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Recently, UAVs (unmanned air vehicles) have been developed with high performance, and hence, the range of system utilizing
UAVs has also been widening. UAVs are even considered as connected mobile sensors and are claimed to be the future of IoT
(Internet of ,ings). UAVs’ mission fulfillment is relying on the efficiency and performance of communication in a FANET
(Flying Ad hoc NETwork) environment where UAVs communicate with each other through an ad hoc network without in-
frastructure. Especially, for mission-critical applications such as disaster rescue operations, reliable and on-time transmission of
rescue information is very critical. To develop the reliable FANETs, a realistic network simulation platform for UAV com-
munication has become an important role. Motivated by this observation, this paper first presents a study on realistic FANET
environment simulation platform. On top of the proposed platform, we also design a stable UAV communication protocol with
high packet delivery and bounded end-to-end communication delay.

1. Introduction

Various types of UAV applications and services have been
emerged, which range from commercial applications such as
a real estate photography to public safety services. In the past,
UAVs were usedmainly in the field of defense including border
surveillance and ground attack, but now they are used in various
industrial fields such as logistics, IT, and agriculture. ,ey have
also been used in suppression, disaster relief, trafficmonitoring,
government departments, volcanic eruptions, and wildlife
surveillance [1]. For example, Google’s Rune Project, which uses
airship-based UAVs to expand its wireless Internet penetration
network, Amazon’s next-generation delivery system using
unmanned helicopters, Yamaha’s industrial UAV, for use in
agriculture, andAirDroid’s personal drones that capture images
and photographs are actively under development.

With emergence of smart and converged services for these
autonomous UAVs, there has been rapid increase in the need
for reliable connection among UAVs and control centers.
However, the communication environment between UAVs

changes frequently due to the fast movement of the nodes. In
addition, since it moves in three-dimensional space, the
surrounding topography changes frequently as well. ,is can
cause frequent disconnection of the network link among
UAVs and the infrastructure. To support reliable communi-
cation, reliable FANETs play important roles.

Inspired by this observation, this paper develops a new
technology for reliable UAV networks. Main features of the
proposed scheme are as follows:

(i) We design and implement a realistic UAV simulation
platform: In order to develop a technology optimized
for FANETenvironment, realistic network simulation is
critical. To do this, we design a platformwith combining
a network simulatorNS-3 and a robot simulatorGazebo
together. Using these two tools, we develop a realistic
UAV simulation platform that can realize and simulate
UAV operations in the realistic FANET environment.

(ii) We propose a reliable FANET routing methodology:
We examine problems of traditional routing schemes
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and we design a stable UAV communication algo-
rithm with high packet delivery and bounded end-to-
end communication delay. Specifically, the proposed
routing algorithm has three main features: (1) hier-
archical node clustering, (2) time division packet
transmission, and (3) real-time estimation of trans-
mission delay.

,e rest of the paper is organized as follows: Section 2
introduces existing simulation platforms and routing pro-
tocols with discussing problems and limitations of existing
platforms and routing protocols in FANETs. In Section 3, we
introduce a design of the proposed simulation platform and
a routing protocol developed for FANETenvironment. Section
4 explains the experimental procedure and the results for the
performance evaluation of the proposed approach. Finally,
Section 5 concludes this paper with discussion.

2. Related Works

2.1. Simulation Platforms. To develop reliable UAV systems
and applications, it is important to be able to simulate UAV
operations in a realistic way. So far, many network simu-
lators have been developed, such as NS-2 [2], NS-3 [3],
QualNet [4], and OMNet [5]. To use these simulators for
mobile networks, either a mobility model like Gauss–
Markov [6] is specified or trace files created by other soft-
ware tools like SUMO [7] are given as inputs for the network
simulators. Although SUMO software can produce very
realistic motion patterns of nodes, there are some limitations
that it can only make these patterns a priori, not on the fly.
Also, it can only generate movement traces in 2D space. In
contrast, Gauss–Markov mobility [6] model in NS-3 can
make the movement of nodes in 3D space. However,
a mobility model is based on statistical probability, which
implies that previous movements of nodes influence the next
movement decision in the model. ,erefore, it has funda-
mental limitations to simulate UAV motions for disaster
search and rescue operations. More importantly, these
network-based simulators cannot reflect UAVs’ realistic
motions and behaviors affected by physical and mechanical
features and its surrounding environment.

