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Flying ad hoc networks (FANETs) are a new example of ad hoc networks, which arrange unmanned aerial vehicles 
(UAVs) in an ad hoc form. The features of these networks, such as the movement of UAVs in a 3D space, high speed 
of UAVs, dynamic topology, limited resources, and low density, have created vital challenges for communication 
reliability, especially when designing routing methods in FANETs. In this paper, a novel cylindrical filtering-based 
greedy perimeter stateless routing scheme (CF-GPSR) is suggested in FANETs. In CF-GPSR, cylindrical filtering 
reduces the size of the initial candidate set to accelerate the selection of the next-hop node. In this phase, the 
formulation of the cylindrical filtering construction process is expressed in the cylindrical coordinate system 
because the filtered area is a cylinder enclosed within the communication range of flying nodes. The cylindrical 
filtering construction process includes three steps, namely transferring coordinate axes, rotating coordinate axes, 
and cylinder construction. When selecting the next-hop node, CF-GPSR first uses this cylindrical filtering to limit 
the candidate set of each flying node. Then, CF-GPSR decides on the best next-hop UAV based on a merit function, 
which includes four criteria, namely velocity factor, ideal distance, residual energy, and movement angle, and 
selects a candidate node with the highest merit value as the next-hop UAV. Finally, the simulation process is 
performed using the NS 3.23 simulator, and four simulation scenarios are defined based on the number of UAVs, 
the communication area of nodes, network connections, and the size of packets to evaluate CF-GPSR. In the 
simulation process, CF-GPSR is compared with the three GPSR-based routing schemes, namely UF-GPSR, GPSR-

PPU, and GPSR in terms of delay, data delivery ratio, data loss ratio, and throughput. In the first scenario, namely 
the change in the number of flying nodes, CF-GPSR improves delay, PDR, PLR, and throughput by 17.34%, 4.83%, 
16%, and 7.05%, respectively. Also, in the second scenario, namely the change in communication range, the 
proposed method optimizes delay, PDR, PLR, and throughput by 4.91%, 5.71%, 6.12%, and 8.45%, respectively. 
In the third scenario, namely the change in the number of connections, CF-GPSR improves EED, PDR, PLR, and 
throughput by 18.41%, 9.09%, 9.52%, and 7.03%, respectively. In the fourth simulation scenario, namely the 
change in the packet size, CF-GPSR improves delay, PDR, PLR, and throughput by 14.81%, 19.39%, 7.19%, and 
0.39%, respectively.

* Corresponding author at: School of Computer Science, Duy Tan University, Da Nang, Viet Nam.

E-mail address: mehdihosseinzadeh@duytan.edu.vn (M. Hosseinzadeh).
1 These authors contributed equally to this work.

https://doi.org/10.1016/j.vehcom.2025.100879

Received 19 May 2024; Received in revised form 6 November 2024; Accepted 12 January 2025 

http://www.ScienceDirect.com/
http://www.elsevier.com/locate/vehcom
http://orcid.org/0000-0002-1534-061X
mailto:mehdihosseinzadeh@duytan.edu.vn
https://doi.org/10.1016/j.vehcom.2025.100879
https://doi.org/10.1016/j.vehcom.2025.100879


Vehicular Communications 52 (2025) 100879

2

A.M. Rahmani, A. Haider, K. Aurangzeb et al. 

Fig. 1. FANET applications in natural disasters. 

1. Introduction

Flying ad hoc network (FANET) is a modern wireless network, which 
has attracted a lot of interest from industrial and research communities. 
Due to the development of novel communication technologies such as 
micro-embedded systems, sensors, Wi-Fi, control technologies, artificial 
intelligence (AI), and positioning systems, the use of drones (also called 
unmanned aerial vehicles (UAVs)) is significantly increased in differ-

ent areas [1,2]. FANET is made up of numerous drones, which fly in 
the air in a coordinated form and work together to carry out a spe-

cific mission. These networks have a dynamic topology due to the high 
movement of drones. In addition to military applications, FANETs are 
used in many civil and commercial activities, such as in natural disasters 
[3,4]. They can evaluate extensive and unpredictable physical or finan-

cial damage in damaged areas. Different natural disasters are forest fires, 
earthquakes, floods, tsunamis, and landslides. They cause economic, fi-

nancial, environmental, and physical damage [5,6]. Hence, it is essential 
to prevent the increase in financial and physical damage and protect 
the environment during natural disasters using new technologies such 
as FANET because drones can be used to find suitable and safe locations 
to make rescue camps. Also, they can estimate damage, perform rescue 
operations, and evaluate natural disasters [7,8]. Therefore, researchers 
found that FANET is one of the most powerful tools when occurring any 
natural disaster. During any catastrophe, transportation and communi-

cation infrastructures are limited or almost impossible. As a result, only 
multi-UAV systems such as FANET can be used in this condition since 
UAVs can fly up to 30 meters on the top of the ground surface. There-

fore, they are a useful and powerful tool to monitor damaged areas and 
rescue people from danger [9,10]. Fig. 1 depicts different FANET appli-

cations in natural disasters. 
These networks have a variety of features such as unstable commu-

nication, resource restrictions, high mobility of UAVs, deployment in 3D 
space, rapid topology changes, and self-organization ability. As a result, 

it is essential to design an effective routing strategy to maintain net-

work performance and ameliorate the quality of service (QoS) [11,12]. 
Routing protocols available in mobile ad hoc networks (MANETs) or 
vehicular ad hoc networks (VANETs) need some improvements to get 
a suitable performance in FANETs. A routing protocol plays a signif-

icant role in enhancing the reliability and stability of communication 
in the data transfer process. In this network, each UAV acts as a host 
and router simultaneously [13,14]. Note that routing paths include 
multiple hops, and consequently, the improvement of routing algo-

rithms can significantly increase network performance. However, the 
high changes in network topology caused by the rapid movement of 
UAVs, as well as their random entry and exit from the network en-

vironment, can increase the number of broken links and reduce QoS 
requirements [15,16]. Thus, routing protocols must be compatible with 
the specific features of FANETs. The most important routing schemes 
in FANET include topology-based (proactive, reactive, and hybrid) and 
position-based routing schemes [17,18].

In recent years, many research studies have been provided in the 
field of routing protocols in FANETs. These studies show that position-

based routing protocols are better than the topology-based ones. How-

ever, position-based routing protocols are dependent on the location 
information of UAVs in FANETs [19,20]. To achieve this information, 
flying nodes must be equipped with positioning systems such as GPS. 
Therefore, the performance of these routing protocols is dependent on 
the correctness of the position information obtained from the position-

ing system [21,22]. If the positioning system fails to determine the 
accurate position of UAVs for any reason, such as weather conditions 
or the deployment of FANETs in indoor environments, the aforemen-

tioned routing protocols experience poor performance. Of course, the 
many advantages of these protocols, such as the ability to build stable 
paths, low number of hops, low delay, and low routing overhead can-

not be neglected. Therefore, these routing protocols are an appropriate 
option for FANETs [23,24].
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Greedy perimeter stateless routing protocol (GPSR) [25] is the most 
popular and well-known position-based protocol, which uses two for-

warding techniques, including greedy and perimeter to transfer data 
packets to the destination. In GPSR, the Euclidean distance between 
UAVs is a criterion to select the next-hop node. To calculate this dis-

tance, each flying node needs information about the position of its 
neighboring UAVs. To obtain this information, flying nodes regularly 
and periodically exchange their position through hello messages with 
each other and store the information collected from adjacent UAVs in 
a table called the neighbor table. According to the greedy forwarding 
technique, each flying node considers a candidate set containing its 
neighboring nodes to designate the best next-hop UAV [26,27]. Then, it 
chooses the neighboring node closest to the destination from its candi-

date set to transmit data packets to the destination. If the search process 
in the candidate set is not successful in finding the closest flying node 
to the destination, this flying node faces a local optimization issue and 
stops the greedy forwarding technique. Then, it uses the second for-

warding technique, namely perimeter mode, and selects the next node 
according to the right-hand rule [28,29]. When the local optimum issue 
is resolved, the forwarding technique switched from the perimeter mode 
to the greedy mode. The procedure is repeated until the data packet gets 
to the destination. Note that GPSR is successful in reducing delay and 
routing overhead. However, it is necessary to improve the greedy for-

warding technique in this method [30,31]. As mentioned above, this 
technique focuses only on the distance criterion to select the next-hop 
UAV, but it is not efficient in FANETs. Criteria such as the movement in-

formation of UAVs, residual energy, and movement angle can increase 
the quality of this technique. On the other hand, in GPSR, the candi-

date set contains all neighboring nodes in the neighbor table, but many 
of these UAVs do not deserve to be candidate nodes, hence, they must 
be removed from the candidate set. This filtering operation accelerates 
the next-hop selection process and reduces delay in the routing process 
[32,33].

According to the points mentioned above, this paper presents a novel 
cylindrical filtering-based greedy perimeter stateless routing scheme 
(CF-GPSR) in FANETs. In CF-GPSR, when a flying node wants to for-

ward its data packets to another node and does not have a route, it 
creates a multi-hop route using two forwarding techniques, including 
greedy and perimeter. In CF-GPSR, the greedy technique is modified 
using cylindrical filtering and merit function to select the best next-hop 
UAV. However, the perimeter forwarding strategy in CF-GPSR resembles 
it in GPSR. In GPSR, all neighboring nodes belong to the candidate set. 
As a result, the source node must search all flying nodes in the candidate 
set to find the flying node closest to the destination. Now, if the network 
density is too high, the size of this candidate will be enlarged. As a re-

sult, it takes a long time to find the best next-hop UAV. Hence, CF-GPSR 
tries to solve this challenge by reducing the size of the initial candidate 
set using cylindrical filtering. On the other hand, in GPSR, the distance 
criterion alone is intended to choose the best next-hop UAV. However, 
this criterion alone is not efficient for the 3D environment of FANET 
with extremely moving nodes and limited energy resources. Therefore, 
CF-GPSR decides on the next-hop UAV based on a merit function includ-

ing four factors, namely velocity factor, ideal distance, residual energy, 
and movement angle. In general, CF-GPSR first filters the existing nodes 
in the candidate set, then evaluates these nodes based on the merit func-

tion, and finally selects the flying node with the most merit value as the 
next-hop UAV. Note that if CF-GPSR is involved with the local optimum, 
it uses the perimeter forwarding strategy used in GPSR to solve this is-
sue. In the following, the most important innovations in this paper are 
stated:

• In CF-GPSR, each flying node uses the regular exchange of hello 
packets in its communication range to build its neighbor table and 
decide on the next-hop node. This section explains the format of 
hello messages, the template of the neighbor table, updating process 
of this table.

• In CF-GPSR, each flying node generates a multi-hop route using two 
forwarding techniques, namely greedy and perimeter. The proposed 
method improves the greedy forwarding technique using cylindrical 
filtering and merit function so that cylindrical filtering is responsi-

ble for restricting the candidate set of each flying node, and the 
merit function is used as a criterion to select the next-hop UAV.

• In CF-GPSR, the size of the initial candidate set is reduced through 
cylindrical filtering to obtain the filtered candidate set. This ac-

celerates the next-hop selection process and reduces delay in the 
routing process. The cylindrical filtering construction process con-

sists of three steps, namely transferring coordinate axes, rotating 
coordinate axes, and cylinder construction.

• In CF-GPSR, each flying node decides on the best next-hop UAV 
based on a merit function, which includes four criteria, namely ve-

locity factor, ideal distance, residual energy, and movement angle.

