-to-VM iPerf3
test rapidly exposes link capacity, transient drops and sustained throughput limits. It,
therefore, guides early design choices (e.g., required modem bandwidth, expected video
up-link rates, or need for compression). Because the test is easy to automate and repro-
duce, it provides straightforward evidence that can feed MBSE traceability and regulatory
verification artifacts.

4.2. Results for Bandwidth

In this particular investigation, we analyzed the baseline code and made improvements
to the scheduler from a software system and algorithm perspective. The implementation of
the modification for the scheduler improved the bandwidth for the sender 1-fold, while the
bandwidth for the GCS increased 3-fold, as shown in Table 3. The delivery success rate of
the scheduler also improved from the original 41% to 82%, allowing more data to be sent
through and improving the effectiveness of the data-link software. Table 3 summarizes the
aggregate improvements most relevant for design decisions and regulatory evidence, while
Tables 4 and 5 provide interval-by-interval baseline and modified scheduler measurements
(transfer, bitrate, retransmissions and congestion window) .

Table 3. Bandwidth test results for C2 data-link software comparing baseline and revised soft-
ware implementations under identical hardware conditions. Sender transfer increased from 0.92 to
2.01 MBytes, GCS-received data increased from 0.38 to 1.65 MBytes, and delivery success rate im-
proved from 41.72% to 82.09%.

Metric Original
Scheduler Software

Modified
Scheduler Software Change

Total Data Transmitted 0.92 MBytes 2.01 MBytes +118%
Data Received by GCS 0.38 MBytes 1.65 MBytes +334%
Delivery Success Rate 41.72% 82.09% +96.7%

Table 4. Baseline Results for Original Scheduler Software.

Interval Transfer Bitrate Retransmissions
(Retr)

Congestion
Window (Cwnd)

0.00–1.00 s 76.4 KBytes 625 Kbits/s 0 32.5 KBytes
1.00–2.00 s 173 KBytes 1.41 Mbits/s 0 42.4 KBytes
2.00–3.00 s 0.00 Bytes 0.00 bits/s 0 43.8 KBytes
3.00–4.00 s 96.2 KBytes 788 Kbits/s 0 48.1 KBytes
4.00–5.00 s 127 KBytes 1.04 Mbits/s 0 59.4 KBytes
5.00–6.00 s 191 KBytes 1.56 Mbits/s 0 79.2 KBytes
6.00–7.00 s 0.00 Bytes 0.00 bits/s 0 97.6 KBytes
7.00–8.00 s 255 KBytes 2.09 Mbits/s 0 117 KBytes
8.00–9.00 s 0.00 Bytes 0.00 bits/s 3 117 KBytes
9.00–10.00 s 0.00 Bytes 0.00 bits/s 14 83.4 KBytes
0.00–10.00 s 918 KBytes 752 Kbits/s 17 Sender
0.00–11.95 s 383 KBytes 263 Kbits/s Receiver
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Table 5. Results for Modified Scheduler Software.

Interval Transfer Bitrate Retransmissions
(Retr)

Congestion
Window (Cwnd)

0.00–1.00 s 341 KBytes 2.79 Mbits/s 0 45.2 KBytes
1.00–2.00 s 255 KBytes 2.09 Mbits/s 0 53.7 KBytes
2.00–3.00 s 127 KBytes 1.04 Mbits/s 0 62.2 KBytes
3.00–4.00 s 191 KBytes 1.56 Mbits/s 0 70.7 KBytes
4.00–5.00 s 382 KBytes 3.13 Mbits/s 0 87.7 KBytes
5.00–6.00 s 0.00 Bytes 0.00 bits/s 12 74.9 KBytes
6.00–7.00 s 255 KBytes 2.09 Mbits/s 6 80.6 KBytes
7.00–8.00 s 255 KBytes 2.09 Mbits/s 0 94.7 KBytes
8.00–9.00 s 255 KBytes 2.09 Mbits/s 9 65.0 KBytes
9.00–10.00 s 0.00 Bytes 0.00 bits/s 0 73.5 KBytes
0.00–10.00 s 2.01 MBytes 1.69 Mbits/s 27 Sender
0.00–10.46 s 1.65 MBytes 1.32 Mbits/s – Receiver

As shown in Tables 4 and 5, the modified scheduler software sustains higher transfer
and bitrate in most intervals despite transient drops, which is consistent with the higher
end-to-end data received and delivery success summarized in Table 3. This means that
not only serial message data can be accommodated, but that the increased bandwidth
can also accommodate higher bandwidth signals like video feed data when drones have
an onboard camera that captures a video feed of their surroundings. The improved and
repeatable iPerf3 results provide quantified evidence of software changes to help regulators
understand software upgrades when UAS operators submit documentation for SORA
approvals that include iterative upgrades [20].

