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ARTICLE INFO ABSTRACT

Keywords: In emergency scenarios, the network infrastructure must remain reliable and continuously avail-
FANET able to ensure connectivity to people and optimal performance in supporting different types of
UAV

applications, including real-time services. When terrestrial infrastructure is compromised during
emergencies, Flying Ad Hoc Networks (FANETs) can offer a quick and effective solution for re-
establishing connectivity in affected areas. The dynamic coverage provided by a swarm of UAVs
(Unmanned Aerial Vehicles) during a disaster could be crucial for people inside the affected
areas. In high-demand and critical situations, the performance of FANETs may deteriorate due
to several factors, including simultaneous user connections, high traffic volumes, limited energy
resources of network devices, and interference arising within the same geographic region. To
address these challenges, this paper proposes a novel, bio-inspired recruitment algorithm that
aims to guarantee good performance of FANETs in energy constrained scenarios by efficiently
recruiting UAVs to cover the demand of end users connected to the network. In such a scenario,
when additional UAVs cannot be reachable using the on-earth network infrastructure and
multi-hop routing, the recruiting can be supported through a multi-layer hybrid architecture
that integrates CubeSats to forward recruiting requests to potential UAVs located far from the
network. This approach not only enhances the connectivity of end users but also ensures that
the network can efficiently be adapted to the demands of users in emergency situations.

Bio-inspired recruitment algorithm
CubeSat
Emergency scenarios

1. Introduction

Nowadays Unmanned Aerial Vehicles (UAVs) are widely used in many applications [1], especially in those dedicated to providing
wireless connectivity in a specific area. Thanks to the key attributes of UAVs (mobility, flexibility, manageability and adjustable
trajectory) [2], and depending on the wireless technology, UAVs can serve as flying Access Points (APs) to provide connectivity to
on-earth users, as well as flying Base Stations (BSs) to provide cellular connectivity. Some common applications of UAVs include
urban research and traffic monitoring [3,4], environmental monitoring [5], surveillance, search and rescue missions [6], connectivity
in emergencies [7], and others.

In natural disaster management, UAVs can assist human operators and end users in coordinating rescue and evacuation opera-
tions. In these events, the possibility of rapid deployment of a fleet of UAVs to cover a specific affected area and provide connectivity
to mobile terminals has high importance. The possibility of wireless connectivity in a disaster area enables communication between
human operators to coordinate rescue and help operations to identify people needing help or assistance inside the affected area [8].
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Additionally, people inside the area can use the deployed network to ask for help or inform human operators about new events.
This is crucial in disaster management, as people’s lives depend on the effectiveness of the response [9].

UAVs have a significant potential to serve as aerial network infrastructure when traditional networks become overloaded or due
to disasters that affect them [10]. Thus, the use of UAVs has some benefits in a disaster, they can help to locate victims in less time
which also reduces the required time for subsequent intervention of victims. Additionally, UAVs can scan large areas in short periods
which is crucial for accelerating the rescue efforts [11]. It is clear that the deployment of more UAVs can significantly enhance
rescue operations in disaster areas. However, integrating more UAVs into disaster zones requires the implementation of effective
recruitment strategies to achieve potential UAVs near or far from the area of interest. To achieve this, the network infrastructure
must be supported by complementary technologies like multi-hop and satellite links in order to ensure that UAVs located in remote
areas can be moved to the disaster area. Then, this paper aims to implement recruitment strategies to coordinate drones and ensure
reliable communication for people. By utilizing the communication modules of unmanned aerial vehicles (UAVs), information can
be exchanged to facilitate the coordination of their movement and positioning. This approach can help to prevent scenarios where
drones fail due to low energy, are unable to return to charging stations or become overloaded due to high traffic.

One important technology useful in emergency scenarios is represented by CubeSats, they can provide rapid and cost-effective
satellite-based communication and data services [12]. Their small size and low deployment costs allow for quick deployment,
making them ideal for monitoring natural disasters, disaster management in remote areas [13], tracking environmental changes,
and supporting rescue operations [14]. CubeSats can serve as a complementary technology to reach and recruit UAVs, leveraging
their wide coverage capabilities. By exploiting their broad coverage, CubeSats can locate and coordinate potential UAVs that are
even positioned far from the disaster area, enabling them to be moved for rescue operations and connectivity support. By integrating
CubeSat technology with unmanned aerial vehicles (UAVs), a seamless multi-layered network can be established, ensuring reliable
communication and rapid response, even in remote or disaster-affected areas where traditional infrastructure is compromised. In this
paper, a novel multi-layer hybrid architecture, composed of CubeSat technology and Flying Ad Hoc Networks (FANETS), is evaluated.
This integrated architecture provides more flexibility to the network in order to improve the overall network performance during
disaster or emergency scenarios. Further, a novel bio-inspired recruiting approach that uses a joint metric to select and recruit
potential UAVs that can support deployed FANETS in disaster areas is proposed. An extensive set of simulation tests with the aim of
evaluating the effectiveness and goodness of the proposal in terms of Mean Opinion Score (MOS) for Voice over IP (VoIP) traffic,
end-to-end delay, packet loss, and total network throughput is provided.

The reminder of this paper is as follows: Section 2 gives a brief overview of the coordination and recruiting issues in UAV
networks. Section 3 describes the proposed multi-layer architecture giving details on the used devices and links; the proposed
recruiting mechanism based on a bio-inspired approach is provided in details in Section 4. Performance evaluation and results are
given in Section 5. Finally, Section 6 concludes the present work.

2. Related work

UAVs are widely proposed as a promising technology for providing on-demand connectivity in emergency and natural disasters.
In such situations, the terrestrial communication infrastructure can become disrupted, leaving first responders and affected people
without reliable connectivity with great risk to human lives [15]. The main advantage of using UAVs is the easy and fast
deployment but the limited battery capacity, constrained resources and coordination between them remain a significant challenge.
In emergencies, it is imperative to have a rapid and efficient deployment strategy that ensures full coverage and non-interrupted
connectivity in affected zones because operations like gathering disaster’s critical information, locating potential victims and affected
buildings, supporting first responders, and management operations need reliable connectivity [16]. Some works in literature deal
with the coordination and recruiting issues of UAVs for different applications such as emergency and critical events.

2.1. UAVs for disaster management

The promptness of disaster management personnel in responding to a natural disaster is essential for preserving lives in impacted
regions. Optimal situational awareness is best achieved through aerial evaluations conducted with UAV networks. The dynamic
capacity of these networks in providing fast and sudden connectivity in the reference area plays an important task that has to
exploited in order to potentially save lives.

In [17] the authors propose a drone system for disaster management, using CNN in TensorFlow to process real-time images of
affected areas. The information is accessible via a website to assist in recovery operations. The system improves response times,
situational awareness, and resource allocation.

In [18] a new routing algorithm, LBMRE-OLSR, which considers multi-dimensional resources and energy consumption in a Space—
Air-Ground Integrated Network (SAGIN) is introduced. Simulation results show that the algorithm reduces end-to-end delays and
packet loss. This approach enhances communication efficiency during emergencies.

A data-driven algorithm to optimize the positioning of drone-mounted base stations in emergency scenarios, such as natural
disasters or terrorist attacks is provided in [19]. The algorithm aims to restore network coverage and address traffic hotspots caused
by site failures. It demonstrates that properly positioned drones significantly improve network performance. The algorithm also
outperforms benchmarks and can quickly find and track the optimal position, even when hotspots are moving. This approach
enhances communication reliability in critical situations.
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In [20] the authors propose a drone-initiated device-to-device (D2D) multi-hop network for broadcasting emergency messages
in disasters. The drone sends an alert, and D2D users relay it through multi-hop transmissions. The authors develop an analytical
model to evaluate coverage and delay, showing that higher drone altitude improves network performance.

The paper in [21] presents a novel UAV deployment technique designed for Search and Rescue (SAR) operations in mountainous
disaster areas. The authors develop an optimal coverage algorithm that improves UAV positioning and altitude to enhance
coverage while avoiding obstacles. Simulation tests confirm the effectiveness of this strategy in achieving extensive monitoring
of three-dimensional uneven terrain, underscoring its potential as a valuable tool for disaster management.