The structure of this paper is as follows: Section 2 introduces the 
most recent routing methods in FANETs. Section 3 includes the network 
and energy models used in CF-GPSR. Section 4 describes the different 
steps of CF-GPSR. In Section 5, the simulation results are presented, and 
Section 6 states the conclusion of this paper.

2. Related works

In [34], a utility function-based GPSR called UF-GPSR is suggested 
for FANETs. It optimizes the greedy transmission scheme by applying 
critical scales, such as movement direction, residual energy, velocity, 
distance, and risk of links. Furthermore, UF-GPSR calculates a utility 
function based on these scales to improve the routing process when de-

termining the next flying node. In UF-GPSR, the authors consider three 
points. 1) Among the neighboring UAVs of a flying node, the candidate 
node closest to the destination is not always the best next-hop. 2) In scat-

tered and dynamic environments, routing loops are likely, and routing 
schemes are susceptible to the local optimum problem. 3) When desig-

nating the subsequent node, access to the location information of flying 
nodes in the network environment is not enough. The implementation 
of UF-GPSR is carried out in NS3, and the results indicate its power-

ful and useful performance in comparison to other GPSR-based routing 
methods.

In [35], a mobility-aware clustering-based routing technique called 
MWCRSF is designed in FANETs. MWCRSF employs the sparrow search 
algorithm (SSA) because it has a high ability to search efficiently in 
the network environment. The SSA-based-clustering algorithm creates 
primary clusters to separate flying nodes in different clusters. Then, a 
weighted CH selection algorithm is presented. It merges the average 
distance to its neighbors, relative velocity, correlation degree, residual 
energy, and distance to the ground control station (GCS). In addition, 
MWCRSF includes a cluster-updating algorithm to refresh clusters at 
all times. To get a reliable and immediate data transmission process 
between flying nodes and GCS, the next-hop selection process consid-

ers various elements such as distance between flying nodes and GCS, 
link lifespan, and residual energy. In the following, MWCRSF employs 
a multi-criteria decision-making system based on skyline operators to 
decrease the dimensions of the search space. This accelerates the CH 
selection and routing procedures. The simulation results show the pow-

erful performance of MWCRSF.

In [36], an adaptive and multi-path GPSR called AM-GPSR is of-

fered for FANETs. Two new techniques, adaptive hello broadcasting 
and multi-path greedy routing, are introduced in this routing scheme. 
Firstly, each drone utilizes a dynamic hello interval based on its move-

ment information and the difference between two approximated and 
real locations. Additionally, greedy route management filters the set of 
potential forwarders by eliminating border drones. Then, the priority 
of these candidate drones is calculated based on the destination arrival 
time and buffer volume, and the drones, which obtain more priority 
can play the role of forwarders in the forwarding path. AM-GPSR uses a 
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Table 1
Juxtaposition of related works.

Technique Benefits Weaknesses

UF-GPSR [34] Enhancing data delivery ratio and throughput, decreasing latency and 
routing overhead, obtaining high energy efficiently

Low scalability, not adjusting a dynamic time interval for 
broadcasting hello messages in the network

MWCRSF [35] Having good network scalability, increasing throughput and data 
delivery ratio, optimizing energy consumption, decreasing latency, 
accelerating the clusters construction process, forming stable clusters

High computational complexity, not adjusting a dynamic time 
interval for broadcasting hello messages in the network

AM-GPSR [36] Adjusting a dynamic time interval for broadcasting hello messages in 
the network, improving data reliability, improving latency, delivery 
success rate, and throughput in the data transfer procedure, filtering 
the set of candidate nodes

High routing overhead, low scalability

GPSR+ [37] Improving energy consumption and extending network longevity, 
enhancing the reliability and stability of the created paths, adapting 
to frequent topology changes in FANET, high fault tolerance, 
preventing routing loops

Increasing latency, high computational complexity, low scalability

OLSR+ [38] Increasing data delivery ratio and throughput, optimizing energy 
consumption, high adaptability to FANET

High routing overhead, low scalability

FTSR [39] High accuracy in identifying distrusted flying nodes, increasing data 
delivery ratio, improving reliability in the data transmission process, 
enhancing quality of service (QoS)

Low scalability, high latency in the routing procedure

GPSR [25] Decreasing latency and routing overhead, improving throughput and 
efficiency

Low reliability in the data transmission process, dealing with routing 
loops, low adaptability to the FANET environment

GPSR-PPU [40] Increasing reliability and energy efficiency in the routing process, 
stabilizing the formed routes in the network, low delay, high data 
delivery ratio

Low scalability, low adaptability to FANET, not adjusting a dynamic 
time interval for broadcasting hello messages in the network

multi-path routing technique to improve data reliability. Lastly, simula-

tion results show that AM-GPSR has a successful performance compared 
to other routing schemes.

In [37], a location prediction strategy-based GPSR named GPSR + 
is offered in FANETs. It uses a location prediction technique to esti-

mate the future location of flying nodes in the network. In GPSR + , this 
technique is applied to modify the time interval related to the periodic 
broadcasting of hello messages. This modification improves the suitabil-

ity of GPSR + for FANET. In GPSR + , a candidate set is chosen based on 
a spherical removal method. Then, GPSR + applies this candidate set to 
improve the selection process of the next-hop node and accelerate the 
routing process. To achieve this goal, the most stable UAV is singled 
out from the candidate set. This stabilizes the created routes between 
UAVs. Evaluation results show the successful performance of GPSR + in 
comparison with other methods. However, the latency in GPSR + has 
increased slightly.

In [38], a fuzzy logic-based optimized link state routing approach 
called OLSR + is presented for FANETs. This scheme has four phases. 
Firstly, OLSR + gets information about local network topology using 
hello messages. This phase defines an exponential function containing 
movement direction, link quality, relative velocity, and distance to give 
a new formulation of link lifespan. The next phase defines a fuzzy sys-

tem, which includes three criteria, namely residual energy, neighbor 
degree, and link lifespan to choose multi-point relays (MPRs). The third 
phase modifies the template of topology control message and inserts 
two fields, namely the energy and lifespan of the relevant route into 
this message. The last phase determines how to obtain the routing ta-

bles of flying nodes. Evaluation results show the superiority of OLSR + 
in comparison with G-OLSR and OLSR.

In [39], a fuzzy logic-based and trust-aware secure routing method 
(FTSR) is offered for FANETs. FTSR evaluates the trust of flying nodes 
based on two techniques, namely local trust and route trust. Firstly, each 
flying node applies the distributed local trust technique to find trusted 
and distrusted adjacent flying nodes locally. Therefore, the trusted flying 
nodes cooperate with each other to find secure routes in the network, 
and the distrusted flying nodes are isolated in the network. The local 
trust technique reduces the likelihood of fake routes in the network. 
However, this is still very likely because the local technique may not 

detect all distrusted flying nodes. Hence, the second trust technique in 
FTSR, namely route trust, is responsible for finding other distrusted fly-

ing nodes. This technique uses a fuzzy system to check the trust status 
of each route globally and find securest routes. The evaluation results 
clearly indicate the powerful and useful performance of FTSR.

In [25], the GPSR algorithm is introduced in wireless networks. It 
dispatches data packets according to the position of nodes. In addition, 
GPSR designs a greedy forwarding pattern based on nodes’ position to 
designate the next-hop node toward the destination. If a data packet ar-

rives at an area that fails to apply the greedy pattern, it recovers the 
routing process around that area. In GPSR, each node keeps local net-

work topology in its memory, hence it works better than the shortest 
path algorithm. Additionally, it can manage changes in local network 
topology when finding new routes. Evaluation results show that GPSR 
works well in high-density networks.

In [40], an improved GPSR algorithm called GPSR-PPU is suggested 
in FANETs. GPSR-PPU considers the location prediction process and un-

certainty to strengthen the routing process in FANETs. In GPSR-PPU, the 
location information of flying nodes may include uncertainties due to 
measurement errors or external factors. Hence, flying nodes, which are 
associated with high uncertainties, get a lower priority to transmit data 
packets in the network. Furthermore, GPSR-PPU modifies the next-hop 
selection process in dynamic environments with high topology changes 
such as FANET. It predicts the future location of flying nodes based 
on their current location and velocity. This prediction helps the rout-

ing process to make accurate decisions and form stable routes between 
source and destination. GPSR-PPU considers a mechanism to avoid rout-

ing loops. This mechanism uses a table, which stores the ID of the flying 
nodes during the routing process. Hence, these flying nodes cannot be 
met again in the future. In addition, GPSR-PPU employs a route main-

tenance process that periodically updates routing information.

A brief overview of the benefits and drawbacks of each approach 
discussed in this section is provided in Table 1.

3. System model

In this section, assumptions about the proposed system are expressed 
in two sections, namely the network model and the energy model.
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Fig. 2. Network model in CF-GPSR. 

3.1. Network model

The network model in CF-GPSR can be shown in the form of a net-

work graph 𝐺 = (𝑈,𝐿) so that 𝑈 and 𝐿 indicate two sets containing 
vertices and edges, respectively. In the set 𝑈 , each member represents 
a UAV or a flying node in the network so that 𝑈 =

{
𝑢𝑖|1 ≤ 𝑖 ≤𝑁

}
, 

where 𝑢𝑖 indicates 𝑖-th flying node, and 𝑁 is the total number of fly-

ing nodes in the network. Each flying node like 𝑢𝑖 is known using a 
special identifier (𝐼𝐷𝑖) to distinguish it from other UAVs. In addition, 
each member of the set 𝐿 indicates a direct link between two neigh-

boring nodes. If the distance between two nodes such as 𝑢𝑖 and 𝑢𝑗 is 
smaller than their communication radius (i.e. 𝑟), then 𝑢𝑖 and 𝑢𝑗 are 
neighbors, and the link between them, 𝐿𝑖𝑗 , belongs to the set 𝐿 i.e. 

𝐿 =
{
𝐿𝑖𝑗 | ∀

𝑖≠𝑗 𝑢𝑖, 𝑢𝑗 ∈𝑈 𝑎𝑛𝑑 𝑑𝑖𝑗 ≤ 𝑟

}
so that 𝑑𝑖𝑗 indicates the distance 

from 𝑢𝑖 to 𝑢𝑗 and is derived from Equation (1).

𝑑𝑖𝑗 =
√(

𝑥𝑖 − 𝑥𝑗
)2 + (𝑦𝑖 − 𝑦𝑗

)2 + (𝑧𝑖 − 𝑧𝑗
)2

(1)

here 
(
𝑥𝑖, 𝑦𝑖, 𝑧𝑖

)
and 

(
𝑥𝑗 , 𝑦𝑗 , 𝑧𝑗

)
show the location coordinates of 𝑢𝑖 and 

𝑢𝑗 , respectively. This information is obtained through the positioning 
system installed on these flying nodes.

If 𝑢𝑖 and 𝑢𝑗 have a direct link in the set 𝐿, the connection between 
these nodes is directly established through the mentioned link. Other-

wise, 𝑢𝑖 and 𝑢𝑗 need to form a multi-hop route to communicate with 
each other. In this case, flying nodes use UAV-to-UAV communication 
in FANET [43]. Fig. 2 shows this network model. Note that the ground 
control station (GCS) is a powerful node with an unlimited energy re-

source in the network. GCS is directly connected to the central moni-

toring system and is responsible for transmitting commands from the 
central system to flying nodes and sending data collected from drones 

to the central system. GCS also communicates with a small number of 
flying nodes at any moment through the GCS-to-UAV connection, while 
other flying nodes are indirectly connected to GCS via multi-hop routes 
[43].