Furthermore, repeatability of the bandwidth test also helps in terms of proving the
reliability numbers of the data-link software and ensuring that the drone is safe for use in
operations. In BVLOS drone operations, lower levels of onboard automation increase the
UAS operator’s reliance on remote sensing, so the GCS is required to provide the greater sit-
uational awareness delivered by video feeds or other sensor streams. The ability to transmit
higher-resolution video and more frequent telemetry, therefore, directly reduces the cogni-
tive burden on the UAS operator and supports safer manual or semi-autonomous decision-
making during inspection of power transmission lines. In this study, the observed increase
is interpreted as a software-efficiency effect under unchanged hardware: reduced process-
ing overhead, fewer forwarding interruptions and improved runtime robustness increased
end-to-end throughput.

No manual TCP parameter tuning (for example, fixed TCP window reconfiguration)
was applied. Instead, software-level stabilization reduced interruption and retry pressure,
which is consistent with the measured improvement in delivered data. These positive
results also helped to validate the allocation shown in Figure 7 whereby the Command paths
(17A and 20A) and Status paths (16A and 19A) that carry control and telemetry traffic are
the same channels whose capacity improves after the scheduler software modification. This
traceability linking measured performance back to specific physical interfaces and labeled
paths confirms that the design choices embodied in the physical architecture produce the
expected operational capability of higher capacity video and telemetry at the GCS and
more reliable command delivery to the air unit.

4.3. Test Setup for Latency

Latency measurements were conducted using two Intel-based Linux laptops to better
represent various connectivity latencies. Laptop 1, acting as drone client, is an MSI GS65
Stealth Thin 8RF, while Laptop 2, acting as GCS server, is a Lenovo ThinkPad E15 Gen 2.
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Both laptops were installed with Ubuntu 22.04 LTS and were connected via two methods.
The first connection is a direct wired Ethernet cable that provides a stable low-latency
link. The second connection uses the Wi-Fi networks available to the laptops to introduce
transport-layer RTT variability and an alternative path for failover triggering. We note that
802.11 Wi-Fi uses a contention-based MAC (CSMA/CA), which is fundamentally different
from the scheduled MAC used in LTE/5G cellular links. Wi-Fi is, therefore, not used here
to model the radio-access or MAC-layer behavior of drone C2 links. Rather, it serves as a
readily available second interface that allows the link-manager-failover logic to be exercised
under variable latency conditions in a controlled and reproducible lab environment.

To measure network latency between the two laptops, the ICMP-based ping command
was used. This tool sends a series of echo request packets to the target host and reports the
Round-Trip Time (RTT) for each packet. An example command used for latency testing is
shown in Listing 2.

Listing 2: Ping command example.
ping -c 100 <server_IP_address >

4.4. Results for Latency

The goal of the link manager is to optimize the switching between multiple link
interfaces, ensuring stable connectivity from the drone client to the GCS server during
moments when an active link goes down or experiences continued degradation. During
the test of the modified link manager, the C2 data link experienced a disconnect from the
Ethernet link, as seen in Listing 3.

Listing 3: Interface Status Log and Failover Trigger.
2025 -08 -05 23:02:48 - enp60s0 is UP (CABLE CONNECTED)
2025 -08 -05 23:02:49 - enp60s0 is UP (CABLE CONNECTED)
2025 -08 -05 23:02:50 - enp60s0 is UP (CABLE CONNECTED)
2025 -08 -05 23:02:51 - enp60s0 is UP (CABLE DISCONNECTED)

DEBUG: Cable disconnect detected! Triggering failover ...

In real time, there was an automatic fail-over to the secondary Wi-Fi connection and it
was completed in approximately 0.12 s, minimizing interruption in the drone client’s net-
work communication, as depicted in Listing 4. Although this test is not fully representative
of a switch from cellular links, given the hardware constraints in this project, it still shows
that the software can improve by 1.5 s when switching from cellular network to Wi-Fi, as
demonstrated in a previous flight trial conducted in November 2023. This possible 92%
reduction in switching time can be replicated when future flight trials can be performed
with testing of the cellular link modules.