2.2. UAV coordination and recruiting issues

In [22] the authors proposed a biologically-inspired algorithm to coordinate drones for searching targets using the built-in
sensors. In the adopted approach, the drones release digital pheromones upon sensing a potential target which can be aggregated
and propagated among drones to coordinate some tasks. In another work, [23], some bio-inspired meta-heuristic algorithms are
applied to the coordination of a swarm of mobile robots that are exploring an unknown area to locate, rescue, and handle some
distributed targets inside a specific area. A specific application of a bio-inspired recruiting algorithm was studied in [24], where the
authors applied flooding-based recruitment and a bio-inspired recruitment strategy to address the problem of controlling a swarm of
UAVs against parasite attacks on crops. In this approach, drones can send help requests to nearby drones to eliminate the parasites.
These help messages are propagated through the network using the Ant Colony Optimization (ACO) algorithm, which effectively
coordinates the swarm and ensures a rapid response to the infestation. On the other hand, the work proposed in [25] presents an
enhanced bio-inspired coordination protocol for managing UAVs in agricultural applications. The proposed protocol is compared
against a baseline link-state recruitment protocol, and the results demonstrate that by combining various metrics — such as energy
status, pesticide levels, and the number of hops for potential drones to be recruited — the recruitment algorithm can intelligently
select the drone with the optimal capabilities at a given time. This improves the effectiveness of tasks related to the elimination of
parasites in plants. In [26], the authors introduces a bio-inspired approach to maintain drone network topology efficiently, utilizing
a unified metric that balances traffic load while minimizing route lengths in scenarios of critical situations.

Most existing works that propose and implement bio-inspired recruiting algorithms in the context of FANETs rely on multi-
hop communication to explore the network and identify potential UAVs for recruitment to perform specific tasks. However, few
studies have studied the limitations of terrestrial multi-hop links, particularly when UAVs lack long-range wireless communication
modules. To address this challenge, this paper proposes leveraging CubeSat constellations as one solution. Due to their lower
orbital altitude compared to traditional geostationary satellites (GEO), CubeSats offer reduced transmission delays and lower signal
attenuation [27]. Additionally, the broad coverage area provided by CubeSats enables more efficient UAV recruitment by extending
the communication range. Using CubeSat links, even isolated drone swarms can send requests for assistance to other nearby
swarms, overcoming the limitation of limited-range communication technologies. This approach improves coordination among
UAVs, especially in scenarios where direct communication is not feasible.

2.3. UAV-Cubesat joint combination

UAVs and CubeSats are revolutionizing telecommunications by providing cost-effective, flexible, and scalable solutions for
global connectivity. UAVs, often deployed as temporary communication relays in disaster recovery or remote area connectivity can
establish ad hoc communication networks quickly, enabling internet or voice services in locations where traditional infrastructure
is unavailable or compromised. Meanwhile, CubeSats offer an affordable alternative for extending telecommunication coverage
to underserved or remote regions. CubeSats, operating in low earth orbit, reduce latency compared to traditional geostationary
satellites and support applications like IoT connectivity, broadband services, and global monitoring. Together, UAVs and CubeSats
complement traditional telecommunication networks, bridging digital divides and enhancing communication resilience worldwide.
In recent years, in the literature researchers have been proposing a few works that take into consideration the joint usage of these
two technologies.

In [28] the synergies between UAVs (Unmanned Aerial Vehicles) and satellites for optical remote sensing applications are
reviewed. It highlights their complementary capabilities, with UAVs offering high spatial resolution and flexibility, while cubesats
provide extensive coverage and temporal data. Four strategies for combining these data sources — data comparison, multiscale
explanation, model calibration, and data fusion — are analyzed, revealing significant potential for enhanced Earth Observation
(EO). Despite this, synergies are underutilized, particularly in data fusion and multiscale applications. The paper advocates for
better data sharing, interoperability, and advanced methodologies such as machine learning to fully leverage UAV-satellite synergies
for diverse applications like agriculture, ecology, and disaster management. The research in [29] explores Common Instrumentation
Stack Architectures (CISA) for integrating small Unmanned Aerial Systems (sUAS) and CubeSats in scientific and sensing missions. It
compares hardware such as NVIDIA Jetson and FPGA SoC with middleware such as ROS, cFS, and F Prime, evaluating performance,
power efficiency, and scalability. The study highlights the potential for cross-domain middleware use and improved development
efficiency for ground, aerial, and space-based applications. Differently by these two works, our paper studied and analyzed the
joint usage of these two technologies for providing connectivity in emergency areas with the proposal of a recruitment policy for
being able to satisfies. In [30], the authors propose a CubeSat-based 5G Cloud Radio Access Network (C-RAN) to ensure reliable
connectivity in remote areas. By virtualizing baseband unit (BBU) functions on CubeSats, it reduces the power and processing
demands on drones used as mobile base stations. The three-layer system, comprising terrestrial users, UAVs, and CubeSats, achieves
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low latency and high throughput for critical applications like border monitoring and disaster relief. This approach offers a cost-
effective solution for extending 5G coverage to underserved regions. A novel cooperative CubeSat communication system utilizing
green UAVs as intelligent relays with IoT sensors, processing, and energy harvesting modules is introduced in [31]. A new
probabilistic transmission policy (PTP) helps conserve energy by deactivating transmissions during unfavorable weather. The model
extends to multiple CubeSats, with analysis revealing that PTP is 40 times more energy-efficient than continuous transmission. The
study also provides an energy efficiency outage (EEO) probability analysis and numerical results, offering insights for large-scale
green CubeSat network design and deployment. In contrast to these two works, our approach emphasizes the use of UAV clusters
to establish robust connectivity in disaster and emergency areas. CubeSats are employed as intermediary nodes to facilitate the
recruitment of additional UAVs, expanding the cluster’s capacity to handle the high volume of user requests typically encountered
in such scenarios. To optimize this process, we propose a novel bio-inspired recruitment strategy that evaluates potential UAVs
based on four critical metrics: hop count, available bandwidth, response time, and energy consumption. This approach ensures the
selection of the most efficient UAVs from neighboring clusters, enabling seamless integration into the active cluster. By dynamically
adapting to the demands of time-sensitive and resource-constrained environments, our method enhances connectivity reliability,
ensures user demand satisfaction, and maintains high performance even under challenging disaster conditions, thereby providing a
scalable and efficient solution for emergency network recovery.

Despite the promising potential, the integration of UAVs and Cubesats poses several challenges that must be addressed to achieve
optimal performance such as latency, energy constraints, coordination mechanisms.

Based on these works proposed in the literature, we try to exploit the joint usage of these two technologies in order to better
provide connectivity to the user in case of disaster or emergency events. The combination of UAVs and Cubesats should guarantee
to the user the possibility to avoid disservices. Our proposal focuses on ensuring reliable connectivity by employing a dynamic
drone network capable of adaptive resource management. Specifically, we propose that UAVs (drones) in a given geographic area
provide connectivity while monitoring resource availability in real time. In the event of resource saturation — such as when the
network faces high demand or increased user connections — our approach enables the recruitment of additional drones to support
the affected area. This recruitment process leverages nearby drones where possible. However, in cases where no nearby drones are
available, our solution incorporates CubeSats as intermediary nodes to extend the recruitment range, facilitating communication
with distant drones. This hybrid architecture ensures continuous network availability, scalability, and efficient load balancing, even
in geographically challenging or resource-constrained scenarios.

2.4. Main contributions

The main contributions of this paper that represent an advancement in respect to the previous literature works are the following:

* Design of a multi-layer hybrid CubeSat-UAV network that extends the coverage area for drone recruitment by leveraging
the wide coverage capabilities of CubeSats. Unlike terrestrial multi-hop networks, which are limited by the proximity and
density of ground nodes, this hybrid network architecture uses the CubeSats to recruit and coordinate UAVs beyond the
use of terrestrial approaches. By integrating the large-scale coverage of CubeSats and the flexibility and mobility of UAVs,
the proposal significantly improves the reliability, and scalability of FANETs. This approach is particularly advantageous in
scenarios where extended coverage is required, such as remote or disaster-stricken areas where terrestrial infrastructure is
overloaded or unavailable.

A novel bio-inspired recruiting algorithm with a joint metric that accounts for the number of hops, energy level, recruiting
time, and bandwidth usage of FANET nodes to coordinate their positioning and guarantee non-interrupted connectivity. This
algorithm integrates both, routing and recruiting capabilities to forward the user’s traffic and the recruitment requests across
the network. The proposed approach outperforms traditional FANETs where the network topology maintenance and recruiting
strategies are separated into different layers.