3.2. Energy model

In CF-GPSR, the energy model proposed by Heinzelman et al. [41] 
is used to calculate the energy consumption of flying nodes in the data 
transfer process. It consists of two energy models, namely free space 
(𝑓𝑠) and multi-path fading (𝑚𝑝). In these two energy models, there is 
a direct relationship between the energy consumed by the transmitter 
flying node (such as 𝑢𝑖) and its distance to the receiver flying node (such 
as 𝑢𝑗 ) i.e. 𝑑𝑖𝑗 (calculated by Equation (1)). If 𝑑𝑖𝑗 is large, 𝑢𝑖 consumes 
high energy in the data transfer process and vice versa. To transmit 𝑘 bits 
from 𝑢𝑖 to 𝑢𝑗 , the energy consumed by 𝑢𝑖 and 𝑢𝑗 is calculated through 
Equations (2) and (3), respectively.

𝐸𝑇𝑋

(
𝑘,𝑑𝑖𝑗

)
=

{
𝑘𝐸𝑒𝑙𝑒𝑐 + 𝑘𝜀𝑓𝑠

(
𝑑𝑖𝑗
)2

𝑑𝑖𝑗 ≤ 𝑑𝑡
𝑘𝐸𝑒𝑙𝑒𝑐 + 𝑘𝜀𝑚𝑝

(
𝑑𝑖𝑗
)4

𝑑𝑖𝑗 > 𝑑𝑡
(2)

𝐸𝑅𝑋 (𝑘) = 𝑘𝐸𝑒𝑙𝑒𝑐 (3)

so that 𝐸𝑒𝑙𝑒𝑐 is the energy needed for the electronic board of 𝑢𝑖 and 𝑢𝑗
to transmit one bit. 𝜀𝑓𝑠

(
𝑑𝑖𝑗
)2

and 𝜀𝑚𝑝
(
𝑑𝑖𝑗
)4

are the energy needed to 
amplify signals in two models, namely 𝑓𝑠 and 𝑚𝑝, respectively. Also, 𝑑𝑡
is the distance threshold, which is equal to 𝑑𝑡 =

√
𝜀𝑓𝑠
𝜀𝑚𝑝

. If 𝑑𝑖𝑗 ≤ 𝑑𝑡, the 

energy consumed in 𝑢𝑖 is calculated based on the 𝑓𝑠 model. Otherwise, 
it is obtained from the 𝑚𝑝 model.

On the other hand, when flying or hovering, the energy consump-

tion of a flying node such as 𝑢𝑖 is obtained with regard to the method 
presented in [42]. According to this method, the hovering power of 𝑢𝑖
is computed through Equation (4).

𝑃𝐻 =

√√√√ (
𝑚𝑢𝑔

)3
2𝜋𝑟𝜔𝑛𝜔𝜌𝑎

(4)

So that 𝑚𝑢 indicates the mass of 𝑢𝑖, 𝑔 shows the gravitational accel-

eration, 𝑟𝜔 is the wing radius, 𝑛𝜔 denotes the number of wings, and 𝜌𝑎
indicates the density of the air.

Therefore, 𝑢𝑖 uses Equation (5) to calculate the energy needed for 
hovering in the air.

𝐸𝐻 = 𝑃𝐻𝑇𝐻 (5)

so that 𝑇𝐻 is a time interval for hovering in the air.

Also, the flight power of 𝑢𝑖 is computed through Equation (6).

𝑃𝐹 =
(
𝑃max − 𝑃𝐻

) 𝑉𝑢 (𝑡)
𝑉max

(6)

so that 𝑉max denotes the most velocity of 𝑢𝑖, 𝑉𝑢 (𝑡) indicates the current 
velocity of 𝑢𝑖, 𝑃max shows the flight power of 𝑢𝑖 at the velocity 𝑉max.

As a result, 𝑢𝑖 uses Equation (7) to calculate the energy needed for 
flying in the air.

𝐸𝐹 =

𝑇𝐹

∫
0 
𝑃𝐹 𝑑𝑡 (7)

where 𝑇𝐹 is a time interval for flying in the air.

4. Proposed method

In this section, a cylindrical filtering-based greedy perimeter state-

less routing scheme (CF-GPSR) is offered for FANETs. In CF-GPSR, when 
a flying node, such as 𝑢𝑠, does not find a path to transmit its data pack-

ets to the desired flying node (𝑢𝑑 ), it must create a multi-hop route to 
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Fig. 3. The schematic design of the proposed scheme. 

𝑢𝑑 using two greedy and perimeter forwarding techniques. In CF-GPSR, 
the greedy technique is modified by adding cylindrical filtering and uti-

lizing the merit function to select the best next-hop UAV. However, the 
perimeter forwarding technique in CF-GPSR is fully similar to that in 
GPSR. Therefore, CF-GPSR includes two parts:

• Neighboring discovery

• Greedy forwarding strategy

In the following, each section is detailed. The schematic design of 
CF-GPSR is shown in Fig. 3. Additionally, the most important symbols 
used in CF-GPSR are stated in Table 2. 

4.1. Neighbor discovery

Before starting the routing process, each flying node, such as 𝑢𝑖 , re-

quires information about local network topology and its adjacent flying 
nodes so that it can decide on the next-hop node in the routing pro-

cess. To address this need and achieve the desired information, 𝑢𝑖 uses 
the regular exchange of hello packets in its communication radius i.e. 
𝑟. According to the format presented in Table 3, a hello message con-

tains information such as identifier (𝐼𝐷𝑖), residual energy (𝐸𝑖), position (
𝑥𝑖, 𝑦𝑖, 𝑧𝑖

)
, and velocity 

(
𝑉𝑖,Θ𝑖, 𝜙𝑖

)
. Note that 𝑉𝑖, Θ𝑖, and 𝜙𝑖 denote the 

velocity size, its angle with the 𝑥𝑦-plane, and its angle with the positive 
𝑧-axis, respectively. 

After completing a period of hello messages, 𝑢𝑖 gets a number of 
hello messages from its adjacent flying nodes. To build local network 
topology, 𝑢𝑖 processes hello messages of flying nodes to store their in-

formation in a neighbor table (𝑁𝑇𝑖). See Table 4. In addition, 𝑢𝑖 is 
responsible for updating 𝑁𝑇𝑖 in any period. Accordingly, 𝑢𝑖 attaches 
new entries to store the information of new flying nodes in 𝑁𝑇𝑖 . Fur-

thermore, two modes are intended for existing entries related to the old 
neighbors in 𝑁𝑇𝑖: 1) Remove the entries of invalid neighbors who have 
left the communication range of 𝑢𝑖 , and 2) Refresh the information of 
neighbors who are still within the communication range of 𝑢𝑖 . To de-

termine the time interval to remove an entry from 𝑁𝑇𝑖 , a validity time 
(𝑉 𝑇𝑗 ) is included in this table. 𝑉 𝑇𝑗 and the hello period are directly 
related to each other. If 𝑢𝑖 receives a hello packet from its old neigh-

bor, 𝑉 𝑇𝑗 will be reset, and this entry will be valid during the next time. 
Otherwise, if 𝑉 𝑇𝑗 is finished, the relevant entry will be removed. This 
expresses the importance of the hello period. In dynamic environments 
such as FANET, the hello dissemination period cannot be long because 
the movement of flying nodes changes the local network topology, and 

UAVs cannot properly adapt their neighbor table to these changes. On 
the other hand, a short hello time imposes a lot of routing overhead 
in the network. In the best case, the hello packet time should be ad-

justed based on the velocity of flying nodes. If flying nodes fly rapidly 
at the network, CF-GPSR considers a short hello broadcast time, other-

wise this period can be longer. This creates a balance between routing 
overhead and adaptation to the FANET environment. Algorithm 1 shows 
the pseudo-code related to this process. 

Algorithm 1 Neighbor discovery.

Input: 𝑈 =
{
𝑢𝑖|1 ≤ 𝑖 ≤𝑁

}
: A set of flying nodes

𝑟: Communication range of flying nodes(
𝑥𝑖, 𝑦𝑖, 𝑧𝑖

)
: Position of 𝑢𝑖(

𝑉𝑖,Θ𝑖, 𝜙𝑖
)
: Speed information of 𝑢𝑖

𝑇𝑁𝐸𝑇 : A timer that counters the simulation time.

Output: 𝑁𝑇𝑖: Neighbor table related to 𝑢𝑖
Begin

1: 𝐮𝐢: Adjust its hello period with regard to the speed of flying nodes;

2: repeat

3: if
(
𝑇𝑁𝐸𝑇 mod ℎ𝑒𝑙𝑙𝑜 𝑝𝑒𝑟𝑖𝑜𝑑

)
= 0 then

4: for 𝑖 = 1 to 𝑁 do

5: 𝐮𝐢: Obtain its information like 𝐼𝐷𝑖, 𝐸𝑖, 
(
𝑥𝑖, 𝑦𝑖, 𝑧𝑖

)
, and 

(
𝑉𝑖,Θ𝑖, 𝜙𝑖

)
;

6: 𝐮𝐢: Insert the mentioned information into a hello packet;

7: 𝐮𝐢: Disseminate the hello packet for its surrounding flying nodes;

8: end for

9: end if

10: if 𝑢𝑖 gets a hello packet from its surrounding node 𝑢𝑗 and 𝑁𝑇𝑖 includes 
𝐼𝐷𝑗 then

11: 𝐮𝐢: Renew the information of 𝑢𝑗 , like 
(
𝑥𝑗 , 𝑦𝑗 , 𝑧𝑗

)
, 
(
𝑉𝑗 ,Θ𝑗 , 𝜙𝑗

)
, and 𝐸𝑗

in 𝑁𝑇𝑖;
12: 𝐮𝐢: Restart 𝑉 𝑇𝑗 in the entry corresponding to 𝑢𝑗 in 𝑁𝑇𝑖;
13: else if 𝑢𝑖 gets a hello packet from its surrounding node 𝑢𝑗 and 𝑁𝑇𝑖 does 

not include 𝐼𝐷𝑗 then

14: 𝐮𝐢: Put a new entry in 𝑁𝑇𝑖;
15: 𝐮𝐢: Insert 𝐼𝐷𝑗 , 

(
𝑥𝑗 , 𝑦𝑗 , 𝑧𝑗

)
, 
(
𝑉𝑗 ,Θ𝑗 , 𝜙𝑗

)
, and 𝐸𝑗 in 𝑁𝑇𝑖;

16: 𝐮𝐢: Restart 𝑉 𝑇𝑗 in this new entry with regard to hello period;

17: end if

18: for 𝑗 = 1 to 𝑁𝑖 do

19: if 𝑁𝑇𝑖 includes 𝐼𝐷𝑗 and 𝑉 𝑇𝑗 is ended then

20: 𝐮𝐢: Eliminate the entry related to 𝑢𝑗 from 𝑁𝑇𝑖;
21: end if

22: end for

23: until 𝑇𝑁𝐸𝑇 ≤ 𝑆𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑇 𝑖𝑚𝑒
End
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Table 2
The most important symbols used in CF-GPSR.