Listing 4: Failover Completion Time.

Failover completed in 0.116455208 s

Furthermore, after a successful switch over to a secondary Wi-Fi connection, connec-
tivity tests to a remote node (10.0.0.1) of the GCS server were performed successfully using
the ping command shown in Listing 2. The RTT averaged around 54 ms, with no packet
loss observed after successful switch-over, as shown in Listing 5.

Listing 5: Ping Test Output to 10.0.0.1.
2. Testing connectivity to 10.0.0.1:

PING 10.0.0.1 (10.0.0.1) 56(84) bytes of data.
64 bytes from 10.0.0.1: icmp_seq =1 ttl=64 time =9.41 ms
64 bytes from 10.0.0.1: icmp_seq =2 ttl=64 time =65.6 ms
64 bytes from 10.0.0.1: icmp_seq =3 ttl=64 time =87.2 ms
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--- 10.0.0.1 ping statistics ---
3 packets transmitted , 3 received , 0% packet loss , time 2003 ms
rtt min/avg/max/mdev = 9.409/54.088/87.221/32.799 ms

To make the timing assessment explicit from a real-time systems perspective, we
evaluated the link manager against three timing-oriented acceptance criteria in this test
scenario: bounded failover interruption, continuity after recovery and latency stability
after recovery. For bounded interruption, failover completion was measured at 0.116 s
(Listing 4), which indicates sub-second recovery in the tested setup.

For continuity, no packet loss was observed in the post-failover measurement window
(0% packet loss in Listing 5). For latency stability, RTT min/avg/max/mdev values are
reported to expose central tendency and spread after recovery rather than mean latency
alone. These timing indicators provide traceable evidence for C2 performance and safe
recovery objectives in the selected OSO set (especially OSO #06, #10, and #16). In general,
these results demonstrate that the modified link manager is able to quickly detect link
failures and execute failover procedures with minimal latency. This improvement is critical
to maintain reliable C2 links in BVLOS drone operations. The ping test also acts as a way
to convince operators that the connectivity test is standardized and that the logs of the
data link are simple to understand when failure occurs during BVLOS drone operations.
The ping test helps validate the allocation shown in Figure 7, specifically the link metrics
paths (5 and 7) that determine the link-quality metrics of the connections. The function
of monitoring link metrics is, therefore, key to triggering timely link switching by the
link manager. It is able to detect early deterioration and initiate failover before control or
situational-awareness degradation becomes critical: in BVLOS drone operations, where the
drone may be traveling at high speeds and is far from the operator. By enforcing automated
and metric-driven switching policies, the link manager reduces the reliance on manual
intervention, shortens recovery time after transient faults and preserves the end-to-end
latency and delivery guaranties required for safe command and telemetry exchange.

4.5. Validation of Results

Based on the results, we can see a marked improvement in two key aspects. Firstly, by
modifying the scheduler software, the bandwidth has improved along with the reduction
in frequency of failed transmissions. Secondly, by modifying the link manager, the latency
has improved. The latency improvement is assessed against the three timing-oriented
acceptance criteria introduced in Section 4.4: (i) bounded failover interruption (measured at
0.116 s), (ii) post-failover continuity (0% packet loss in the measured window), and (iii) RTT
stability after recovery (min/avg/max/mdev = 9.409/54.088/87.221/32.799 ms). These
timing indicators provide traceable evidence for the C2 performance and safe recovery
objectives of OSO #06, #10, and #16. If we recall the analysis of the OSO in Section 2, the
level of SAIL IV is currently the main target of SORA that is being considered for approval
in the Netherlands. The SAIL level IV indicates medium class levels for the six relevant
OSOs selected in Figure 1 and are believed to be achievable after obtaining improvements
in software tests based on the structured approach we have used.