3. Multi-layer hybrid system architecture

A scenario in which a FANET becomes congested in certain areas due to high-demand events generated by users in natural
disasters or critical situations where the ground network infrastructure is compromised or non-operative is considered. It is proposed
to utilize UAVs as temporary base stations to restore communication of end users, and human operators. This network architecture
is shown in Fig. 1 and it represents a Multi-Layer Hybrid System Architecture (CubeSat Network layer, UAV coverage layer, and
Ground Control Station layer). The coverage provided by a FANET is divided into independent small areas inside the emergency
zone, the UAVs of each area are under the control of a dedicated Ground Control Station (GCS) and two or more closer areas can
be controlled by the same GCS. When the recruitment of one or more drones is required to address a specific need in one area,
a request can be transmitted from one area to another through the GCS by exploiting the multi-hop nature of FANETSs. Once the
recruiting request arrives in a certain area, the UAVs with the best capabilities (energy, network resources, and expected time to
reach the requested location) will move to the requested area, the details of the proposed recruiting strategy will be provided in
the next section. Additionally, in situations where there are no available UAVs inside the immediate areas, the GCS can forward
the recruitment request to the CubeSat network. This allows the request to be relayed to more distant areas that cannot be reached
using the ground network infrastructure.

The UAVs provide 5G connectivity to users, enabling them to access services hosted on the cloud or remote networks. Each
UAV is equipped with both 5G and WiFi modules. The 5G module connects users to the network, while the WiFi module establishes
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Fig. 1. Multi-layer hybrid Cubesat-UAV network topology.

communication between the UAVs to form a FANET. The links between UAVs are used to coordinate tasks like UAV recruitment and
serve as a relay network, transmitting data from the users to the 5G core network. Thus, each UAV serves as a 5G gNodeB base station
that moves across the coverage area to provide connectivity. Additionally, the communication between each UAV-based gNodeB and
the 5G core network is established via a multi-hop relay topology, using a FANET where data is relayed through UAVs using ad hoc
wireless communication. On the other hand, the GCS is equipped with both WiFi and satellite communication modules. It acts as a
gateway, connecting UAVs to the 5G core network, and also redirects recruitment requests to neighboring areas or distant regions
using a satellite link, which connects to a CubeSat and forwards the request to other GCSs. This architecture ensures a flexible and
wide-reaching communication network, especially in emergency situations where potential UAVs are located far from the disaster
zone.

3.1. UAV-to-users link

The study considered N, users, which are randomly distributed in a geographic region and fixed at specific locations. The work
aims to simulate the deploying of N4, UAVs in the same geographic region of the users to provide connectivity and each user can
be connected to the nearest UAV. It is important to notice that in emergency scenarios and remote areas, energy becomes critical
to establishing and maintaining communications. In such cases, also the channel capacity is influenced by some factors including
the distance of the communication link, losses and attenuation experienced over time, and other operational conditions. To explore
these influences, an analysis of the channel capacity in a scenario where the user equipment (UE) connects to the 5G gnodeB base
station, which can be mounted in a UAV or in a CubeSat is conducted. In these scenarios, the channel capacity is characterized by
taking into account Free Space Path Loss (FSPL) and line-of-sight (LoS) conditions. The transmission and reception characteristics
were configured in accordance with the 3rd Generation Partnership Project (3GPP) specifications (38.821, 38.101) [32,33]. The
specifications give information about the UE and base station radio transmission and reception. The parameters in Table 1 were
used to compute the channel capacity using the Shannon-Hartley theorem for both scenarios, one where the UE connects to a mobile
base station mounted in a UAV, and the other where the UE connects to base station mounted on a CubeSat:

C = Blog, (1 + SNR) @

where:

* B is the bandwidth of the channel (40 MHz).
+ SNR (Signal-to-Noise Ratio) is given by %, with .S, the received signal power and N the noise power.

In the first case, the channel between the UAV and the UEs was modeled considering the LoS and non-line of sight (NLoS) models.
In such case, the probabilities of their occurrence (P;,g and Py;,s) for a i,, user and j,, UAV are given as follows:
1

P, = (2)
LS T a exp(— b(“‘o j—a)

Pyros =1—Pros 3

where a and b are fixed values that vary depending on the system environment (urban, dense urban, rural, etc.). The following
parameter values have been considered to carry out the experiments: a = 9.6 and b = 0.28. Additionally, 6;; refers to the elevation
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Table 1

Characteristics of UE for Two Scenarios.

Parameter UE-to-UAV link UE-to-CubeSat link
Frequency Band S band (2 GHz) S band (2 GHz)
Transmitted Power(P,,) 23 dBm 23 dBm

Tx Antenna Gain (G) 2 dBi 2 dBi

Rx Antenna Gain (G) 2 dBi 2 dBi

Rx sensitivity —101 dBm —120 dBm

angle of the established link between the j,, UAV and the i,, UE which is defined as:

h, .
0, =tan~' [ =L 4
i,j = tan ( 4, “@
h; ; represents the altitude of the UAV j, and d, ; is the distance between the UE i and the UAV j. The corresponding path loss

for both cases, LoS and NLoS can be calculated as:
drf.d;;

PL[?® =20log,, ( > +¢hos (5)

drf.d; ;
PLNES =201og,, (%

) + é«N LoS (6)
where f, is the carrier frequency of the link, ¢ is the speed of light (= 3 - 103 m/s), (£S5, and ¢NVE°S are the extra losses to the free
space propagation loss in LoS, and NLoS respectively. The following values have been used during the experiments: {5 = 1 dB
and ¢VL°S =20 dB. Then, the average path loss can be computed as follows:

drf.d; ;
PLi,j =201og,, (%) + CLOSPI-’LI-OS + (NLOSPIC-,LOS @

where Pf;’s and P,’j LoS are the probabilities of LOS and NLOS between the j,;, UAV and the i,, UE. Additionally, the signal-to-noise
ratio of the user i connected to the UAV j can be calculated using the following expression:

SNR;; =Pl - P, - PL;;

where, PIT] is the transmitted power of the UAV in dB, and P, is the average power of noise in dBm assumed to be the same for all
UAVs.
As previously explained, the considered scenarios involve:

» UE-to-UAV Link: where the UE connects to a 5G NodeB mounted on a UAV at a distance of 1 km. The maximum transmitter
power according to specifications is 23 dBm.

« UE-to-CubeSat Link: where the UE connects to a 5G NodeB mounted on a CubeSat in Low Earth Orbit (LEO) at a distance of
400 km. The maximum transmitter power according to the specifications is also 23 dBm.

The noise levels considered range from —130 dBm to —20 dBm, reflecting different conditions in both scenarios. It is observed
that the channel capacity varies depending on the noise level and distance. For a given noise level, as is illustrated in Fig. 2, the
channel capacity for the UE-to-UAV link offers significantly higher capacity compared to the UE-to-CubeSat link. This is because
the shorter distance in the UE-to-UAV link allows for a higher SNR, which directly influences the channel capacity. In contrast, the
UE-to-CubeSat link, being a non-terrestrial link at a much greater distance, experiences higher path loss, which results in a lower
SNR and consequently lower channel capacity.

3.2. Ground control station-to-Cubesat link

Once the UAVs establish links among themselves to form a FANET, each FANET maintains connectivity with its GCS. This GCS
can facilitate communication with neighboring networks by routing through other GCSs or utilizing the CubeSat constellation. Each
UAV will be associated with one or more GCSs depending on its reachability. Each GCS can be associated with one or more Cubesats
during a period T, which depends on the direct visibility of the GCS during the orbital pass of the CubeSat.