On the other hand, robot simulators like Gazebo [8] can
control the physical movement of UAVs. Gazebo is a tool
widely used for the development of robots with various
physical characteristics, such as conveyor belts, unmanned
probes, and line tracers. ,is tool can incorporate various
sensor modules for these robots, and so we can make
a UAV equipped with Wi-Fi signal detection sensor or
a camera sensor. Also, it is possible to implement a collision
avoidance algorithm inside Gazebo for controlling motion
of the robot. Gazebo is an OpenGL-based simulation tool,
and it can visualize the behavior of the robot as shown in
Figure 1(b).

Overall, solely using the existing network simulators or
robot simulators, we can test only either network perfor-
mance or robot motion operations, not both considered. To
handle this issue, this paper proposes a new FANETplatform
with combining the network simulator NS-3 and the robot

simulator Gazebo together. To incorporate these two tools,
we adopt ROS (Robot Operating System) [9] as a middle-
ware. ROS provides various development tools as well as
various functions for hardware abstraction, subdevice
control, and interprocess message passing for software de-
velopment. As shown in Figure 2, ROS handles a process that
performs computation as a node. Each node sends and
receives messages to the publisher-subscriber structure
through a channel called Topic. ,rough this, it is possible to
exchange information with nodes or to share desired in-
formation with a desired node.

2.2. Traditional Routing Protocols for MANETs. In this sec-
tion, we introduce some of ad hoc routing protocols that are
commonly used in MANET (Mobile Ad hoc NETwork) or
VANET (Vehicular Ad hoc NETwork) environments and
examine applicability of the existing protocols to UAV
system in a FANET environment. An ad hoc routing pro-
tocol is specially designed to cope with link disconnection or
topology change due to high mobility feature in an ad hoc
network environment.

First, ad hoc routing protocol is amethod to cope with link
disconnection or topology change due to node mobility in ad
hoc network environment where wireless communication is
performed between nodes scattered without AP. ,ere are
three types of routing protocols: (1) table-driven proactive
routing protocols, (2) on-demand reactive routing protocols,
and (3) hybrid routing protocols. A proactive routing protocol
is a method of preliminarily computing a route to create
a routing table and updating it periodically by an algorithm.
Typical proactive routing protocols are DSDV [10] and
OLSR [11]. On the other hand, reactive routing protocols
(e.g., DSR [12] and AODV [13]) are also called on-demand
routing protocols. ,e reason for this is that, contrary to the
proactive routing protocol, there is no operation if the packet
transmission request does not occur, but when the packet
transmission request is generated, the protocol for de-
termining the forwarding path gets started only at that time.
,e hybrid routing protocol is a routing method that com-
bines the advantages of proactive routing and reactive routing.
Depending on the network conditions, proactive routing
and reactive routing may be used in combination.

In addition, most VANET routing algorithms can be
classified as either topology-based or geography-based. Due to
its simplicity, geography-based routing has been proved to be
more suited for VANET. ,e most critical issue in location-
based approaches is that all nodes in VANET environment
including source, destination, and forwarding nodes can move
dynamically at a high speed. Hence, the positional information
of destination node might need to be propagated by neighbors
to all nodes at short intervals. Also, these geography-based
algorithms have inherent limitations in the sense that packets
cannot be delivered due to network disconnection or partition
under low traffic density. To overcome these limitations, delay
tolerant network- (DTN-) basedmethods have been proposed.
In DTN protocols like vehicle-assisted data delivery (VADD)
[14], a moving vehicle carries a packet and waits until a new
vehicle moves into its vicinity.
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3. Proposed Approach

Although various routing protocols have been developed so
far, applying these protocols for FANETs is a challenging task
due to high speed mobility of UAVs. Furthermore, the net-
work simulation platform reflecting the UAV’s physical fea-
tures is not available yet, to the best of our knowledge. In what
follows, this paper identifies important issues to solve for
FANETs and proposes the integrative simulation platform.
,en, we present the new routing protocol for FANETs with
complementing the limitations of traditional methods.