Symbol Description 
𝐺 = (𝑈,𝐿) Network graph 
𝑈 A set of flying nodes in the network 
𝐿 A set of direct links in the network 
𝑢𝑖 Flying node 𝑖
𝑁 Number of flying nodes 
𝐼𝐷𝑖 Identifier of 𝑢𝑖
𝑟 Communication radius of flying nodes 
𝐿𝑖𝑗 A communication link between 𝑢𝑖 and 𝑢𝑗
𝑑𝑖𝑗 Euclidean distance between 𝑢𝑖 and 𝑢𝑗(
𝑥𝑖, 𝑦𝑖, 𝑧𝑖

)
Position of 𝑢𝑖

𝑓𝑠 Free space propagation model 
𝑚𝑝 Multi-path fading propagation model 
𝐸𝑒𝑙𝑒𝑐 Energy consumed by electrical boards of transceivers 
𝜀𝑓𝑠 Energy needed to amplifiers in the free space model 
𝜀𝑚𝑝 Energy needed to amplifiers in the multi-path fading model 
𝑑𝑡 Threshold distance in the energy model 
𝑃𝐻 Hovering power of flying nodes 
𝑚𝑢 Mass of flying nodes 
𝑔 Gravity acceleration 
𝑟𝜔 Wing radius 
𝑛𝜔 Number of wings 
𝜌𝑎 Air density 
𝐸𝐻 Hovering energy consumption of flying nodes 
𝑇𝐻 Hovering time 
𝑃𝐹 Flight power of flying nodes 
𝑃max Flight power of flying nodes whose speed is maximum 
𝑉𝑢 (𝑡) Current speed of flying nodes 
𝑉max Maximum speed of flying nodes 
𝐸𝐹 Flight energy consumption of flying nodes 
𝑇𝐹 Flying time 
𝑢𝑠 Source flying node 
𝑢𝑑 Destination flying node 
𝑆 Position of 𝑢𝑠
𝐷 Position of 𝑢𝑑
𝐸𝑖 Residual energy of 𝑢𝑖(
𝑉𝑖,Θ𝑖 , 𝜙𝑖

)
Speed information of 𝑢𝑖

𝑁𝑇𝑖 Neighbor table related to 𝑢𝑖
𝑁𝑖 Number of members of 𝑁𝑇𝑖
𝑉 𝑇𝑗 Validity time of the entry related to 𝑢𝑗 in 𝑁𝑇𝑖
𝐼𝐶𝑆𝑖 Initial candidate set of 𝑢𝑖
𝐹𝐶𝑆𝑖 Filtered candidate set of 𝑢𝑖
𝜌 Length of the projection of the point 𝑃 onto the 𝑥𝑦-plane 
𝜑 Angle between 𝜌 and the positive 𝑥-axis 
𝑧 Regular 𝑧-coordinate 
𝜃 Rotation angle 
𝑅𝑧 (𝜃) Rotation matrix 
𝑉 𝐹𝑖𝑗 Velocity factor of 𝑢𝑗 with regard to 𝑢𝑖
𝐼𝐷𝑖𝑠𝑖𝑗 Ideal distance between 𝑢𝑖 and 𝑢𝑗
𝜆𝑗 Movement angle of 𝑢𝑗 with regard to 𝑢𝑖 and 𝑢𝑑
𝐹𝑚𝑒𝑟𝑖𝑡 Merit function 

Table 3
Hello message format.

Hello broadcast period Identifier (𝐼𝐷𝑖) Hello identifier 
Position (𝑥𝑖, 𝑦𝑖, 𝑧𝑖) Velocity (𝑉𝑖,Θ𝑖 , 𝜙𝑖

)
Residual energy (𝐸𝑖) 

Table 4
Template of 𝑁𝑇𝑖.

Identifier Position Velocity Residual energy Validity time 
𝐼𝐷𝑗

(
𝑥𝑗 , 𝑦𝑗 , 𝑧𝑗

) (
𝑉𝑗 ,Θ𝑗 , 𝜙𝑗

)
𝐸𝑗 𝑉 𝑇𝑗

4.2. Greedy forwarding strategy

In CF-GPSR, when the flying node 𝑢𝑠 does not find a path to transfer 
its data packets to 𝑢𝑑 , it creates a multi-hop path to 𝑢𝑑 using two greedy 
and perimeter forwarding techniques. The proposed scheme modifies 
the greedy forwarding technique using cylindrical filtering and merit 
function. However, the perimeter forwarding strategy in CF-GPSR re-

Fig. 4. Communication range of 𝑢𝑠. 

sembles it in GPSR. An example is presented in Fig. 4 to clearly explain 
the greedy forwarding strategy in CF-GPSR. According to this figure, 
𝑢𝑠 is in the center of the circular area with the radius 𝑟, and all flying 
nodes in this area, namely 𝑢1, 𝑢2, 𝑢3, 𝑢4, 𝑢5, 𝑢6, 𝑢7, and 𝑢8, are the neigh-

bors of 𝑢𝑠. They can be connected to 𝑢𝑠 through a direct link. In GPSR, 
all these UAVs belong to a candidate set. As a result, 𝑢𝑠 must search 
all flying nodes in the candidate set to find the flying node closest to 
𝑢𝑑 . Now, if the network density is too high, the size of this candidate 
will be enlarged. As a result, it takes a long time to find the best next-

hop UAV. Hence, CF-GPSR tries to solve this challenge by reducing the 
size of the initial candidate set using cylindrical filtering. On the other 
hand, in GPSR, the distance criterion alone is intended to choose the best 
next-hop UAV. However, this criterion alone is not efficient for the 3D 
environment of FANET with extremely moving nodes and limited energy 
resources. Therefore, CF-GPSR decides on the next-hop UAV based on a 
merit function including four factors, namely velocity factor, ideal dis-

tance, residual energy, and movement angle. In general, CF-GPSR first 
filters the existing nodes in the candidate set, then evaluates these nodes 
based on the merit function, and finally selects the flying node with the 
most merit value as the next-hop UAV. Note that if CF-GPSR is involved 
with the local optimum, it uses the perimeter forwarding strategy used 
in GPSR to solve this issue. Pay regard to that the perimeter forwarding 
strategy is outside the field of this paper and is not addressed here. 

4.2.1. Cylindrical filtering

According to Fig. 4, 𝑢𝑠 is located in the center of the circular area 
with the radius 𝑟, and its neighbors include 𝑢1, 𝑢2, 𝑢3, 𝑢4, 𝑢5, 𝑢6, 𝑢7, 
and 𝑢8. Based on Section 4.1, these neighbors have been recorded in 
the neighbor table of 𝑢𝑠. Therefore, 𝑢𝑠 have access to their information 
such as position, velocity, and remaining energy. According to the infor-

mation in the neighbor table, 𝑢𝑠 reduces the size of its initial candidate 
set (𝐼𝐶𝑆𝑠) using cylindrical filtering to obtain a filtered candidate set 
(𝐹𝐶𝑆𝑠) in Fig. 5. This section includes two steps:

• Cylindrical filtering construction

• Calculating the filtered candidate set 

Cylindrical filtering construction. The purpose of this step is to calculate 
the cylindrical filtered area enclosed within the communication range 
of 𝑢𝑠 in Fig. 5. Fig. 6 shows the simplified shape of cylindrical filter-
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Fig. 5. Filtered candidate set (𝐹𝐶𝑆𝑠). 

Fig. 6. Simplified shape of the filtered area. 

ing. Furthermore, Algorithm 2 expresses the pseudo-code related to the 
cylindrical filtering construction process. Note that in this process, the 

positions of 𝑢𝑠 and 𝑢𝑑 are displayed as 𝑆 =
⎡⎢⎢⎣
𝑥𝑠
𝑦𝑠
𝑧𝑠

⎤⎥⎥⎦ and 𝐷 =
⎡⎢⎢⎣
𝑥𝑑
𝑦𝑑
𝑧𝑑

⎤⎥⎥⎦, respec-

tively. 
The equations of cylindrical filtered area must be calculated in the 

cylindrical coordinate system because this area in Fig. 6 is cylindrical. 
Note that the cylindrical coordinates in the three-dimensional space are 
a combination of polar coordinates on the 𝑥𝑦-plane and the 𝑧-axis in the 
Cartesian coordinates. According to Fig. 7, the cylindrical coordinates of 

each point such as 𝑃 =
⎡⎢⎢⎣
𝑥
𝑦
𝑧

⎤⎥⎥⎦ are defined as 𝑃 =
⎡⎢⎢⎣
𝜌
𝜑
𝑧

⎤⎥⎥⎦ so that 𝜌 indicates 

the distance from the origin to the projection of 𝑃 on the xy-plane. 𝜑
denotes the angle between the positive 𝑥-axis and the line segment from 
the origin to the projection of 𝑃 . The third cylindrical coordinate is the 𝑧
coordinate, which shows the distance from 𝑃 to the 𝑥𝑦-plane. Equations 
(8) and (9) specify the relationship between cylindrical coordinates and 
Cartesian coordinates.

⎡⎢⎢⎣
𝜌
𝜑
𝑧

⎤⎥⎥⎦ =
⎡⎢⎢⎢⎣
√
𝑥2 + 𝑦2

arctan
(
𝑦 
𝑥

)
𝑧

⎤⎥⎥⎥⎦ (8)

Fig. 7. Cylindrical coordinates of the point 𝑃 in the 3D space. 

Fig. 8. Transferring coordinate axes to the point 𝑆 . 

⎡⎢⎢⎣
𝑥
𝑦
𝑧

⎤⎥⎥⎦ =
⎡⎢⎢⎣
𝜌 cos𝜑
𝜌 sin𝜑
𝑧

⎤⎥⎥⎦ (9)

To calculate the cylindrical filtered area presented in Fig. 5, three 
steps are carried out:

• First step) Transferring coordinates axes: As shown in Fig. 6, the 
origin of the coordinate axes is the point 𝑆 . Hence, the first step in 
the cylindrical filtering construction process is to transfer the coor-

dinate axes from 𝑂 =
⎡⎢⎢⎣
0
0
0

⎤⎥⎥⎦ to 𝑆 =
⎡⎢⎢⎣
𝑥𝑠
𝑦𝑠
𝑧𝑠

⎤⎥⎥⎦. In this case, the transferred 

coordinate axes i.e. 𝑋′, 𝑌 ′, and 𝑍′ are parallel to the initial coordi-

nate axes i.e. 𝑋, 𝑌 , and 𝑍 . This is stated in Fig. 8. In this figure, if 

the Cartesian coordinates of a point like 𝑃 are equal to 𝑃 =
⎡⎢⎢⎣
𝑥
𝑦
𝑧

⎤⎥⎥⎦, its 
coordinates in the transferred coordinate system are 𝑃 =

⎡⎢⎢⎣
𝑥′

𝑦′

𝑧′

⎤⎥⎥⎦. In 

this case, the relationship between these two coordinate systems is 
obtained through the transformation function provided in Equation 
(10).

𝑋′ =𝑋 − 𝑥𝑠
𝑌 ′ = 𝑌 − 𝑦𝑠
𝑍′ =𝑍 − 𝑧𝑠

(10)
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Fig. 9. Rotating the coordinate axes around the origin. 

here 
(
𝑥𝑠, 𝑦𝑠, 𝑧𝑠

)
indicates the spatial coordinates of 𝑆 .

• Second step) Rotating coordinate axes: In Fig. 6, if the coordi-

nate axes are rotated around the origin with regard to the angle 𝜃, 
the central axis of the cylindrical filtered area matches the 𝑧-axis, 
and the formulation of this cylindrical filtering is very simple. To 
calculate the rotation angle 𝜃, a vector is first drawn from 𝑆 to 𝐷. 
Now, the angle between the vector ⃖⃖⃖⃖⃖⃗𝑆𝐷 and the 𝑧-axis is calculated 
based on Equation (11).