The link between the GCS and the CubeSat can be affected by some losses that attenuate the signal and degrade the quality of
the link. Some of the losses are exposed in Eq. (8):

__ ppath sc alig
Lij=L;" + Ly + L5+ L 8

where, Lf j.’h represents the basic path loss for the free space propagation between the GCS i and the CubeSat j, L, the attenuation
due to atmospheric gasses, L the attenuation due to either ionospheric or tropospheric scintillation, L:’;[g the misalignment losses

6
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Table 2

CubeSat visibility periods.
CubeSat Duration

T T, T3 Ty, - Ty, -1 Ty,

C, 1 1 0 0 0 0
C, 0 1 1 1 0 0
G, 0 1 1 1 0 0
Cnpot 0 0 0 1 1 1
Cy., 0 0 0 0 1 1

and LZ‘?" other additional losses in the link between each GCS and CubeSat. The path loss is given by a free space path loss model
represented in Eq. (9):

h A :
e =
l” <4”d14j ) ®

where d,; is the distance between the GCS i and CubeSat j, 4 is the wavelength of the signal. On the other hand, the atmospheric
loss L, represents the overall attenuation combined with the effect of both, the non-ionized atmosphere and the ionosphere. The
Li’fg is linked to the accuracy in the pointing of the antennas. Details about the propagation model considered for the GCS-CubeSat
link are referred in [34].

The orbit of the CubeSats is high-speed, and their visibility from the GCSs is limited depending on the orbital duration of the
CubeSats but a constellation can be used to ensure continuous connectivity. CubeSats in low earth orbit typically have orbital periods
of approximately 90 to 100 min, and during each orbit, the ground control stations (GCSs) that are distributed in the earth can
experience intervals of direct visibility. Typically, these periods last from 7 to 10 min. Moreover, these intervals are also influenced
by the CubeSat’s inclination, altitude, and the constellation size Under these conditions, the GCS experiences intervals of direct
visibility to the CubeSats. In certain applications, this visibility can significantly impact the performance of the system. In this study
case, an emergency scenario, where CubeSats are used to forward recruitment requests to potential UAVs that can help to support
a deployed FANET, the visibility of CubeSats can lead to intermittent connectivity, directly affecting the time of rescue operations.
Table 2 represents the CubeSat visibility over different time periods. The rows represent a different CubeSat of the pool composed
by N.,,, while the columns represent different periods of time. The values in the table indicate whether the k,, CubeSat is visible
to GCSs, where “1” indicates visibility and “0” indicates no visibility. The orbital period of CubeSats in Low Earth Orbit (LEO)
is influenced by their altitude. For instance, the HYPSO-1 CubeSat [35], operating at an altitude of 540 km in a Sun-synchronous
orbit, has an orbital period of approximately 96 min. Moreover, to ensure optimal uplink and downlink communication for CubeSat
missions, a minimum visibility period (TNT) of 7 to 10 min per overpass is required [36].

4. Proposed recruiting technique

The recruiting technique is based on the Ant Colony Optimization (ACO) algorithm [37], a nature bio-inspired method that is
used to fill and update the routing tables of the UAVs. The ACO approach is highly suitable for drone recruiting strategies due to
its ability to efficiently solve complex optimization problems involving multi-agent coordination and dynamic environments. ACO
mimics the natural behavior of ants, using pheromone trails to guide agents toward optimal solutions, making it particularly effective
for tasks such as path planning, swarm coordination, and task allocation in drone networks. Using ACO, drones can autonomously
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adapt to changing conditions, optimize resource allocation, and improve operational efficiency. The decentralized nature of ACO
allows for scalable and flexible drone recruitment, enabling drones to cooperatively complete tasks in a way that minimizes energy
consumption, maximizes coverage, and responds to real-time environmental changes. The routing table of each of these nodes
is composed of three fields (destination address, next hop address, and pheromone value). The destination address refers to the
destination node to reach, the next hop indicates the immediate neighbor node to cross in order to access the destination node, and
the pheromone value represents a numerical indication of the efficacy of utilizing a specific next-hop node to reach the designated
destination In this approach, the pheromone value is a dynamic indicator, continually updated to guide UAVs in selecting the most
efficient routes.

The recruiting algorithm consists of the following phases: Discovery phase; Route maintenance; Route failure handling. In the
following sections a description of each phase is provided.

4.1. Discovery phase

In the route discovery phase, the network nodes interact by exchanging packets to create new routes to forward data packets
and recruitment packets. To create new routes, the nodes use Forward ant (Fant) and Backward ant (Bant) messages. A Fant message
is periodically sent from a node to explore the solution space, in this work, it is composed of the possible UAVs to be recruited in
case of need. The Fant is a small message with a unique sequence number and sender node information. To avoid loops, the nodes
are able to distinguish duplicate packets on the basis of the sequence number and source address of the Fant. Each generated Fant
has a unique sequence number.

The bio-inspired recruiting algorithm uses two types of Fant messages: broadcast and unicast. The decision to send either type is
determined using a probabilistic method. If a random number generated by the node falls within a designated probability range, the
node sends a unicast Fant message. Otherwise, it sends a broadcast FAN message. Furthermore, the selection of the link to achieve
a destination for a unicast Fant message also depends on a probabilistic process. The message is sent to the link where a generated
probability value between 0 and 1 falls. The probability p;; of sending the unicast Fant from the i node to the destination passing
through the next hop j are calculated using the following equation:

a b
Tij "M
P o . g (10
> T
J=1 1
where 7;; is the pheromone stored in the i node to reach a destination node passing through the node j, ;; represents the heuristic

information of the link between node i and j that can be represented by a random number. The parameters a« and f control the
relative importance of the pheromone trail and the heuristic information, respectively. Specifically, a adjusts the weight of the
pheromone in the probability calculation, while # adjusts the weight of the heuristic information. These parameters have a value
in the range [0, 1]. The denominator ensures that the probabilities of all possible paths to reach a destination sum up to 1.

Once Fant reaches the destination node, it is processed as follows: the destination node extracts the information of the Fant and
destroys it. Immediately, it creates a Bant message with a unique sequence number and sends it to the source node. Then, Bant
message follows the reverse path established by the Fant to achieve the destination. This strategy guarantees periodic topology
updating, considering possible link failures, path changes, and resource changes of nodes like energy level, bandwidth utilization,
and position.

On the other hand, the broadcast Fant message is sent at less frequent intervals. When a node originates a broadcast Fant message,
it sends this message to all its neighbors with a unique sequence number. Upon receiving a broadcast Fant message, the nodes check
if it has already received this message before. If the message is new, the node extracts the information from the Fant message and
forwards it to the other nodes. Additionally, the node generates a Bant message and sends it back to the originator of the received
Fant message. If the node has already received the Fant message, it discards the message. This mechanism helps prevent loops in the
network. As a result, the FANET nodes can maintain information about their neighbors, establish links, and recruit them if needed.

The discovery phase is detailed in Algorithm 1.

4.2. Route maintenance

The route maintenance is responsible for improving the routes during the communication. The ACO does not need any special
messages to periodically update the route status. After Fants and Bants have tracked the pheromone values and established the
communication routes among the nodes, subsequent data packets and recruitment packets are employed to maintain these paths.

The pheromone values are periodically updated when new packets cross a certain node and also evaporate over time. Then,
established paths do not maintain the same initial pheromone values. The evaporation process of the real pheromone in nature
is simulated by periodically decreasing the pheromone values associated with each possible path. In this case, the evaporation is
performed according to Eq. (11):

7;t+ D) =(0-p) 7;;() .
where:

* 7;;(t) is the pheromone value on the edge between node i and a known destination passing through the node j at time 7.
* p is the evaporation rate (a constant between 0 and 1) which can be dynamically adjusted as Eq. (12) indicates.
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Algorithm 1 ACO-based Discovery Phase Algorithm

Require: Recruiting request P arrives at node N

1: S « source address of P
: D « destination address of P
3: ACO_table « table of received Fants/Bants with sequence numbers
4: Routing_table « routing table with pheromone values
5: if (P is a recruiting request) then
6: if (D is in Routing_table) then
7
8
9

)

Forward packet to D

else
Generate new Fant
10: Fant.seq_num < seq_num
11: Broadcast Fant to all neighboring nodes
12: end if
13: end if

14: while (Fant arrives at node N) do
15: if (D is the current node) then

16: Generate Bant

17: Send Bant back to S using reverse route
18: else

19: if (Fant.seq_num not in ACO_table) then
20: Add Fant.seq_num to ACO_table

21: Update Routing_table for D

22: Forward Fant to all neighboring nodes
23: else

24: Drop Fant

25: end if

26: end if

27: end while

28: while (Bant arrives at node N) do
29: if (.S is the current node) then

30: Add route to Routing_table with pheromone trail
31: else

32: if (Bant.seq_num not in ACO_table) then

33: Forward Bant to the previous hop towards S
34: Update pheromone in Routing_table