3.1. ProblemStatement. Based on the above observations, we
identify a target scenario of UAV systems for disaster relief
as follows:

(i) Need for ad hoc flying networks: if a disaster such as an
earthquake, a landslide, or a tsunami occurs, it is not
easy to use existing infrastructure in the area. ,ere-
fore, there is a need for a method of networking and
communicating between UAVs without the help of an
AP or a base station.

(ii) Need for collaboration among UAVs: even if the
performance of theUAV improves day by day, there is
a limit to finding a large number of survivors in a short
period of time with only one high-performance UAV.
,erefore, we assume a scenario inwhich a plurality of
UAVs looks for survivors.

(iii) Reliable data sharing among UAVs: UAVs are fast
enough to reach tens to hundreds of kilometers per
hour and are not as dense as the nodes in MANET
or VANETenvironments. In this environment, it is
most important to guarantee packet transmission
within a limited time in order to quickly and ac-
curately transmit the message related to collision
avoidance, flight control message, or survivor dis-
covery information according to mission execution to
other nodes.

(iv) Need for UAVs with various sensors: for effective
disaster rescue operations withUAVs, various sensors
such as camera sensor, Wi-Fi sensor, voice signal
sensor are needed to detect survivors. Especially, in
case of survivors buried because of disasters, it is

difficult to detect survivors only with camera sensors.
,erefore, each UAV should be able to attach aWi-Fi
signal detection sensor or a voice signal detection
sensor to detect the location of a survivor and perform
rescue operation.

3.2. Development of FANET Simulation Platforms. As we
mentioned before, it is important to be able to simulate UAV
operations in a realistic way. Solely using the existing net-
works simulators or robot simulators, we can test only either
network performance or robot motion operations, not both
considered. To overcome this limitation, this paper proposes
a holistic UAV simulation platform by integrating network
simulators and robot simulators together. Specifically, we
develop a new simulation platform to realistically implement
the FANET environment as described in Figure 3. By
adopting a robot simulator Gazebo [8], the proposed plat-
form is able to represent the realization of UAV’smechanical
movement such as cluster flight, collision avoidance, and 3-
dimensional flight. Furthermore, the proposed platform
with Gazebo can support operations of various sensors
including a radar and a camera attached UAVs as well. On
the other hand, we also integrate a conventional network
simulator [2, 3] in the proposed platform to realistically
analyze communication features among UAVs. Since
multiple UAVs collaborate with each other to perform
mission critical operations, successful on-time communi-
cations among UAVs are very essential. Using the NS-3
network simulator with Gazebo, we can accurately analyze
communication performance of UAVs while simulating
their flight motion and sensor operations at the same time.
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Figure 1: Existing network and robot simulators. (a) NS-3 structure [3]. (b) Gazebo [8].
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To make both NS-3 and Gazebo interoperate with each
other, we use a middleware called ROS [9], which is widely
used in a robot control field. For example, Gazebo simulates
a realistic robot motion in the simulator, making the same
movement as a real UAV. UAV motion-related information
is transmitted to the NS-3 network simulator through the
ROS, which is illustrated as the right-most arrow line in
Figure 3. In this platform, Gazebo transmits UAVs’ current
locations and velocities to NS-3. Based on this information,
NS-3 can set up the nodes dynamically, each of which
corresponds to each UAV in Gazebo. Specifically, initial
locations of these nodes are determined based on this in-
formation from Gazebo, and these nodes move in NS-3
simulation with considering the velocities of UAVs trans-
mitted from Gazebo on the fly. Overall, this proposed
simulation platform not only enables the evaluation of the
communication performance according to the realization of
the UAV’s mission in NS-3, but also realistically measures
the UAV’s performance according to the current commu-
nication state.