𝜃 = arccos

(
𝑧𝑑−𝑧𝑠√(

𝑥𝑑−𝑥𝑠
)2+(𝑦𝑑−𝑦𝑠)2+(𝑧𝑑−𝑧𝑠)2

)
, 0 ≤ 𝜃 ≤ 2𝜋

(11)

In this case, the rotated coordinate axes are 𝑋′′, 𝑌 ′′, and 𝑍′′, and 
the initial axes are 𝑋, 𝑌 , and 𝑍 . If the initial coordinates of a point 

like 𝑃 are 𝑃 =
⎡⎢⎢⎣
𝑥
𝑦
𝑧

⎤⎥⎥⎦ (see Fig. 9(a)), its rotated coordinates are equal 

to 𝑃 =
⎡⎢⎢⎣
𝑥′′

𝑦′′

𝑧′′

⎤⎥⎥⎦ (see Fig. 9(b)). Note that CF-GPSR uses the cylindrical 

coordinate system. As a result, the rotation matrix in this coordinate 

system is 𝑅𝑧 (𝜃) =
⎡⎢⎢⎣
cos𝜃 −sin𝜃 0
sin𝜃 cos𝜃 0
0 0 1

⎤⎥⎥⎦. In this case, the relationship 

between two initial and rotated coordinate systems is obtained from 
the transformation function presented in Equations (12) and (13).⎡⎢⎢⎣
𝑥′′

𝑦′′

𝑧′′

⎤⎥⎥⎦ =
⎡⎢⎢⎣
cos𝜃 −sin𝜃 0
sin𝜃 cos𝜃 0
0 0 1

⎤⎥⎥⎦
⎡⎢⎢⎣
𝑥
𝑦
𝑧

⎤⎥⎥⎦ (12)

Then,⎡⎢⎢⎣
𝑥′′

𝑦′′

𝑧′′

⎤⎥⎥⎦ =
⎡⎢⎢⎣
𝑥 cos𝜃 − 𝑦 sin𝜃
𝑥 sin𝜃 + 𝑦 cos𝜃

𝑧

⎤⎥⎥⎦ (13)

• Third step) Constructing cylindrical filtering: After performing 
steps one and two, Equation (14) expresses the inner area of the 
cylinder in Fig. 6 whose radius and height are equal to 𝑟, in the 
cylindrical coordinate system.

0 ≤ 𝜌 ≤ 𝑟,0 ≤ 𝑧 ≤ 𝑟,0 ≤ 𝜑 ≤ 2𝜋 (14)

Calculating the filtered candidate set. In this phase, 𝑢𝑠 should evaluate 
its neighboring nodes in 𝑁𝑇𝑠 based on the following steps to deter-

mine whether a neighboring flying node, such as 𝑢𝑗 with the position 

Algorithm 2 Cylindrical filtering construction.

Input: 𝑢𝑠: Source flying node

𝑢𝑑 : Destination flying node(
𝑥𝑠, 𝑦𝑠, 𝑧𝑠

)
: Position of 𝑢𝑠(

𝑥𝑑 , 𝑦𝑑 , 𝑧𝑑
)
: Position of 𝑢𝑑

Output: Cylindrical filtering formulation

Begin

1: 𝐮𝐬: Consider the position of 𝑢𝑠 as 𝑆 =
⎡⎢⎢⎣
𝑥𝑠
𝑦𝑠
𝑧𝑠

⎤⎥⎥⎦;
2: 𝐮𝐬: Consider the position of 𝑢𝑑 as 𝐷 =

⎡⎢⎢⎣
𝑥𝑑
𝑦𝑑
𝑧𝑑

⎤⎥⎥⎦;
3: 𝐮𝐬: Transfer 𝑥-axis, 𝑦-axis, and 𝑧-axis from the origin 𝑂 to the point 𝑆 based 

on Equation (10);

4: 𝐮𝐬: Calculate the rotation angle 𝜃 based on Equation (11);

5: 𝐮𝐬: Rotate the transferred 𝑥-axis, 𝑦-axis, and 𝑧-axis based on Equations (12) 
and (13);

6: 𝐮𝐬: Obtain the cylindrical filtering formulation based on Equation (14);

End

(
𝑥𝑗 , 𝑦𝑗 , 𝑧𝑗

)
, is inside the cylindrical filtering or not. Algorithm 3 presents 

a pseudo-code for calculating the filtered candidate set.

• Step 1: 𝑢𝑠 transfers 𝑢𝑗 =
⎡⎢⎢⎣
𝑥𝑗
𝑦𝑗
𝑧𝑗

⎤⎥⎥⎦ to a coordinate system with the ori-

gin 𝑆 based on Algorithm 2. As a result, the new position of this 
flying node is calculated through Equation (15) and using the trans-

formation function in Equation (10).

𝑢𝑗 =
⎡⎢⎢⎣
𝑥′𝑗
𝑦′𝑗
𝑧′𝑗

⎤⎥⎥⎦ =
⎡⎢⎢⎣
𝑥𝑗 − 𝑥𝑠
𝑦𝑗 − 𝑦𝑠
𝑧𝑗 − 𝑧𝑠

⎤⎥⎥⎦ (15)

• Step 2: 𝑢𝑠 rotates 𝑢𝑗 =
⎡⎢⎢⎣
𝑥′𝑗
𝑦′𝑗
𝑧′𝑗

⎤⎥⎥⎦ around the origin 𝑆 based on the rota-

tion angle 𝜃. Therefore, the rotated coordinates of 𝑢𝑗 are calculated 
using Equation (16) according to Algorithm 2 and based on the ro-

tation matrix in Equation (12).

𝑢𝑗 =
⎡⎢⎢⎣
𝑥′′𝑗
𝑦′′𝑗
𝑧′′𝑗

⎤⎥⎥⎦ =
⎡⎢⎢⎣
cos𝜃 −sin𝜃 0
sin𝜃 cos𝜃 0
0 0 1

⎤⎥⎥⎦
⎡⎢⎢⎣
𝑥′𝑗
𝑦′𝑗
𝑧′𝑗

⎤⎥⎥⎦ =⎡⎢⎢⎣
𝑥′𝑗 cos𝜃 − 𝑦′𝑗 sin𝜃
𝑥′𝑗 sin𝜃 + 𝑦′𝑗 cos𝜃

𝑧′

⎤⎥⎥⎦
(16)
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• Step 3: 𝑢𝑠 converts 𝑢𝑗 =
⎡⎢⎢⎣
𝑥′′𝑗
𝑦′′𝑗
𝑧′′𝑗

⎤⎥⎥⎦ into cylindrical coordinates using 

Equations (8) and (9) to obtain Equation (17).

𝑢𝑗 =
⎡⎢⎢⎣
𝜌𝑗
𝜑𝑗
𝑧𝑗

⎤⎥⎥⎦ =
⎡⎢⎢⎢⎢⎣

√
𝑥′′𝑗

2 + 𝑦′′𝑗
2

arctan
(

𝑦′′𝑗
𝑥′′𝑗

)
𝑧′′𝑗

⎤⎥⎥⎥⎥⎦
(17)

• Step 4: If 𝑢𝑗 =
⎡⎢⎢⎣
𝜌𝑗
𝜑𝑗
𝑧𝑗

⎤⎥⎥⎦ meets Equation (18), 𝑢𝑗 is a member of the 

filtered candidate set 𝐹𝐶𝑆𝑠.

0 ≤ 𝜌𝑗 ≤ 𝑟,0 ≤ 𝑧𝑗 ≤ 𝑟,0 ≤ 𝜑𝑗 ≤ 2𝜋 (18)

Otherwise, 𝑢𝑗 is removed from the candidate set and does not be-

long to 𝐹𝐶𝑆𝑠.

Algorithm 3 Filtered candidate set.

Input: 𝑢𝑠: Source flying node

𝑁𝑇𝑠: Neighbor table related to 𝑢𝑠
𝑢𝑑 : Destination flying node(
𝑥𝑠, 𝑦𝑠, 𝑧𝑠

)
: Position of 𝑢𝑠(

𝑥𝑑 , 𝑦𝑑 , 𝑧𝑑
)
: Position of 𝑢𝑑

Output: 𝐹𝐶𝑆𝑠: Filtered candidate set related to 𝑢𝑠
Begin

1: for 𝑗 = 1 to 𝑁𝑠 do

2: if 𝑢𝑗 belongs to 𝑁𝑇𝑠 then

3: 𝐮𝐬: Transfer 𝑢𝑗 to a new coordinate system with the origin 𝑆 =
⎡⎢⎢⎣
𝑥𝑠
𝑦𝑠
𝑧𝑠

⎤⎥⎥⎦
based on Equation (15);

4: 𝐮𝐬: Calculate the rotation angle 𝜃 based on Equation (11);

5: 𝐮𝐬: Rotate the transferred coordinates (𝑢𝑗 =
⎡⎢⎢⎣
𝑥′𝑗
𝑦′𝑗
𝑧′𝑗

⎤⎥⎥⎦) around the angle 𝜃

based on Equation (16);

6: 𝐮𝐬: Convert 𝑢𝑗 =
⎡⎢⎢⎣
𝑥′′𝑗
𝑦′′𝑗
𝑧′′𝑗

⎤⎥⎥⎦ into the cylindrical coordinates (𝑢𝑗 =
⎡⎢⎢⎣
𝜌𝑗
𝜑𝑗
𝑧𝑗

⎤⎥⎥⎦) 
based on Equation (17);

7: if 𝑢𝑗 =
⎡⎢⎢⎣
𝜌𝑗
𝜑𝑗
𝑧𝑗

⎤⎥⎥⎦ meets Equation (18) then

8: 𝐮𝐬: Insert 𝑢𝑗 into 𝐹𝐶𝑆𝑠;
9: end if

10: end if

11: end for

End

4.2.2. Merit function

In CF-GPSR, each flying node, such as 𝑢𝑖, decides on the best next-hop 
UAV based on a merit function, which consists of four criteria, namely 
velocity factor, ideal distance, residual energy, and movement angle. In 
this case, 𝑢𝑖 first uses cylindrical filtering to limit its candidate set. Then, 
it calculates a merit value for each neighboring node such as 𝑢𝑗 in 𝐹𝐶𝑆𝑖, 
and chooses a candidate node with the highest merit value as its next-

hop UAV. Algorithm 4 shows the pseudo-code related to this process. 
To calculate the merit function, four criteria are introduced below:

• Velocity factor (𝐕𝐅𝐢𝐣): This criterion indicates the relative velocity 
of 𝑢𝑗 with regard to 𝑢𝑖. The importance of this criterion in the merit 
function is that flying nodes in a routing path have a relatively sim-

ilar velocity. As a result, they may stay in the neighboring range 
of each other for a longer time interval and build a more stable 

path from 𝑢𝑠 to 𝑢𝑑 . This issue has a positive effect on reducing the 
number of broken communication links and lost packets, and con-

sequently lowering data retransmission. In the merit function, the 
desirable state occurs when 𝑉 𝐹𝑖𝑗 approaches zero, and the velocity 
of UAVs in the routing path is fully similar. 𝑉 𝐹𝑖𝑗 is obtained using 
Equation (19).

|||⃖⃖⃖⃖⃖⃖⃖⃖⃗𝑉 𝐹𝑖𝑗
||| =

√(
𝑉 𝑥
𝑖𝑗

)2
+
(
𝑉 𝑦
𝑖𝑗

)2
+
(
𝑉 𝑧
𝑖𝑗

)2
(19)

so that,

𝑉 𝑥
𝑖𝑗 = 𝑉𝑖 sin𝜙𝑖 cosΘ𝑖 − 𝑉𝑗 sin𝜙𝑗 cosΘ𝑗 (20)

𝑉 𝑦
𝑖𝑗 = 𝑉𝑖 sin𝜙𝑖 sinΘ𝑖 − 𝑉𝑗 sin𝜙𝑗 sinΘ𝑗 (21)

𝑉 𝑧
𝑖𝑗 = 𝑉𝑖 cos𝜙𝑖 − 𝑉𝑗 cos𝜙𝑗 (22)

where 
(
𝑉𝑖,Θ𝑖, 𝜙𝑖

)
and 

(
𝑉𝑗 ,Θ𝑗 , 𝜙𝑗

)
are the velocity vectors of 𝑢𝑖 and 

𝑢𝑗 , which are obtained from 𝑁𝑇𝑖.