35: Forward Bant to the destination

36: else

37: Drop Bant

38: end if

39: end if

40: end while

In particular, to avoid the presence of pheromones with small values that can refer to destinations that are no longer available
due to some factors like low energy values, interference, or relocation, a pheromone threshold is fixed to eliminate them periodically.
Additionally the evaporation rate p can be a function of the velocity of the FANET nodes. Considering that v, is the velocity of
the node in the network, p,,;, and p,,,, are the minimum and maximum possible values of the evaporation rate, respectively. The
evaporation rate p can be dynamically adjusted using the following formula:

Verf = Unin
PW) = Pin + Pmax = Pmin) - ———— (12)
Umax ~ Umin
where v,,;, is the minimum velocity at which the evaporation rate is p,,;,, U,,., is the maximum velocity at which the evaporation

rate is p,,,.. Depending on UAV characteristics, v,,, and v,,,, are fixed following the parameters exposed in Table 1.

min
4.3. Route failure handling

The route failure handling is managed through an energy-aware mechanism and the use of Bant message information. When
a node’s energy levels drop below a certain threshold (E,;) (in this study the value of E,, is fixed to 20%), neighboring nodes
avoid selecting routes that pass through the energy-depleted nodes. According to the characteristics of the considered UAV in this
work (DJI MATRICE RTK 300 [38]), to protect the battery, it is recommended to avoid battery levels below 15%. Additionally, Bant
messages, which are used to monitor the reachability of the nodes in the network, are used to maintain the network topology. When
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Algorithm 2 ACO-based Route Maintenance Algorithm

Require: Packet P arrives at node N
1: Routing_table < routing table with pheromone values
2: v « current velocity of the node N
mins Umax < Minimum and maximum velocities in the FANET
* Ppin» Pmax < Minimum and maximum evaporation rates
: Pheromone_threshold < minimum threshold for pheromone values

w

oD,

SRS

6: for entry (i, j) in Routing_table do

7 r,-l(t+1)<—(]—p)~‘ru(t)

8: if 7,;(t + 1) < Pheromone_threshold then

9 Remove route entry (i, j) from Routing_table
10: end if

11: end for

12: p(v) updating according Eq. (12)
13: if (P is a data packet) then

14: D « destination address of P
15: if (D is in Routing_table) then

16: Forward packet to D based on highest pheromone value
17: else
18: Drop P (no valid route available)
19: end if
20: end if
Table 3
Symbols used in mathematical formulation of Bio-inspired algorithm.
Symbol Description
7;;(1) Pheromone already present in the routing table of the node i

to reach the source of a received Bant message using the
node j as the next hop
L+ 1) Pheromone to strength a given entry in the routing table

G

H Number of hops (nodes) to reach the destination node

E Current remain energy of the destination node

E, . Maximum available energy of the destination node

Thax Maximum time of a UAV to complete a recruiting request
T in Minimum time of a UAV to complete a recruiting request
B Current bandwidth utilization of the destination node
B, Maximum available bandwidth of the destination node

a Incidence level of the pheromone

B incidence level of the heuristics

; Heuristic information of link quality from node i to node j
¢ Coefficient of the hops number incidence

[N Coefficient of the energy incidence

e Coefficient of the distance incidence

[N Coefficient of the bandwidth utilization incidence

p Evaporation rate of the pheromone

a Fant message (used for route discovery) is broadcasted in the network but no Bant reply is received from a specific node due to
any reason like link failure, movement out of range, energy issues, or other reasons, the entries contained in the routing table of
the sender node are automatically removed. Since the bio-inspired routing algorithm periodically decreases the pheromone values
of the entries in the routing table, when an unexpected event occurs and a link becomes down, the pheromone value of the affected
nodes can still remain up to be deleted after a certain time period.

4.4. Active learning
The active learning of the ACO algorithm takes place when a Bant message passes through a certain node and the pheromone

value of the routing table becomes updated. The mathematical formulation of reinforcement learning, whose symbols are given in
Table 3, is as follows:

1 E Tmax - Teff B
T+ 1)=(; - =+c - — +c3- — +cy- )+ 7 (13)
Y H Emax Tmax - Tmin max Y

where 7;;( + 1) is the new pheromone that replaces the existing pheromone 7;;(r) in the routing table of the node i to go towards
the destination node (source address of the received Bant message) using the node j as the next hop. H is the number of hops

10
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Table 4
DJI Matrice 300 RTK characteristics.

Parameter Value

Weight 6.3 kg

Maximum uphill speed 5 m/s

Maximum descent speed 4 m/s

Maximum horizontal speed (v,,,,) 17 m/s (61.2 km/h)
Minimum horizontal speed (v,,,) 3 m/s (10.8 km/h)
Battery autonomy 55 min

Battery capacity 5935 mAh

Battery energy (E,,.) 274 Wh

Battery charging time 60 min (from 0% to 100%)
Charging station capacity 8 batteries (TB60)

(nodes) to reach the source address of the Bant message, E is the current energy of the destination node, E,,,, is the maximum
energy of the destination nodes that depends on the characteristics of each UAV battery (see Table 1), B is the current available
bandwidth of the destination node, B,,,, is the maximum allowed bandwidth of the destination fixed to 1Mbps in the experimental
setup. Additionally, some coefficients are introduced, ¢, is the coefficient that incidences the hops number, ¢, the remaining energy,
¢; the recruiting time, and ¢, the bandwidth utilization.

Furthermore, T,,,, and T,,;, are the maximum and minimum time taken by a UAV to attend and complete a recruiting request,
which are derived from the allowed velocities, v,,,, and v,,,, respectively, which depend on the UAV characteristics (see Table 4)
and the distance that a recruited UAV needs to travel to complete the recruiting. T, is the selected velocity of the UAV to attend
a recruiting call which can take the values detailed in Eq. (16). Additionally, the coefficients follow the condition:

4
Ye=1  0<¢<l 14

In this scenario, a UAV will send a recruiting request to UAVs in other clusters based on its energy and bandwidth status. The
decision to send this request is triggered when the energy level of a UAV is lower than the energy threshold (&g,.) or its available
bandwidth level is lower than a bandwidth threshold (5y,.). These thresholds ensure that a UAV within the network can become
assisted before its resources become critically low.

On the other hand, the selection of the recruited UAV (R ,)) is determined based on the current pheromone values 7;;(7) stored
in the UAV routing table, where higher values of 7;;(?) represent UAVs with better performance characteristics and UAVs with lower
7;;(t) values are considered less capable to attend recruiting requests and handle additional tasks. Then, the selected UAV follows
the condition exposed in Eq. (15):

Ryay = arg max 7;;(1) (15)

5. Performance evaluation

The performance evaluation was carried out utilizing OMNeT++ 6.0.3, INET 4.4, Simu5G 1.2.2, and OS® extensions which allow
simulate the dynamics of CubeSat satellite communications inside the context of 5G technologies. The default 5G-NR protocol stack
has been implemented in Simu5G framework [39], which allows to simulate of broadband connectivity with next-generation node
B (gNB) onboard a UAV.

To carry out the simulations, a geographical area where the UAVs are hovering at a fixed altitude serving multiple UEs, and its
connection is backhauled by multi-hop WiFi has been considered. In particular, a square area of 400v m where users are randomly
distributed and moving across the fixed area generating data and VoIP traffic has been taken into account. Table 5 presents a
summary of the adopted parameters used for the simulation experiments.

Fig. 3 depicts the 2D positioning of the users inside the described area and the positioning of the UAVs. The figure illustrates
the user association with respective UAVs, in this case, the users connect to the nearest UAV to guarantee the optimal QoS avoiding
high attenuation due to long distances.

In our experiments, the performance of UAV recruitment strategies by simulating three different scenarios has been evaluated:

1. The first scenario, called “Without Recruiting”, assumes a deployment of n UAVs hovering within a predefined area to provide
5G connectivity to ground users. In this case, there is no mechanism for recruiting additional UAVs from neighboring regions
to assist in connectivity support. The UAVs must rely solely on their own resources to maintain connectivity with users.

2. The second scenario, called “Multi-hop-based Recruiting”, introduces a mechanism that allows UAVs to recruit additional
UAVs from neighboring areas to improve connectivity. This recruitment process uses a multi-hop communication approach,
where a UAV in need of support (referred to as the requester UAV) can send a recruitment request to a nearby UAV in an
adjacent area. The request is routed across the FANET, allowing for dynamic adaptation to changing network conditions. The
proposed algorithm ensures that recruitment requests are efficiently forwarded to the appropriate UAV, to support and satisfy
the demand of the network users.