In order to integrate a network simulator NS-3 and
a robotic simulator ROS, the two simulators must exchange
information with each other. Specifically, NS-3 needs mo-
tion information of the UAVs created by the robot simu-
lator, and the robot simulator requires the result of the
communication from the network simulator. In the pro-
posed platform, these two different processes in NS-3 and
Gazebo communicate with each other via ROS interface to
exchange information. In this system, a robot created by
Gazebo becomes a subscriber node. ROS generates a pub-
lisher node to control the UAV and sends a UAV motion
control message (twist) to the subscriber node. ,e physical
movement information of the UAV created through this

process can be transmitted to the subscriber node of the
network simulator through the publisher node of the robot
simulator and conversely the mission execution message of
the UAV generated at the publisher node of the network
simulator can be transmitted to the subscriber node of the
robot simulator (in the current implementation, these two
processes are designed to update the data every 0.1 simu-
lation second. ,e cycle can be adjusted depending on the
volume of the exchanged data and degree of urgency) as
described in Figure 3.

,e proposed simulation platform is largely divided into
a network simulator (NS-3), a robot simulator (Gazebo), and
an interface part (ROS), each of which will be described in
detail. NS-3 consists of three main parts: simulation data,
network environment, and simulation analysis parts. ,e
simulation data includes parameters related to the topology
such as the size of the topology, the number of nodes,
network layer parameters, simulation time, simulation en-
vironment setting, and finally mobility information related
to node movement. Among them, the mobility information
may be created by the mobility model. But the node in the
proposed platform uses the ROS to acquire the motion
information generated from the Gazebo instead of theo-
retical models. In addition, the result of the communication
made by the realistic network simulation of the NS-3 is
transferred to the robot simulator through the ROS. ,e 3D
robot simulation part of the robot simulator is composed of
various robot models such as UAVs and unmanned probes,
as well as sensor models such as camera, radar, and GPS
which are essential for the task of the robot. Furthermore,
terrain features of 3D environment are also included. In
addition, Gazebo incorporates an obstacle avoidance scheme
with a visualizer part. ,e network simulation results
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Figure 3: ,e proposed architecture of a FANET simulation platform.
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received earlier in the NS-3 are used to determine the next
movement of UAVs, and the next movement of the resulting
UAV is sent to the NS-3 via the ROS in turn. In this way, two
simulation tools interact to control the movement of the
UAV according to the current communication situation and
conversely analyze the communication performance
according to the movement of the current UAV.

3.3. FANET Routing Protocol. ,anks to the proposed
simulation platform in Section 3.2, we are able to realistically
analyze the problems of existing routing protocols in
FANETs. ,e proposed platform not only enables the
evaluation of the communication performance in NS-3, but
also realistically measures the UAV’s performance reflecting
physical environments provided by Gazebo tools. With this
FANET simulator, we are able to design routing protocol
optimized for the mission of UAV for disaster relief by
realistically considering FANET environment. Also, we are
able to effectively verify the performance of the proposed
algorithm compared with traditional routing protocols
based on the proposed simulation platform.

As mentioned in Section 2, both traditional reactive and
proactive routing algorithms have their own drawbacks to be
applied to FANETs. Since most information of UAVs is
mission critical and so requires to be delivered (1) in high
success ratio and (2) in time. To achieve these goals, the
proposed algorithm adopts flooding-based routing meth-
odology and modifies it with the following features:

(i) Hierarchical node clustering: the problems of
flooding-based routing methods happen mainly
due to the high volume of packets, which is in-
herent limitation of broadcasting or flooding based
packet transmission. To ameliorate this problem,
the proposed routing method proposes clustering-
based mechanism so that it can reduce the amount
of packet transmission.