However, in cases where bandwidth and latency are considered insufficient to support
high-speed flight during the cruise phase of a BVLOS drone mission, a practical mitigation
strategy is to reduce the high speed of the drone by half during the cruise phase so that the
margin of error distance can be reduced by half at the same latency. This trade-off between
flight speed and communication reliability highlights the importance of adaptive flight
planning in BVLOS operations. By adjusting operational parameters such as speed based
on real-time link quality and environmental conditions, operators can optimize mission
success while maintaining compliance with safety requirements and while acknowledging
its negative impact on operational efficiency due to limited battery life.
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Based on the illustrated methodology of designing a C2 data link that meets SORA
requirements, it is important to explore how this design can be adapted to support various
BVLOS drone missions. Different operational scenarios pose unique challenges and require
adapted solutions to ensure safe and compliant drone flights.

4.6. Adapting C2 Data Link for New-Use Case

In order to extend the positive benefits of MBSE, the key question lies in how UAS
operators can use the current designs in this research and apply them to their own-use
cases. Recalling the operational use case shown in Figure 3, it described UAS operators
flying drones to perform aerial inspection of power transmission lines, and the operational
diagram can be adapted to that shown in Figure 9.
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Mission
First Person View

Mission
Command and

Control of Drone

Mission
Detect &

Avoid

Mission
Payload 
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Figure 9. Operational and mission capability diagram for parcel delivery. The dotted boxes represent
the change from the original operational diagram meant for power transmission lines/tower inspection.

This adaptation of the operational diagram reflects that a parcel-delivery drone needs
to land on the ground for the parcel receiver to retrieve the parcel in the drone’s payload
box. As such, the drone cannot abort the mission and fly back to the home destination.
Instead, the drone in its idle state can only wait until the parcel receiver steers clear of the
drone. Only when the drone senses that the parcel receiver has steered clear can the UAS
operator control the drone to take-off and fly back home to its docking station.

These changes in the operational diagram show that operational complexity increases
when humans need to interact with an idle drone on the ground. However, the quick
and easy modifications documented in the operational diagram help UAS operators co-
ordinate with relevant engineers, i.e., mechanical, electronics, and software engineers, to
communicate effectively on the changes requested by new clients who engage in their
UAS services.

Not only that, but this paper makes a claim that the implemented changes can be con-
solidated in documents, with the aid of MBSE diagrams, for regulators to better understand
and review. In fact, this will reduce the approval barriers, as the MBSE diagrams act as a
standardized medium for reviewers. This is because the goal of this paper is to reduce the
administrative burden on reviewers (by standardizing the syntax of such diagrams), who
can instead focus on the actual content specific to the drone operations that requires review.

In summary, we have seen and understood the MBSE process, as we learned from
the high-level operational diagram shown in Figure 3, followed by the logical architecture
diagram shown in Figure 5, and the physical architecture diagram shown in Figure 7. With
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the positive verification and validation in Section 4 and the further adaptation in Figure 9,
this learning cycle, which can be adopted by UAS operators, is well-illustrated in Figure 10.

Operational 
Architecture Diagram

Refinement of 
Operation

Logical
Architecture Diagram

Physical Constraints 
Cannot Be Met

Physical
Architecture Diagram

Modify for
New Use Case

Design 
Flaws

Verification and
Validation

Figure 10. Summary of the MBSE process: starting from the high-level operational diagram, through
logical and physical architectures, to verification and validation and operational adaptation illustrat-
ing the iterative learning cycle for UAS operators.

5. Conclusions
This paper presented a custom MBSE process for the design, verification, and valida-

tion of C2 data links supporting BVLOS UAS operations. The approach enables traceability
for operational activities through logical and physical architectures to verifiable software be-
havior, supporting integration of complex requirements across regulators, telecom systems
and avionics.

Model-driven verification demonstrates that targeted software improvements can
yield substantial performance gains: sender throughput doubled, GCS throughput tripled,
and delivery success rate increased from 41% to 82%. Timing-critical behavior was also
validated, with link failover achieved in ∼0.12 s and stable post-failure performance (54 ms
RTT, 0% packet loss), improving C2 availability.

These results show that MBSE provides a scalable and iterative framework for defin-
ing and verifying key BVLOS performance metrics, enabling focused design improve-
ments and supporting regulatory alignment. The approach offers a transferable baseline
for similar operational scenarios and facilitates faster adaptation to evolving safety and
technical requirements.

Future work will focus on physical validation through hardware-in-the-loop test-
ing and real-world BVLOS flight trials to assess latency, jitter, packet loss and failover
performance under representative operational conditions.
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