11
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Table 5
Simulation parameters.

Pervasive and Mobile Computing 109 (2025) 102030

Parameter

Value

Simulation area

Total duration

Number of cluster
Number of UAV by cluster
Maximum number of users

Orbital revolution of CubeSat

CubeSat Visibility
CubeSat Capacity
CubeSat f carrier
Max UAV rate
UAV altitude
Average h; ;

a

b
gLos

cNLnS

Pheromone incidence (a)
Heuristic incidence (4)
Heuristic information (#;;)
E,

max
Einr
Bthr
B,

max
€1,€,C3,Cy

2000 m x 500 m
6 min
3,57
3,57
100

90 min
10 min
10 Mbps
2 GHz
1 Mbps
100 m
100 m
9.6
0.28
1dB
20 dB

1

0

1

274 Wh
50%
50%

1 Mbps
0.25

by cluster

1000

UAV and User Placement

900

Cluster 1

800

700

600

Area length [m]

400

300

200

{ Cluster 2

Cluster 3

X Locations of UAVs

% Ground Control Stations
+ Locations of users

o Cluster coverage
---UAV coverage

1000 5 2000

Arca width [m]

1500

Fig. 3. UAVs and users placement (5 UAVs for each cluster).

3. The third and last scenario, called “CubeSat-based Recruiting”, consists on a multi-layer network architecture that leverages

a CubeSat to assist with UAV recruitment. In this
which then relays these requests to UAVs that may
addresses situations where UAVs are either out of

setup, ground stations are able to send recruitment requests to a CubeSat,
not have direct connectivity through terrestrial infrastructure. This scenario
range of nearby UAVs or in remote areas where terrestrial communication

links are unavailable. By integrating CubeSat into the recruitment process, it is ensured that UAVs operating in isolated regions
can still participate in recruitment and collaboration efforts.

In the scenarios considered in this work, the UAVs are associated in clusters, hovering at different locations, providing
connectivity and support for potential recruiting requests. When a UAV is recruited, the allowed UAV speeds depending on the

12
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characteristics of the (DJI MATRICE RTK 300 [38]), are defined as follows:

3 if0% < EE < 40%

‘max

Vesy =410 if 40% < £ <70% (16)

‘max

17 if 70% < z— < 100%

‘max

where v, is the effective velocity in m/s at which a UAV will move to the destination after receiving a recruiting request.
5.1. Performance metrics

In this section the output parameters considered for the conducted simulation are introduced and explained. The considered
metrics during the experiments are: Mean Opinion Score (MOS), delay, packet loss, and total network throughput. These metrics
are fundamental to evaluating the network performance, particularly in scenarios where users generate voice over IP (VoIP) and
data traffic, like in emergency and disaster scenarios.

MOS: it is a widely used metric to quantify the perceived quality of a VoIP call. It provides a numerical measure of the user’s
experience on a scale from 1 (which represents poor call quality) to 5 (which represents excellent call quality). The MOS is
computed using Eq. (17):
R—-6.5
20
where R is the transmission rating factor, which depends on some factors like delay, jitter, and packet loss. MOS is an important
metric in VoIP services because it directly represents the quality of voice applications.
Delay: it was evaluated to measure the time that a packet takes to travel from the connected users to the destination across
the network. In our study, the delay is the total time taken for a packet to travel from the UE to the mobile base station 5G
mounted in a UAV, plus the time required to forward the packet to the 5G core network. Additionally, if the destination is in
an external network, the delay includes the time taken to reach that network, or, if the destination is within the same network,
the time taken to reach it.
Packet Loss: it refers to the percentage of the data packets that are lost during the transmission due to several factors like
congestion, interferences, node failure, etc. In VoIP calls, higher packet loss values degrade the quality of the call; and in data
traffic, higher packet loss represents information losses and could result in additional delays due to retransmissions.
Total Network Throughput: it represents the amount of data that was successfully transmitted over the network in a given
period. In our experiments, it helps to indicate the capacity to handle a certain amount of VoIP and data traffic. Higher
total network throughput indicates a more efficient network, capable of supporting more simultaneously connected users and
manage higher data traffic, which is crucial during emergency or disaster scenarios.
Energy for Communication: it represents the amount of energy associated with the transmission, reception and forwarding
of packets through the wireless interface of the UAVs. It combines the energy consumed by the transportation of the data
packets of the connected users, and the signaling traffic of the technology. Additionally, it includes the energy consumed by
the transportation of the ACO routing algorithm packets (Fant and Bant), including the energy to support the communications
links for recruiting.
Energy for UAV flight: it represents the amount of energy consumed by UAVs while they are giving connectivity to a
specific area or when they move to attend a recruiting request. It includes the energy consumed during hovering, ascending
(vertical movement), and horizontal moving when they change of position to attend recruiting requests or to achieve charging
stations. The energy consumption depends on the specific energy characteristics and efficiency of the UAVs as defined by the
manufacturer. For this study, we take as a reference the energy consumption profile of the DJI Matrice RTK 300 [38]

MOS =1+ a7

5.2. Reinforcement learning coefficient analysis

In order to evaluate the impact of the coefficients ¢, of Eq. (13), several simulations, following the experimental setup exposed
detailed in Table 5, are conducted. The following combinations of coefficients ¢, to evaluate the impact of each coefficient are
considered. The combinations used are detailed in Table 6. Each set of coefficients provides different weights to observe the effects
on the network performance.

Fig. 4 illustrates the relationship between the four different output parameters considered in the simulation tests; in particular, it
shows the mutual interaction effect of MOS, average delay expressed in ms, packet loss expressed in % and total network throughput
expressed in Mbps. The simulation was conducted by gradually increasing the number of simultaneously connected users to the
network from 20 to 100 in steps of 20. The scenario was composed of 3 clusters, each one with 5 UAVs.

In particular, Fig. 4 shows that a balanced approach to considering multiple network metrics with equal weights generally
leads to better overall performance. It is possible to note clearly how the best combination is represented by equal weights
¢ = ¢ = ¢35 = ¢4 = 0.25 followed by the combination of coefficients which gives more importance to the energy level of the
UAVs.

The equal weight combination emphasizes higher values for the two output parameters, throughput and MOS, which yield
improved performance as their values increase. Conversely, for the delay and packet loss parameters, optimal performance is
achieved with lower values, as they are preferable when minimized.
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Table 6
Combination of coefficients used in the simulation.
Coefficient ¢ ¢ 3 ¢y
Combination 1 0.1 0.1 0.1 0.7
Combination 2 0.1 0.1 0.7 0.1
Combination 3 0.1 0.7 0.1 0.1
Combination 4 0.7 0.1 0.1 0.1
Combination 5 0.25 0.25 0.25 0.25
Delay [ms]
c1 = 0.10, Cy = 0.10, Cc3 = 0.10, Cq = 0.70
180 | — ¢ =0.10,¢, = 0.10, 5 = 0.70, ¢4 = 0.10
— ¢1 = 0.10,¢3 = 0.70, ¢35 = 0.10, ¢4 = 0.10
— ¢1 = 0.70,¢3 = 0.10,¢3 = 0.10, ¢4 = 0.10
— ¢; = 0.25,¢; = 0.25,¢c3 = 0.25,¢c4 = 0.25
Throughput [Mbps] MOS

Packet Loss [%]

Fig. 4. Evaluation of ¢, combinations in network performance.