(ii) Time division packet transmission: to avoid further
packet congestion, we transmit packets in time
division manner on top of clustering policy.

(iii) Real-time estimation of end-to-end delay: when
constructing clustered FANETs, we perform real-
time estimation of packet transmission delay. In
FANET environments, on-time information trans-
mission is really essential. With the proposed real-
time estimation procedure, we are able to predict
the worst case end-to-end delay for FANET com-
munications and check the feasibility of a given set
of clusters with a given time interval. ,anks to this
procedure, we can guarantee the worst-case packet
transmission delay so that we can provide reliable
communication service in FANETs.

3.3.1. Hierarchical Node Clustering. ,e biggest problem of
a traditional flooding mechanism [15] is that as the number
of nodes increases, the packet overhead in the network
exponentially increases. ,is causes collision between

transmitted packets. In order to solve this problem, we
propose a clustered network structure that hierarchically
groups nodes—nodes are clustered in two layers, edge nodes
and cluster heads. Hierarchical node clustering refers to
a method of dividing a node into several groups and
selecting a head node of each group and communicating
through this node as shown in Figure 4. In this example,
nodes in the overall topology are divided into four clusters,
and each cluster has one cluster head node. Bold red solid
arrows and dotted arrows indicate unicast transmission
from edge nodes and flooding transmission among cluster
heads, respectively. In particular, a drone on the network
edge carrying out a disaster relief mission can send this
information to each cluster head in a unicasting mechanism.
When a cluster head drone receives unicast packets, it floods
this packet to other cluster heads to share this information.
In the traditional flooding mechanism, the edge node can
trigger flooding while only cluster heads initiate flooding in
the proposed clustering methodology. By doing this, we can
significantly reduce the packet volumes on the networks and
therefore can improve packet delivery rate. In Section 4, we
verify this strategy using the proposed FANET platform.

3.3.2. Time Division Flooding. Although hierarchical node
clustering makes it possible to reduce the total number of
packets transmitted and received to a certain extent, if the
number of clusters is large and/or the amount of data to be
shared is huge, the proposed hierarchical method alone is
not enough to support reliable FANET communication.
Motivated by this observation, this paper incorporates ad-
ditional feature, called time-division, in order to guarantee
real-time and reliability of communication even when
a large number of UAVs and drones perform many ap-
plications including collision avoidance and survivor search
as assumed in this paper. Specifically, we divide the time axis
of packet transmission into several time slots and allocate
them to each cluster head to send packets only during their
own time slots. ,e TDMA-based communication method
of accessing the channel only to each time slot by dividing
the time axis has already been studied extensively by various
network protocols [16, 17]. For UAV and drone networks,
a TDMA-based MAC layer protocol has been applied to
a single-hop or multihop UAV network [16, 17] for im-
proving the reliability of communication in FANETs.
However, most of these TDMA algorithms are implemented
in the MAC layer, which cause modification of existing
MAC devices.

In this paper, we propose an algorithm that improves
communication performance by adjusting the timing of
sending flooding packets at the network layer, which can be
compatible with existing MAC devices such as Wi-Fi and
Zigbee. In the proposed protocol, each cluster head is
assigned a certain time slot for packet transmission while
edge nodes send unicast packets to their cluster head in
CSMA/CA scheme. Figure 5 illustrates this idea with the
time-axis representation of packet transmission at each
cluster. In this example, we assume that five edge nodes
(N1, N2, N3, N4, and, N5) have detected the survivor’s
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signal, and they transmit this information to their own
cluster heads as in the previous cluster network example of
Figure 4.

As shown in this figure, unicast packets sent to the
cluster head are not immediately forwarded. Instead, they
are queued in the packet queue at corresponding cluster
head node waiting for the time slot during which they can
send the packets. For example, cluster1 is assigned a time slot
at t3 and hence the packets received from N1 and N2 are
queued and flooded at time t3. Note that the packet from
N5 waits in the queue for a long time for a next time slot
because its previous time slot has just passed before a
packet arrives.