Now, a normalization process is implemented on |||⃖⃖⃖⃖⃖⃖⃖⃖⃗𝑉 𝐹𝑖𝑗
||| through 

Equation (23) to limit its value to [0,1]. Note that the merit func-

tion consists of four criteria with different units. Therefore, if the 
normalization process is not carried out on these criteria, their value 
will have a different effect on the merit function.

||| ⃖⃖⃖⃖⃖⃗𝑉 𝐹 𝑛𝑜𝑟𝑚
𝑖𝑗

||| =
||| ⃖⃖⃖⃖⃖⃗𝑉 𝐹 𝑖𝑗

|||
max

∀ 𝑢𝑗∈𝐹𝐶𝑆𝑖

{||| ⃖⃖⃖⃖⃖⃗𝑉 𝐹 𝑖𝑗
|||} (23)

Here, max
∀ 𝑢𝑗∈𝐹𝐶𝑆𝑖

{||| ⃖⃖⃖⃖⃖⃗𝑉 𝐹 𝑖𝑗
|||} represents the maximum relative veloc-

ity of flying nodes in 𝐹𝐶𝑆𝑖 with regard to 𝑢𝑖.
• Ideal Distance (𝐈𝐃𝐢𝐬𝐢𝐣): According to the greedy forwarding strat-

egy in GPSR, 𝑢𝑖 searches its candidate set to find the closest node 
to 𝑢𝑑 (such as 𝑢𝑗 ). Then, it considers 𝑢𝑗 as its next-hop UAV. In 
this case, 𝑢𝑗 is very close to the boundary of the communication 
range of 𝑢𝑖. This strategy is not especially suitable for highly dy-

namic networks such as FANET because these UAVs quickly get 
out of the communication range of each other. As a result, routes 
include a high number of broken links, which increase lost data 
packets. This causes the instability of the paths from 𝑢𝑠 to 𝑢𝑑 . The 
authors stated in [34] that if 𝑑𝑖𝑗 ≤ 0.9𝑟, the data delivery rate is ap-

proximately 100%. However, if 0.9𝑟 < 𝑑𝑖𝑗 ≤ 𝑟, data packets may be 
extremely lost. Here, 𝑑𝑖𝑗 is the distance between 𝑢𝑖 and 𝑢𝑗 calcu-

lated through Equation (1). 𝑟 denotes the communication radius of 
UAVs in the network. However, if 𝑑𝑖𝑗 ≤ 0.1𝑟, 𝑢𝑗 is still not a good 
option for playing the role of next-hop node because the proxim-

ity of 𝑢𝑖 and 𝑢𝑗 increases the number of hops and delay in the data 
transfer process. Hence, CF-GPSR considers the ideal distance i.e. 
0.1 ≤ 𝑑𝑖𝑗 ≤ 0.9𝑟. According to the merit function, if 𝑑𝑖𝑗 is close to the 
ideal distance, 𝑢𝑗 can play the role of the next-hop node properly. 
Fig. 10 illustrates the concept of ideal distance in the communica-

tion range of 𝑢𝑖. The normalization process of 𝐼𝐷𝑖𝑠𝑖𝑗 is presented 
in Equation (24) to restrict its value to [0,1].

𝐼𝐷𝑖𝑠𝑛𝑜𝑟𝑚𝑖𝑗 =
⎧⎪⎨⎪⎩

𝑑𝑖𝑗
0.1𝑟 , 0 < 𝑑𝑖𝑗 < 0.1𝑟 
1, 0.1𝑟 ≤ 𝑑𝑖𝑗 ≤ 0.9𝑟

1 −
(
𝑑𝑖𝑗−0.9𝑟
𝑟−0.9𝑟 

)
, 0.9𝑟 < 𝑑𝑖𝑗 ≤ 𝑟

(24)

• Residual energy (𝐄𝐣): In the next-hop selection process, 𝑢𝑖 uses 
this important criterion to evaluate the merit value of flying nodes 
in 𝐹𝐶𝑆𝑖 because a neighboring flying node with low energy dies 
quickly if it plays the role of the next-hop UAV in the routing path. 
As a result, the data transfer process must be repeated again. This 
creates an imbalanced energy consumption in FANET and reduces 
network lifespan. In contrast, if 𝑢𝑗 has high energy levels and partic-

ipates in the routing process, this route is valid for a long time and 
the data transfer process is successful. Note that 𝐸𝑗 is extracted from 
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Fig. 10. Ideal distance between 𝑢𝑖 and flying nodes in 𝐹𝐶𝑆𝑖. 

Fig. 11. Movement angle. 

𝑁𝑇𝑖, and a normalization process is done on 𝐸𝑗 based on Equation 
(25) to adjust its value in [0,1].

𝐸𝑛𝑜𝑟𝑚
𝑗 =

𝐸𝑗

max
∀ 𝑢𝑗∈𝐹𝐶𝑆𝑖

{
𝐸𝑗

} (25)

where max
∀ 𝑢𝑗∈𝐹𝐶𝑆𝑖

{
𝐸𝑗

}
indicates the highest levels of UAVs in 𝐹𝐶𝑆𝑖 . 

• Movement angle (𝜆𝐣): The purpose of this criterion is that the 
movement angle of the next-hop UAV such as 𝑢𝑗 is close to that of 
the previous-hop node i.e. 𝑢𝑖, and the two UAVs move in the same 
direction. This reduces the number of hops and delay in the data 
transfer process. To achieve this goal, in accordance with Fig. 11, 
a triangle is drawn between the three flying nodes, namely 𝑢𝑖, 𝑢𝑗 , 
and 𝑢𝑑 . Each vertex in this triangle corresponds to one of these 

three UAVs in FANET. Now, the angle between 𝑢𝑖 and 𝑢𝑗 (i.e. 𝜆𝑗 ) is 
calculated using Equation (26).

𝜆𝑗 = arccos
(
𝑎1𝑏1 + 𝑎2𝑏2 + 𝑎3𝑏3|𝐴| |𝐵|

)
(26)

So that,

𝐴 =
(
𝑥𝑖 − 𝑥𝑑

)
⏟ ⏞⏞⏟ ⏞⏞⏟

𝑎1

𝑖+
(
𝑦𝑖 − 𝑦𝑑

)
⏟ ⏞⏟ ⏞⏟

𝑎2

𝑗 +
(
𝑧𝑖 − 𝑧𝑑

)
⏟ ⏞⏟ ⏞⏟

𝑎3

𝑘 (27)

And,

𝐵 =
(
𝑥𝑖 − 𝑥𝑗

)
⏟ ⏞⏟ ⏞⏟

𝑏1

𝑖+
(
𝑦𝑖 − 𝑦𝑗

)
⏟ ⏞⏟ ⏞⏟

𝑏2

𝑗 +
(
𝑧𝑖 − 𝑧𝑗

)
⏟ ⏞⏟ ⏞⏟

𝑏3

𝑘 (28)

Hence,

|𝐴| =√(
𝑥𝑖 − 𝑥𝑑

)2 + (𝑦𝑖 − 𝑦𝑑
)2 + (𝑧𝑖 − 𝑧𝑑

)2
(29)

And,

|𝐵| =√(
𝑥𝑖 − 𝑥𝑗

)2 + (𝑦𝑖 − 𝑦𝑗
)2 + (𝑧𝑖 − 𝑧𝑗

)2
(30)

As a result, 𝜆𝑗 is normalized using Equation (31).

𝜆𝑛𝑜𝑟𝑚𝑗 =
𝜆𝑗

𝜋
, 0 < 𝜆𝑗 < 𝜋 (31)

According to Equation (31), if 𝜆𝑛𝑜𝑟𝑚𝑗 approaches zero, 𝑢𝑖 and 𝑢𝑗
move in a similar direction.

Finally, the merit function is calculated based on Equation (32).

𝐹𝑚𝑒𝑟𝑖𝑡 = 𝓁1
(
1 − ||| ⃖⃖⃖⃖⃖⃗𝑉 𝐹 𝑛𝑜𝑟𝑚

𝑖𝑗
|||)+ 𝓁2𝐼𝐷𝑖𝑠

𝑛𝑜𝑟𝑚
𝑖𝑗 + 𝓁3𝐸

𝑛𝑜𝑟𝑚
𝑗 + 𝓁4

(
1 − 𝜆𝑛𝑜𝑟𝑚𝑗

)
(32)

where 𝓁1, 𝓁2, 𝓁3, and 𝓁4 are the weight coefficients in [0,1]. When 

choosing their value, the sum of these weights must be one i.e. 
4 ∑
𝑖=1

𝓁𝑖 = 1. 

In CF-GPSR, these coefficients have the same value, i.e. 𝓁1 = 𝓁2 = 𝓁3 =
𝓁4 =

1
4 so that the four mentioned criteria, namely velocity factor, ideal 

distance, residual energy, and movement angle, have the same effect on 
the merit function. 

5. Simulation and evaluation of results

Here, the simulation process is performed using the NS 3.23 sim-

ulator to compare CF-GPSR with three other routing schemes, namely 
UF-GPSR [34], GPSR-PPU [40], and GPSR [25]. In the simulation envi-

ronment, 20 to 200 flying nodes are randomly distributed in a network 
with the size 1000×1000×1000 𝑚3 [34]. The initial energy of these fly-

ing nodes is 100 𝐽 , and their communication radius changes from 200 
to 300 meters. The random waypoint mobility model is used to simulate 
the movement of flying nodes in the network, and the velocity of flying 
nodes changes from 5 to 10 𝑚∕𝑠 [34]. In addition, the simulation time is 
500 seconds. Other simulation parameters are presented in Table 5. To 
evaluate the performance of CF-GPSR under different conditions, four 
simulation scenarios are defined based on change in the number of flying 
nodes, change in the communication range of UAVs, change in the num-

ber of connections, and change in the size of data packets. These four 
simulation scenarios are detailed in Table 6. In the simulation process, 
CF-GPSR is compared with UF-GPSR, GPSR-PPU, and GPSR in terms of 
delay, data delivery ratio, data loss ratio, and throughput. To increase 
the accuracy of the evaluation process, each test is repeated 20 times, 
the average results are presented, and the confidence interval is equal 
to 95%. The four evaluation criteria are introduced below:
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Table 5
Simulation parameters [34].