5.3. Performance results varying simulation scenarios

In the simulation, the three different scenarios are evaluated. In the first scenario, a single cluster of 5 UAVs is distributed
homogeneously inside a square area of 400 m, and each UAV supports a traffic capacity of 1 Mbps, resulting in a total throughput
of 5 Mbps for the entire cluster. Additionally, each user is consuming 80 kbps of bandwidth, simulating a mix of VoIP and data
traffic. In the second scenario, two UAV clusters are considered, each containing 5 UAVs. When a recruiting request is triggered,
the neighboring cluster can allocate up to 2 UAVs to assist, increasing the network’s capacity of the considered area. With this
additional recruitment, the total network capacity can grow to 7 Mbps, depending on the recruited UAVs. In the final scenario, a
distant cluster that cannot be achieved using the multi-hop approach can allocate 2 UAVs which can be recruited using the CubeSat
link. This enables the network to extend its capacity up to 9 Mbps, depending on the final network topology formed after recruitment.
Fig. 5(a) highlights the quality of a VoIP call measured using the MOS (Mean Square Option) indicator. MOS is a widely used metric
that evaluates the quality of voice communications, with scores ranging from 1 (poor quality) to 5 (excellent quality). In the scenario
“Without Recruiting”, the MOS indicator is relatively high, achieving a value of around 4.48 with up to 20 parallel users. However,
as the simultaneous connected users increases to 100, the MOS sharply decreases to 1, indicating degradation in voice quality due to
network congestion. When employing a “Multi-hop-based Recruiting” strategy, the MOS shows a general improvement. Nevertheless,
beyond 40 users, the MOS again decreases as the number of simultaneous users increases in the network. In comparison, the
“CubeSat-based Recruiting” approach maintains a MOS above 3.5 for up to 60 users. These findings underscore the importance
of incorporating additional UAVs into the network to enhance user experience. By leveraging recruiting strategies, network capacity
is effectively increased, leading to improved MOS scores and better voice quality for users. Fig. 5(b) depicts the performance of the
network having different number of users. In the scenario “Without Recruiting”, the delay significantly increases, reaching 550 ms
when 100 simultaneous users are connected. This high delay can lead to noticeable communication issues in VoIP, such as echo and
lag. However, when utilizing a “Multi-hop-based Recruiting” strategy, the delay improves, decreasing to a maximum of 400 ms.
This reduction suggests that implementing this recruiting method can help alleviate some of the congestion experienced in high user
scenarios. The “CubeSat-based Recruiting” approach further optimizes the network performance, achieving a maximum delay of only
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MOS performance across different scenarios Delay performance across different scenarios
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250 ms, highlighting its effectiveness in managing network traffic. Lower delay values are crucial for VolIP traffic, as delays exceeding
150 ms can lead to a deterioration in call quality, with values above 300 ms generally being considered unacceptable. Additionally,
Fig. 5(c) shows the packet loss in the three different scenarios: “Without Recruiting”, “Multi-hop-based Recruiting”, and “CubeSat-
based Recruiting”. In the first scenario, it is observed that the packet loss reaches 23% when 100 users are simultaneously connected
to the network, while the number of simultaneously connected users increases, the packet loss also increases because the network
resources become overloaded. In the case of ‘“Multi-hop-based Recruiting”, the packet loss is reduced to 15% under the same number
of connected users. In this scenario, UAVs can send requests to neighboring UAVs to assist in providing connectivity, so network
overloading is alleviated until there is a certain number of connected users. Finally, in the case of “CubeSat-based recruiting”, the
packet loss decreases to around 7%. This trend demonstrates the effectiveness of the recruitment approach in mitigating network
overload and improving user experience. In Fig. 5(d) it is possible to observe that as the number of simultaneously connected users
increases, the total performance of the network also improves. However, in the scenario without multi-hop-based recruiting, the
network is limited to offering a maximum throughput of 5 Mbps. In contrast, when multi-hop recruiting is used, the total network
throughput is higher. In this scenario, since more UAVs were recruited into the network, the total throughput reaches 7 Mbps,
compared to the 5 Mbps offered in the first case. Finally, in the last scenario, the total available network throughput is 9 Mbps,
which allows the network to offer more bandwidth to the same number of simultaneously connected users.
5.4. Performance results varying the T,,,. values

Additionally, the performance of the proposed recruiting strategy at different 7,,,, values from Eq. (13) is analyzed. To achieve
this, simulations, using the same parameters outlined at the beginning of this section, are conducted, while varying T,,,, using the
values: 90 s, 120 s, 150 s, 180 s, and 210 s. This allows to analyze the adaptability of the recruiting strategy under different timing
constraints. Fig. 6(a) illustrates the performance of the MOS indicator in different T,,,, values. It is evident to notice a general trend
in all experiments, as 7,,,, increases, the MOS indicator improves. This is because a higher T,,, allows a longer time window for
the UAVs to reach the requested position, allowing the recruitment of more UAVs. As a result, a larger 7,,,, could provide more
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Fig. 6. (a) MOS, (b) Delay, (c) Packet Loss, and (d) Network Throughput performance using different 7,

values.

ax

resources to the network. Fig. 6(b) shows the delay performance of the network in different 7,,,, values. It is possible to observe
that a larger T,,,, significantly decreases the delay experienced by the users connected to the network. In particular, an increase
on T,,,, from 90 s to 210 s can reduce the delay from around 400 ms to 160 ms. This occurs because a higher T,,,, provides more
flexibility in recruiting UAVs, allowing the recruiting algorithm to select UAVs that are better positioned.

Additionally, Fig. 6(c) shows the packet loss performance in different T},,, values. As previously commented, a higher T,,,. allows
a larger pool of UAVs to be recruited, providing more opportunities to select UAVs that can maintain a more reliable network.
With more UAVs inside a desired area, the network can distribute traffic more efficiently, reducing congestion and packet loss. By
increasing the 7,,,. from 90 s to 210 s, the packet loss is reduced from 13.1% to 6% even with a large number of simultaneously
connected users. Finally, Fig. 6(d) shows the total network throughput. As T,,,, increases, more UAVs can be recruited, allowing
the network to offer greater overall throughput to provide connectivity. Consequently, more UAVs that provide connectivity inside
a certain area could lead to an increase in the total network capacity. As a consequence, connected users will experience better
quality of their services.

5.5. Performance results varying cluster size

In this work, the performance of different cluster sizes was also analyzed. We combined different cluster size configurations. In
all scenarios, 21 UAVs were distributed across the entire network using different cluster size combinations: 3 clusters of 7 UAVs
each, 5 clusters of 4 UAVs each with an additional UAV in the last cluster, and 7 clusters of 3 UAVs each. The simulations were
performed using the same parameters described in the beginning of the section. This allows for the study of network performance
under different UAV distributions while maintaining the same total network resources.

Fig. 7(a) shows the MOS performance in the described scenarios. It is evident that denser clusters provide better performance
compared to less dense clusters. The results show that small cluster sizes can become saturated more quickly. Even when additional
UAVs are recruited, the time taken to recruit additional UAVs to the required area can degrade the MOS performance because the
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performance using different cluster sizes.

recruitment procedure depends on actors such as the distance, availability, and energy level of potential UAVs. On the other hand,
denser clusters in areas with high traffic are more appropriate to maintain good performance. When the network resource demand
by users is low, less dense clusters can provide good performance. However, in service areas with a high user density, smaller cluster
sizes are not appropriate, especially in real-time applications.

Figs. 7(b) and 7(c) illustrate the average delay and packet loss, respectively, for VoIP and data services experienced by connected
users in different cluster sizes. These metrics align with the results illustrated in Fig. 7(a). In high-user-density networks, smaller
cluster sizes are not appropriate, as resources become saturated quickly. The lowest delay and packet loss are provided by the
scenario with 3 clusters of 7 UAVs each. The results show that even with the same total amount of resources in the overall network,
the way in which the UAVs are distributed across the clusters can significantly affect the performance of the network.

Fig. 7(d) shows the total throughput managed by the network. The network with 3 clusters of 7 UAVs provides better performance
compared to other cluster sizes. This confirms the results shown in the previous figures, since each user consumes approximately
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performance in network scalability evaluation.

80 kbps, with 100 users connected simultaneously, the network with 3 clusters of 7 UAVs provides the best throughput, allowing
to achieve the maximum throughput demanded by the users.

Furthermore, we analyzed the energy consumed by the communication system, Fig. 7(e), which includes the energy consumed
to transmit and receive user data traffic, as well as to support the routing and recruitment algorithms. It is observed that less
dense clusters consume more energy compared to denser clusters. This occurs because less dense clusters become saturated more
quickly, causing UAVs to work more intensively to manage user data. In addition, in Fig. 7(f) we analyzed the total average energy
consumed by the UAVs, including both the energy consumed by the communication system and the energy used for hovering and
moving. Clusters with fewer UAVs (3 UAVs per cluster) consume more energy. This happens because in clusters with fewer UAVs,
the network resources can become overloaded more quickly, and, as consequence, UAVs from neighboring and remote clusters are
recruited more frequently, which requires more energy to move these UAVs from remote locations. On average, clusters with more
resources (7 UAVs per cluster) consume less energy overall.
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5.6. Performance results of network scalability

In this section, we analyze the scalability of the network and its performance across different users’ density within the network.
We evaluated three scenarios, each composed of 3 clusters of UAVs of 3, 5, and 7 UAVSs, respectively. In these conditions, the UAVs
within the network scale from 9 UAVs to 15 UAVs, and 21 UAVs divided into three different clusters.