Overall, the proposed scheme with network-layer time
division feature can improve packet delivery rate by avoiding
collision among flooding packets without requiring modi-
fication of existing MAC layer devices.

3.3.3. Worst-Case Delay Estimation. So far, we have pro-
posed hierarchical node clustering and time division
schemes to reduce the number of packets and avoid collision
of flooded packets. For mission critical disaster rescue op-
erations of UAVs, it is also important to guarantee packet
delivery within some time bounds (i.e., transmission
deadline). Furthermore, since the moving speed of the UAV
is as high as several tens to several hundred km/h, it is
necessary to secure the packet transmission within the time
limit in order to avoid collision between UAVs. For such
applications, correctness of the systems depends on tem-
poral behavior as well as functional correctness. We call such
applications as real-time systems. Real-time system usually
refers to hardware and software systems with time con-
straints. Specifically, real-time system requires that the
system should response to events within specified deadlines
[18, 19].

From this aspect, we now present a new methodology
that guarantees real-time constraints of a target FANET
system. Related to this timing delay issue, we answer the
following three questions:

(i) How to organize the cluster? Depending on the hi-
erarchy of clustered networks and the number of
clusters, packet collision can be increased. Packet
collision causes uncertainty of successful packet
transmission and therefore makes it difficult to
guarantee packet delivery time within deadlines. For
example, as the number of clusters increases, the
time slot interval of each cluster head becomes
shorter, so that the risk of collision of the flooding
packet sent by the head increases.

(ii) How to assign time slots to cluster heads? ,e second
problem to answer is about parameters related to the
time division packet transmission. ,e most im-
portant advantage of the time-division packet
transmission is the fact that it can minimize packet
collision and its periodicity can enable us to predict
the worst transmission delay time. In this paper, we
present the theoretical analysis for predicting worst
case timing delay of packet transmission under the
proposed hierarchical clustered networks.

Figure 6 illustrates the process for estimating the worst-
case packet transmission delay time. In this example, the node
N1 generates the first packet q1 at time t1 and the second
packet q2 at t2, and the cluster head (i.e., CH1) floods q1 and q2
received from N1 during its assigned time slot (i.e., t3) (for
simplicity of explanation, we assume propagation delay is zero
in this example). ,ese packets are received by CH2 at t3
assuming no propagation delay, and they have been queued
waiting for the time slot for CH4. Suppose the time slot for
CH4 is not long enough to accommodate these two packets. In
this scenario, the packet q1 might be flooded at t4 first and then
the second packet q2 needs to wait for the next time slot at t5.
As a consequence, the destination node N0 would receive q1
and q2 at t4 and t5, respectively.

WD � 
cluster c∈path

WDc. (1)

In the scenario shown in Figure 6, the worst end-to-end
transmission delay (i.e., WD) is determined by the sum of
the worst-case transmission delay times of each cluster
(i.e., WDc) on the transmission path as shown in (1). If the
packet generation period is p, the generation time of the
qth packet is (q− 1)∗p. Suppose that the time required to
transmit all q packets waiting for transmission is defined as
w(q). In this case, since the arrival time of the qth packet is
(q− 1)∗p, the transmission delay time is calculated as
shown in the following equation:

w(q)−(q− 1)∗p. (2)

,erefore, since the worst transmission delay time in the
corresponding hop is the largest one of the transmission
delay time, WDc can be written as

Cluster 1 Cluster 2

Cluster 3 Cluster 4

CH1

CH3
CH4

CH2

N2

N4

N1
N5

N3

Flooding transmission
(from cluster heads)
Unicast transmission
(from edge nodes)

Cluster

Drone (cluster head)

Drone (edge node) 

Figure 4: Hierarchical network structure.
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WDc � max
q�1,2,...,Q

(w(q)−(q− 1)∗p), (3)

where Q is the first integer satisfying w(q) ≤ Q∗p, and the
worst transmission delay time, WDc can be predicted by
knowing w(q) using the following equation:

w(q) � ⌈q∗ b/R

S ⌉ ∗pcS �
b/R

p
∗pc. (4)