Parameter Value 
Simulator NS 3.23 
Compared protocols CF-GPSR, UF-GPSR, GPSR-PPU, and GPSR 
Evaluation criteria End-to-end delay, PDR, PLR, and throughput 
Network size 1000 × 1000 × 1000 𝑚3

Number of flying nodes 20-200 
Initial energy of flying nodes 100 𝐽
Velocity of flying nodes 5 − 10 𝑚∕𝑠
Communication range of flying nodes 200 − 300 𝑚
Mobility model Random waypoint 
Traffic model Constant bit rate (CBR) 
Data rate 54 Mbps 
Packet size 512, 1024, 1500, and 2048 bytes 
Mac layer standard IEEE 802.11 
Antenna Omni Antenna 
CBR connections 5, 10, 15, and 20 
Simulation time 500 s 
Iterations of the simulation process 20 
Transmission power 20 dBm 

Algorithm 4 Merit function.

Input: 𝑢𝑖: Flying node 𝑖
𝑁𝑇𝑖: Neighbor table related to 𝑢𝑖
𝐹𝐶𝑆𝑖: Filtered candidate set related to 𝑢𝑖
𝑟: Communication range of flying nodes(
𝑥𝑖, 𝑦𝑖, 𝑧𝑖

)
: Position of 𝑢𝑖(

𝑉𝑖,Θ𝑖, 𝜙𝑖
)
: Speed information of 𝑢𝑖

Output: Merit value related to neighbors of 𝑢𝑖
Begin

1: for 𝑗 = 1 to ||𝐹𝐶𝑆𝑖|| do

2: if 𝑢𝑗 belongs to 𝐹𝐶𝑆𝑖 then

3: 𝐮𝐢: Calculate ||| ⃖⃖⃖⃖⃖⃖⃖⃗𝑉 𝐹𝑖𝑗
||| based on Equation (19);

4: 𝐮𝐬: Normalize ||| ⃖⃖⃖⃖⃖⃖⃖⃗𝑉 𝐹𝑖𝑗
||| in accordance with Equation (23);

5: 𝐮𝐢: Obtain 𝑑𝑖𝑗 from Equation (1);

6: 𝐮𝐬: Normalize 𝑑𝑖𝑗 and obtain 𝐼𝐷𝑖𝑠𝑖𝑗 using Equation (24);

7: 𝐮𝐢: Extract 𝐸𝑗 from 𝑁𝑇𝑖;
8: 𝐮𝐬: Normalize 𝐸𝑗 in accordance with Equation (25);

9: 𝐮𝐢: Get 𝜆𝑗 from Equation (26);

10: 𝐮𝐬: Normalize 𝜆𝑗 based on Equation (31);

11: 𝐮𝐬: Obtain the merit value of 𝑢𝑗 based on Equation (32);

12: end if

13: end for

14: for 𝑗 = 1 to ||𝐹𝐶𝑆𝑖|| do

15: 𝐮𝐬: Find a flying node with the maximum merit value (such as 𝑢𝑗 ) from 
𝐹𝐶𝑆𝑖;

16: 𝐮𝐬: Select 𝑢𝑗 as its next-hop node;

17: 𝐮𝐬: Send its data packets to 𝑢𝑗 ;
18: end for

End

• End-to-end delay (EED): Equation (33) is used to calculate this 
evaluation criterion. This criterion represents a time interval from 
when the source flying node transmits a data packet until it arrives 
at the desired destination.

𝐸𝐸𝐷 =

∑
𝑃𝐾𝑖∈𝑃=

{
𝑃𝐾1 ,...,𝑃𝐾𝑝

} (𝑡𝐷 (𝑃𝐾𝑖

)
− 𝑡𝑆

(
𝑃𝐾𝑖

))
𝑝 ∑
𝑖=1

𝑃𝐾𝑖

(33)

so 𝑃𝐾𝑖 is 𝑖-th packet delivered to the destination UAV. 𝑃 is the 
packet set and 𝑝 is the total number of these data packets. In ad-

dition, 𝑡𝐷
(
𝑃𝐾𝑖

)
and 𝑡𝑆

(
𝑃𝐾𝑖

)
are two delivery and transmission 

times of 𝑃𝐾𝑖.

• Packet delivery rate (PDR): Equation (34) is used to calculate 
PDR, which denotes the percentage of packets that have been suc-

cessfully delivered to the destination node.

𝑃𝐷𝑅 =

𝑛𝑑∑
𝑑=1

𝑃𝐾𝑑

𝑛𝑠∑
𝑠=1

𝑃𝐾𝑠

× 100 (34)

where 𝑃𝐾𝑑 and 𝑛𝑑 are 𝑑-th packet derived to the destination node 
and the total number of these delivered data packets, respectively. 
Additionally, 𝑃𝐾𝑠 and 𝑛𝑠 indicate 𝑠-th packet sent from the source 
node and the total number of these packets, respectively.

• Packet loss rate (PLR): Equation (35) is used to calculate PLR. This 
criterion represents the percentage of packets that have not reached 
the destination node.

𝑃𝐿𝑅 =

𝑛𝑙∑
𝑙=1

𝑃𝐾𝑙

𝑛𝑠∑
𝑠=1

𝑃𝐾𝑠

× 100 (35)

where 𝑃𝐾𝑙 and 𝑛𝑙 indicate 𝑙-th lost packet and the number of lost 
packets, respectively. Also, 𝑃𝐾𝑠 and 𝑛𝑠 are 𝑠-th packet sent from 
the source node and the total number of these packets, respectively.

• Throughput: Equation (36) is used to calculate throughput. This 
criterion shows the ratio of the packets delivered to the destination 
to the time needed to transfer these packets.

𝑇ℎ𝑟𝑜𝑢𝑔ℎ𝑝𝑢𝑡 =

𝑛𝑑∑
𝑑=1

𝑃𝐾𝑑

𝑡𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛
(36)

so that 𝑃𝐾𝑑 and 𝑛𝑑 are 𝑑-th packet derived to the destination node 
and the total number of these delivered data packets, respectively. 
Also, 𝑡𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 indicates the time needed to send these packets.

5.1. End-to-end delay (EED)

Here, the different routing methods are evaluated in terms of the 
first criterion, namely EED, according to the four simulation scenar-

ios mentioned in Table 6. Fig. 12 is related to the first scenario that 
evaluates the effect of the number of flying nodes on EED in different 
schemes. According to this figure, CF-GPSR has the lowest EED com-

pared to other methods. In CF-GPSR, EED is approximately 17.34%, 
24.85%, and 32.33% lower than that in UF-GPSR, GPSR-PPU, and GPSR, 
respectively. The main reason for this is the use of cylindrical filtering 
that reduces the size of the initial candidate set and accelerates the next-

hop selection process. On the other hand, CF-GPSR uses a merit function, 
including velocity factor, ideal distance, residual energy, and movement 
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Table 6
Simulation scenarios.

Simulation scenario Parameter Value 
Scenario 1 Number of flying node Number of flying nodes changes from 20 to 200. 

Communication radius of flying nodes Communication radius of flying nodes is fixed. It is set on 250 meters. 
CBR connections Number of CBR connections is fixed. It is set on 15. 
Packet size The size of packets is fixed. It is set on 2048 bytes.

Scenario 2 Number of flying node Number of flying nodes is fixed. It is set on 100 node. 
Communication radius of flying nodes Communication radius of flying nodes changes from 200 to 300 meters. 
CBR connections Number of CBR connections is fixed. It is set on 15. 
Packet size The size of packets is fixed. It is set on 2048 bytes.

Scenario 3 Number of flying node Number of flying nodes is fixed. It is set on 100 node. 
Communication radius of flying nodes Communication radius of flying nodes is fixed. It is set on 250 meters. 
CBR connections Number of CBR connections change from 5 to 20. 
Packet size The size of packets is fixed. It is set on 2048 bytes.

Scenario 4 Number of flying node Number of flying nodes is fixed. It is set on 100 node. 
Communication radius of flying nodes Communication radius of flying nodes is fixed. It is set on 250 meters. 
CBR connections Number of CBR connections is fixed. It is set on 15. 
Packet size The size of packets changes from 512 to 2048 bytes. 

Fig. 12. End-to-end delay based on the number of flying nodes. 

angle to decide on the best next-hop UAV. The main purpose of this merit 
function is to form stable paths between source-destination pairs. The 
route stability severely reduces the number of broken links on this path. 
Hence, EED is reduced in the data transfer process. Fig. 12 shows a re-

verse relationship between EED and the number of flying nodes, so when 
the number of nodes is increasing in the network environment, EED is 
decreasing in all routing methods and vice versa. This is a rational out-

come because when the network density is high, the flying nodes are 
closer to each other. As a result, they stay in the communication range 
of each other at a longer time. This increases the stability of the formed 
paths and decreases EED in the data transfer process. Fig. 13 is related 
to the second simulation scenario that evaluates the effect of commu-

nication range on delay in different schemes. According to this figure, 
CF-GPSR has the lowest EED and decreases this evaluation criterion by 
4.91%, 23.88%, and 31.13% in comparison with UF-GPSR, GPSR-PPU, 
and GPSR, respectively. This is because CF-GPSR and UF-GPSR take 
into account the distance, movement direction, and velocity of UAVs 
in the next-hop selection process, so they have good EED. However, 
GPSR and GPSR-PPU have the weakest EED because these techniques 
have only relied on the distance criterion in the greedy forwarding tech-

nique. However, the position prediction mechanism helps GPSR-PPU to 
make better decisions when choosing the next-hop UAV, and its per-

formance is better than GPSR. Fig. 13 shows the reverse relationship 
between communication range and EED. Obviously, the increase in com-

munication range has a positive effect on improving route stability and 

Fig. 13. End-to-end delay based on the communication range. 

Fig. 14. End-to-end delay based on the number of connections. 

reduces delay in the routing process. Fig. 14 is related to the third simu-

lation scenario that shows the effect of connections on EED in different 
methods. According to this figure, CF-GPSR has the best performance in 
terms of delay compared to other methods. EED in CF-GPSR is approxi-

mately 18.41%, 24.33%, and 37.08% lower than UF-GPSR, GPSR-PPU, 
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Fig. 15. End-to-end delay based on the size of packet. 

Fig. 16. Packet delivery rate based on the number of flying nodes. 

and GPSR, respectively. This figure shows a direct relationship between 
EED and CBR connections. When the number of connections is increas-

ing in the network, the data transfer process experiences more delay in 
all GPSR-based routing methods. Obviously, when the network includes 
more connections, traffic and congestion are high in FANET. As a re-

sult, UAVs need more time to deliver their data packets. Finally, Fig. 15

is related to the fourth scenario and indicates the effect of packet size 
on EED. According to this figure, delay in CF-GPSR is about 14.81%, 
20.42%, and 27.39% lower than that in UF-GPSR, GPSR-PPU, and GPSR, 
respectively. Obviously, it takes more time to deliver large data packets 
to the destination because they cause more traffic in FANET. In all four 
simulation scenarios, the superiority of the proposed method to reduce 
delay is due to its ability to find stable routes between source-destination 
pairs. This has greatly reduced the number of broken communication 
routes. This decreases the need for data retransmission in the network.