Fig. 8(a) shows the MOS performance of the three scenarios as the number of simultaneously connected users increases from
10 to 100 in steps of 10. It is evident that there is a common trend across all scenarios: as the number of simultaneous connected
users increases, the performance degrades due to the high traffic demands of the users. In these conditions, the best performance is
achieved by the network with more available resources, which has a cluster size of 7 UAVs.

Figs. 8(b) and 8(c) show the delay and packet loss experienced by users, respectively. It is evident that the best performance
is achieved with the largest network, composed of 3 clusters of 7 UAVs, because a larger network with more available UAVs can
manage all the traffic demand of a higher number of connected users. The results show that in scenarios where the network size
grows, more potential UAVs can be recruited to mitigate the congestion and overloading of some nodes, which can help to offer
better throughput and performance for connected users, as observed in Fig. 8(d). However, in large networks where more UAVs can
be recruited, the energy demanded by UAVs to move from remote locations increases. It can be observed in Fig. 8(f), the scenario
with 3 clusters of 7 UAVs demands more energy when the user density increases but at the same time can offer better performance.

Additionally, Fig. 8(e) shows the energy consumed by the UAV communication system, which includes the energy required for
routing, recruiting, and data forwarding of the connected users. It is observed that in networks with fewer UAVs (smaller cluster
size), the UAVs work more intensively, leading to higher energy consumption. Finally, Fig. 8(f) illustrates the total average energy
consumption of UAVs across three clusters, with varying numbers of UAVs per cluster. The results reveal that energy consumption
is significantly higher when there are only three UAVs per cluster. This behavior can be explained similarly to the observations
made in the previous section. With only three UAVs in a cluster, their resources are quickly overloaded, requiring the UAVs to send
packets more frequently to neighboring UAVs in remote clusters for recruiting. This increased communication leads to higher energy
expenditure, particularly due to the additional movement required to move UAVs in a different cluster location.

5.7. Proposed ACO approach versus Link State (LS)

To demonstrate the performance of our proposed approach compared to a baseline technique for UAV recruitment within the
considered system, we provide a detailed comparison with a LS technique focusing on two key metrics: the average packet size
and the average number of processed protocol packets. These two metrics offer insights into the communication overhead and
computational efficiency of the ACO and LS approaches.

In particular, Table 7 shows the two metrics considering a fixed number of clusters in the system equal to 3 and a variable number
of UAVs per cluster, 3, 5, and 7 UAVs per each of the 3 clusters. Instead, Table 8 shows the metrics considered in a system composed
of a fixed number of UAVs equal to 21 varying the number of clusters that cover the considered area from 3 to 7. As illustrated, it is
possible to view observing both tables the average number of processed protocol packets is consistently lower for the ACO technique
across both UAVs and CubeSats when compared to the LS approach. This behavior can be attributed to the fundamental differences
in the way the two techniques handle network information. The superior efficiency of ACO is achieved through the reactive nature of
ACO in the solution space discovery and unicast packet probing to test the network; the probabilistic packet forwarding to recruit the
best drones contribute to reduce the control overhead. This on-demand strategy minimizes unnecessary packet exchanges, reducing
the overall load on the network. Differently, the proactive strategy of the LS mechanism prioritizes comprehensive network visibility
at the expense of higher resource consumption and increases the packet size due to the more complex packet structure that requests
to carry all neighbors’ nodes and neighbors network states.

Additionally, there is a notable difference in the average packet size between the two approaches. The ACO-based method ensures
smaller packet sizes because it includes only the essential information needed to make localized routing decisions. In contrast,
the LS mechanism requires larger packets due to the inclusion of extensive topology data. These packets contain the LS database,
which stores detailed information about each node’s neighbors and their states. This additional data increases the packet size and
contributes to greater communication overhead.

In summary, the ACO approach demonstrates superior efficiency by reducing both the number of processed protocol packets
and the packet size. This is achieved through its reactive nature, which adapts dynamically to the needs of the network, unlike
the proactive strategy of the LS mechanism, which prioritizes comprehensive network visibility at the expense of higher resource
consumption.

6. Conclusion and future work

In the presented work, a multi-layer architecture composed of the integration of CubeSat and FANET was proposed as a solution
to guarantee good network performance in emergency and critical situations where the terrestrial network infrastructure becomes
compromised. In addition, a novel bio-inspired recruitment approach was evaluated in the context of FANET networks. The work
shows that recruiting strategies are crucial mechanisms to help in critical and emergency situations where terrestrial infrastructures
are compromised and damaged. In particular, in this work, the Ant Colony Optimization (ACO) algorithm was used to support both
routing and recruiting. The study demonstrated how ACO can efficiently recruit UAVS to critical areas where network performance
becomes degraded due to the high demand of users. By simulating two different recruitment approaches, multi-hop-based recruiting
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Table 7
ACO approach versus LS fixing the number of clusters.
Coordination protocol ACO LS
and topology control
Fixed number of clusters 3 3
Number of UAVS per cluster 3 5 7 3 5 7
Average processed protocol packets per UAV 20772,85 44301,76 50888,75 186955,65 495308,78 1390876,12
Average processed protocol packets by Cubesat 31397,25 59595,62 73360,23 395619,16 309667,95 474861,40
Average packet size (Bytes) 43,64 61,13 75,05 130,92 201,75 262,69
Table 8
ACO approach versus LS fixing the number of drones.
Coordination protocol ACO LS
and topology control
Fixed number of clusters 21 21
Total number of cluster 3 5 7 3 5 7
Number of UAVS per cluster 7 4 3 7 4 3
Average processed protocol packets per UAV 50918,74 48572,35 35818,69 2495018,42 388578,84 231854,68
Average processed protocol packets by Cubesat 73360,23 101550,15 120468,98 660242,15 1135365,24 3292622,45
Average packet size (Bytes) 75,62 82,39 86,49 264,67 222,47 259,47

which uses only terrestrial links for extending coverage capacity, and Cubesat-based recruiting which exploits the broadcast coverage
to send recruitment requests to drones that are far away from the disaster area but are able to provide their support in other areas.
The work highlights the adaptability and effectiveness of ACO in handling dynamic real-time situations where network resources
become overloaded. Using an extensive set of simulation tests, the proposed recruitment strategies outperform traditional FANETSs
without recruiting mechanisms.

The proposed recruiting strategies reflected some improvements in network performance metrics such as MOS, packet loss,
delay, and throughput. Our findings show that multi-hop and CubeSat-based recruiting improve the MOS indicator by 18.8% and
37.5% respectively compared to traditional networks without implemented recruiting strategies. This enhancement suggests that
by exploiting Cubesat technology in emergency scenarios, the quality of voice transmissions can be improved thanks to the large
coverage area of Cubesat that allows the recruitment of UAVs at more distant locations. Furthermore, packet loss using both proposed
approaches, multi-hop and CubeSat-based recruitment, was reduced by 54.52% and 74.28%, respectively, compared to the baseline
scenario without implemented recruiting strategies. Moreover, the delay experienced by connected users was reduced by 38.57%
using the multi-hop-based recruiting strategy, and 58.78% using the CubeSat-based recruiting. Reducing delay is critical for real-
time applications, especially in emergency situations where affected people need reliable connections. Furthermore, overall network
throughput was improved by 23.97% and 36.79% when using multi-hop and CubeSat-based recruiting strategies, respectively,
compared to the baseline scenario without any recruiting strategy. The findings indicate that an event-driven recruiting strategy
facilitates more efficient data transmission across the network, improving overall performance. The experimental results clearly
demonstrate that both multi-hop and CubeSat-based recruiting enhance network performance, ensuring reliable connectivity for
users inside a disaster area. The work shows that the integration of CubeSat technology is crucial in emergency situations, by
exploiting the wide-reaching signals of CubeSats, it becomes possible to recruit potential UAVs located far from the area of interest.
This capability not only enhances the network’s overall performance, but also plays an important role in avoiding network congestion
in critical situations.
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