In (4), b/R means the time when b bits are sent to the rate
R, that is, the time taken to send one packet. ,erefore, S

means the time taken to send all packets generated within
one period, and pc means the period for packet flooding of

cluster c. ,is equation is a variation of worst case busy period
theorem [20]. In order to predict the worst-case transmission
delay, it is necessary to know not only the packet size and the
transmission rate of the link but also the period of packet
generation in the application, the period of packet flooding in
the cluster head, and the size of the time slot of each cluster
head. In other words, the packet transmission period and
the time slot allocated to each cluster headmust be determined
so that the worst transmission delay time can be calculated.

Using this procedure, we are able to predict the worst
case end-to-end delay for FANET communications and
check the feasibility of a given set of clusters with a given
time interval. With this real-time feasibility check scheme,
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W(1)
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q1
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Figure 6: Worst-case delay estimation.
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we will verify two-level hierarchical clustering which can
improve PDR and end-to-end delay in the next section.

4. Evaluation

In this section, we develop the proposed FANET simulation
platform with NS-3 and Gazebo tools to realistically evaluate
network performance in the FANET environment as pre-
sented in Section 3.2. On top of the platform, we verify the
FANETrouting protocol proposed in Section 3.3. ,is paper
conducted two types of evaluation. We first focused on the
primitive communication performance of the proposed
routing protocols by examining packet delivery ratio and
delay in Section 4.3. In what follows, we also measured
UAV’s ability to successfully localize and approach survivors
in Section 4.4.

4.1. Simulation Scenario. ,e simulation scenario for
measuring the performance of the proposed routing pro-
tocol is shown in Figure 7. ,e figure is a screenshot from
a Gazebo tool during the simulation. ,e red star represents
the locations of two survivors and the red circle represents
the cluster head UAV. Also, the white box in the center
represents the leader node controlling all drone members.
,e entire nodes except the leader node are divided into four
clusters as shown in Figure 7.

Nodes that have detected the survivors’ Wi-Fi signals
send this information to their cluster head node. ,en, the
cluster head node collects the received packets waiting for its
time slot, and the head node floods them at once during the
time slot. Any UAV node receiving flooded survivor de-
tection information from three or more different nodes
changes its flight direction to get near the survivors.

,e parameters for the simulation are shown in Table 1.
Reflecting the fact that the maximum Wi-Fi range is about
250meters in general, the distance between UAV nodes is set
to 200 meters for maximum coverage. ,e average moving
speed of each UAV is 5∼10m/s, and 16 survivors are ran-
domly distributed in the area.

4.2. Performance of Existing Mobile Routing Protocols.
Before we introduce a new routing protocol, we first analyze
limitations of the traditional routing protocols in FANET
environments in more detail. For realistic simulations, we
conduct evaluation with the above integrative simulation
platform in Section 3.2. Figure 8 first shows the performance
of a reactive routing protocol AODV [13] and a proactive
routing protocol OLSR [11] (AODV and OLSR are well-
known representative protocols among the various routing
protocols introduced in Section 2).

As shown in Figure 8(a), for both AODV and OLSR,
PDR (packet delivery rate) performance decreases dra-
matically as nodes move faster in FANET. Also, even at very
low mobility rates, the network is still suffering from low
PDR. Note that AODV shows better performance than
OLSR. ,is is explained by the fact that AODV is an on-
demand routing protocol, which builds a path for trans-
mitting packets when a packet transmission request occurs.

,is is trivial that OLSR is proactive and so it is more suitable
for static networks. On the other hand, when the AODV
routing protocol is used, the end-to-end delay time increases
as the nodemoves faster.,is is because the AODV, which is
a reactive routing protocol, floods a large amount of control
packets into the network every time the network topology
changes, refinds the route, and finally transmits the data
packet only after receiving the RREP packet. As a conse-
quence, the frequent topology changes cause long end-to-
end delay of the transmission packets.