5.2. Packet delivery rate (PDR)

Here, different routing methods are evaluated in terms of the sec-

ond evaluation criterion, namely PDR, according to the four simulation 
scenarios introduced in Table 6. Fig. 16 is related to the first simulation 
scenario that shows the effect of the number of flying nodes on PDR 
in different schemes. According to this figure, CF-GPSR has the highest 
PDR and improves it by 4.83%, 16.53%, and 27.03% in comparison with 
UF-GPSR, GPSR-PPU, and GPSR, respectively. In Fig. 16, when the num-

Fig. 17. Packet delivery rate based on communication range. 

ber of nodes is 20, PDR in CF-GPSR, UF-GPSR, GPSR-PPU, and GPSR are 
approximately 26%, 25%, 23%, and 20%, respectively. This shows that 
in low-density networks, communication links between UAVs are very 
weak and are quickly cut off. As a result, a large number of data packets 
are lost. However, when the number of UAVs is 200, PDR in CF-GPSR, 
UF-GPSR, GPSR-PPU, and GPSR is equal to 85%, 83%, 72%, and 67%, 
respectively. This shows that the performance of these routing schemes 
is desirable in high-density networks because the distance between fly-

ing nodes is reduced in this case, and the more stable links are made 
between UAVs. As a result, the routes are valid for a longer time interval. 
This leads to high PDR. The better performance of CF-GPSR is because 
the residual energy of flying nodes is an important parameter in the 
merit function, and when a flying node with a good energy level plays 
the role of the next-hop UAV, this formed route is valid for a long time. 
Consequently, the data transfer process is successful. Fig. 17 is related to 
the second simulation scenario, which shows the effect of communica-

tion range on PDR in different schemes. In this figure, CF-GPSR has the 
highest PDR and increases the evaluation criterion by 5.71%, 13.27%, 
and 26.13% compared to UF-GPSR, GPSR-PPU, and GPSR, respectively. 
Among these routing methods, GPSR has the lowest PDR because every 
flying node searches its candidate set to find the nearest node to the des-

tination. Therefore, the next-hop node is very close to the boundary of 
the communication range of the previous node. This strategy is not suit-

able for highly dynamic networks such as FANETs because these UAVs 
quickly get out of the communication range of each other. As a result, 
the number of broken links is high, and data packets are lost. How-

ever, UF-GPSR employs a new concept called ideal distance. Based on 
this new concept, nodes close to the communication boundary are not 
a good option for playing the role of the next-hop node because it in-

creases lost packets. Also, a flying node should not choose nodes, which 
are very near to itself as the next-hop UAV because the proximity of the 
two consecutive nodes raises the number of hops in the routing path and 
increases delay in the data transfer process. In CF-GPSR, it is desirable 
that the distance between the two consecutive UAVs in the routing path 
is close to the ideal distance. This concept improves PDR in CF-GPSR. 
Fig. 18 is related to the third simulation scenario that evaluates the ef-

fect of the number of connections on PDR in different methods. This 
figure shows the superiority of the proposed method compared to other 
GPSR-based routing schemes. As shown in this figure, when the num-

ber of connections is 5, PDR is very low in all four routing methods so 
that PDR in CF-GPSR, UF-GPSR, GPSR-PPU, and GPSR is equal to 21%, 
18%, 14%, and 9%, respectively. However, when the number of connec-

tions is 20, PDR in CF-GPSR, UF-GPSR, GPSR-PPU, and GPSR is 63%, 
57%, 39%, and 34%, respectively. In fact, when the network includes 
more connections, it experiences fewer communication interruptions, 
and data packets successfully reach the destination UAV. Fig. 19 is re-



Vehicular Communications 52 (2025) 100879

15

A.M. Rahmani, A. Haider, K. Aurangzeb et al. 

Fig. 18. Packet delivery rate based on connections. 

Fig. 19. Packet Delivery rate based on packet size. 

lated to the fourth simulation scenario that shows the effect of packet 
size on PDR in different schemes. According to this figure, CF-GPSR has 
the best PDR than other routing approaches. As shown in Fig. 19, when 
packet size changes from 512 bytes to 2048 bytes, PDR in CF-GPSR de-

creases from 33% to 25%. In this case, PDR in UF-GPSR changes between 
28% and 19%, that in GPSR-PPU is between 15% and 16%, and that in 
GPSR changes between 12% and 11%. Obviously, when the size of the 
data packets is large, PDR decreases in all the routing methods because 
the network has more traffic, and some data segments may be lost. As a 
result, there is a need for re-transferring data packets. However, if the 
size of data packets is smaller, the network traffic is low, and the data 
packets reach the destination successfully.

5.3. Packet loss rate (PLR)

Here, different routing schemes are evaluated in terms of the third 
evaluation criterion, namely PLR, in the four simulation scenarios stated 
in Table 6. Fig. 20 is related to the first simulation scenario that shows 
the effect of the number of flying nodes on PLR in different approaches. 
As shown in this figure, CF-GPSR has the lowest PLR compared to other 
routing schemes and reduces this criterion by 16%, 24.01%, and 23.81% 
compared to UF-GPSR, GPSR-PPU, and GPSR, respectively. The most 
important reason for this issue is that CF-GPSR can effectively reduce 
the search space in the candidate set. As a result, the selection pro-

Fig. 20. Packet loss rate based on the number of nodes. 

Fig. 21. Packet loss rate based on communication range. 

cess of the best next-hop UAV is very fast. Also, the flying nodes in 
the routing path are close to each other in terms of velocity and move-

ment direction. Additionally, they keep a suitable distance from each 
other. CF-GPSR tries to choose these UAVs from the flying nodes with 
sufficient energy. As a result, the formed paths are stable. This stabil-

ity improves PDR and reduces PLR. Fig. 21 is related to the second 
simulation scenario that shows the effect of communication range on 
PLR. According to this figure, CF-GPSR improves PLR approximately by 
6.12%, 15.58%, and 26.40% in comparison with UF-GPSR, GPSR-PPU, 
and GPSR, respectively. Fig. 21 expresses a reverse relationship between 
communication range and PLR. When flying nodes have a large com-

munication range, communication links between these nodes are valid 
for a longer time. As a result, the formed routes are more stable, and 
data packets reach the destination successfully. Fig. 22 is related to the 
third scenario that shows the effect of connections on PLR in differ-

ent routing schemes. According to this figure, CF-GPSR reduces PLR 
by 9.52%, 21.13%, and 33.86% in comparison with CF-GPSR, GPSR-

PPU, and GPSR, respectively. Obviously, when the network includes 
high connections, the formed paths are more stable, and PLR is low. 
Finally, Fig. 23 is related to the fourth scenario and shows the effect of 
packet size on PLR. In CF-GPSR, PLR is approximately 7.19%, 10.86%, 
and 16.62% lower than that in UF-GPSR, GPSR-PPU, and GPSR, respec-

tively. The better performance of CF-GPSR and UF-GPSR in this scenario 
is due to their high adaptability to FANET because these two schemes 
take into account the movement of flying nodes in the routing process. 
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Fig. 22. Packet loss rate based on connection. 

Fig. 23. Packet loss rate based on packet size. 

While GPSR-PPU uses a position prediction strategy and chooses the 
best next-hop UAV based on the predicted distance. This strategy helps 
GPSR-PPU to improve the stability of routes, but this method focuses 
only on the distance criterion in the greedy forwarding process. As a re-

sult, its performance is weaker than CF-GPSR and UF-GPSR. GPSR has 
the weakest performance in FANET because it does not pay attention to 
the movement of flying nodes in the 3D space of FANET. 

5.4. Throughput

Here, different routing schemes are examined in terms of the fourth 
evaluation criterion, namely throughput, in the four simulation scenar-

ios mentioned in Table 6. Fig. 24 is related to the first simulation sce-

nario that shows the effect of the number of flying nodes on throughput 
in different routing approaches. Based on this figure, CF-GPSR has the 
best throughput and increases the evaluation scale by 7.05%, 10.36%, 
and 19.11% in comparison with UF-GPSR, GPSR-PPU, and GPSR, respec-

tively. The reasons for this issue were precisely stated in Section 5.2. 
Obviously, when the network includes a high density of flying nodes, 
throughput in all routing schemes is high because the distance between 
UAVs is low in this case, and communication links between these nodes 
are more stable. As a result, a high number of packets are successfully de-

livered to the destination. On the other hand, CF-GPSR performs quickly 
the routing process due to the use of cylindrical filtering. Hence, the 
throughput in CF-GPSR is higher than that in other routing schemes. 

Fig. 24. Throughput based on the number of flying nodes. 

Fig. 25. Throughput based on communication range. 

Fig. 25 is related to the second simulation scenario, which shows the 
effect of communication range on throughput. It is clear that the num-

ber of hops in the path is reduced when the communication range of 
flying nodes is larger. Therefore, data packets need a shorter time to 
reach the destination, this increases throughput. Fig. 26 is related to the 
third scenario, which shows the effect of connections on throughput. 
As the number of connections changes from 5 to 15, throughput in all 
routing methods is increasing. When the number of connections is 15, 
throughput in CF-GPSR, UF-GPSR, GPSR-PPU, and GPSR is 1530, 1506, 
1211, and 1082 kbps, respectively. However, when the number of con-

nections changes from 15 to 20, throughput in CF-GPSR, UF-GPSR, and 
GPSR-PPU decreases in the network due to high traffic in the network. 
Fig. 27 is related to the fourth simulation scenario and shows the effect 
of packet size on throughput. As shown in this figure, CF-GPSR has the 
best performance in terms of throughput and improves this evaluation 
criterion by 0.39%, 5.43%, and 13.49% compared to UF-GPSR, GPSR-

PPU, and GPSR. The powerful performance of the proposed method in 
terms of throughput is due to its ability to reduce PLR, which was ex-

amined in Section 5.3. 

6. Conclusion

In this paper, a novel cylindrical filtering-based greedy perimeter 
stateless routing scheme (CF-GPSR) was presented for FANET. CF-GPSR 
consists of two main steps: neighbor discovery and greedy forward-

ing strategy. In the greedy forwarding strategy, each flying node uses 
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Fig. 26. Throughput based on connections. 

Fig. 27. Throughput based on the size of data packets. 

a cylindrical filtering-based technique to reduce the size of its initial 
candidate set. Then, this flying node decides on the best next-hop UAV 
based on a merit function, which includes four criteria, namely velocity 
factor, ideal distance, residual energy, and movement angle, and selects 
a candidate node with the highest merit value as the next-hop UAV. In 
the simulation process, four simulation scenarios are defined based on 
the change in network density, the change in the communication range 
of nodes, the change in the number of network connections, and the 
change in the size of packets. Then, CF-GPSR was compared with UF-

GPSR, GPSR-PPU, and GPSR in terms of delay, PDR, PLR, and through-

put. These evaluations showed that CF-GPSR improves delay, PDR, PLR, 
and throughput by 17.34%, 4.83%, 16%, and 7.05%, respectively, in 
the first scenario, namely the change in the number of flying nodes. 
Also, the proposed method optimizes delay, PDR, PLR, and throughput 
by 4.91%, 5.71%, 6.12%, and 8.45%, respectively, in the second sce-

nario, namely the change in communication range. In the third scenario, 
namely the change in the number of connections, CF-GPSR improves 
EED, PDR, PLR, and throughput by 18.41%, 9.09%, 9.52%, and 7.03%, 
respectively. In the fourth simulation scenario, namely the change in 
the packet size, CF-GPSR improves delay, PDR, PLR, and throughput by 
14.81%, 19.39%, 7.19%, and 0.39%, respectively. In future research di-

rections, we try to increase the adaptability of CF-GPSR to the dynamic 
environment. This goal is achieved by setting up a dynamic hello broad-

cast period. In addition, we will determine the weight coefficients in the 
merit function through extensive simulations under various scenarios. 
We also improve its performance by combining the proposed routing 

method and the machine learning (ML) techniques so that an intelli-

gent filtering is created based on ML strategies, for example Q-learning, 
deep reinforcement learning (DRL), and optimization algorithms, such 
as fire hawk optimizer (FHO), crow search algorithm (CSA), grey wolf 
optimizer (GWO), and sparrow search algorithm (SSA) to decide on the 
next forwarder intelligently.
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