Overall, the PDR and end-to-end delay performance of
AODV and OLSR are not good enough to be applied in fast
moving FANET environments. Note that most messages
required for a UAV to operate are semibroadcast (or
multicast) messages which all flying nodes in the topology
should listen for inter-UAV collaboration. From this per-
spective, we believe that a flooding-like scheme that prop-
agates information to all nodes in the topology might be
more appropriate. However, a traditional flooding algorithm
shows packet overhead problems as shown in Figure 9. As
the number of source nodes that send packets is increased,
PDR decreases due to packet overheads. Specifically, over-
head causes an increase in the number of collisions among

Cluster head

Leader node

Survivor

Figure 7: Simulation scenario.

Table 1: Simulation parameters [6, 8].

Parameter Value
Channel Wi-Fi
Application On-off application
Traffic type UDP
MAC protocol 802.11
Packet size 1024 (byte)
Data rate DsssRate 11Mbps
Topology size 2500× 2500 (m2)
Internode spacing 200 (m)
Simulation time 100 (s)
Number of nodes 45
Node movement speed 5∼10 (m/s)
Number of survivors 16
Number of clusters 2, 4, 22, 44
Packet generation period 0.1(s), 1(s)
Packet flooding period 0.5(s), 1(s), 5(s)

8 Mobile Information Systems



packets, which means that the number of packet retrans-
missions in the MAC layer increases.

4.3. FANET Routing Performance. As we mentioned before,
we first examine performance of the proposed FANETrouting
mechanism in two metrics, PDR and end-to-end delay. ,e
experiments are all conducted with the proposed simulation
platform with Gazebo and NS-3. ,is implies that the pro-
vided results are reflecting communication performance with
realistically considering UAVs’ movement.

4.3.1. Packet Delivery Rate. Figure 10 shows PDR (packet
delivery rate) results according to the number of clusters and
the number of flooding cycles, respectively. In this envi-
ronment, the number of clusters has been varied to 2, 8, 22,
and 44. Since the number of normal drones except a group
leader is 44, in the case of 44-cluster scenario, each cluster
has only one drone as a member and the only groupmember
acts as a cluster head as well. In other words, all drones are
cluster heads and so they all flood packets during the

assigned time slot without sending packet in unicast way at
all.

From this experiment, we first observe that the more the
clusters exist, the better the PDR is achieved. ,eoretically,
the smaller the number of clusters, the longer the time slot of
one cluster head node, which means that the risk of collision
between flooding packets flooding in the cluster head is
reduced. However, the graph shows that the highest data rate
is provided when the number of clusters is 22 or 44. ,e
reason for this is explained by the fact that when the number
of clusters is low, lots of unicast packets are sent to the same
cluster head node. ,is causes these unicast packets collide
with each other. Note that when the flooding rate is less than
1 s, the PDR is relatively low because the number of flooding
packets is way too high and so they end up colliding with
each other.

4.3.2. Transmission Delay. Now, we examine the end-to-end
delay of the proposed FANET routing protocol. Figure 11
shows the histogram of the packet transmission delay of the
traditional flooding and the proposed algorithm with
clustering and time-division features. In this experiment, the
flooding period is 0.5 second with 8 clusters, and the ap-
plication packet generation period is 0.1 second.

First thing we have noticed is that the average delay of
the traditional flooding is better than the proposed routing
scheme. However, the distribution of delays shown in
Figure 11 shows a very important point. In the conventional
flooding method, we found that some packets experience
long delays as shown as a long tail in the left figure. ,is is
explained by the fact that in the traditional flooding, packets
are flooded as they are received and so many packets are
subject to be retransmitted due to packet collision.

In contrast, the proposed algorithm shows that most
packets are delivered within 0.5 seconds thanks to its TDMA
feature. In other words, the proposed scheme is able to bind
the transmission delay within a certain value. ,e worst-case
delay guarantee is very important feature for mission-critical
applications such as disaster rescue operations with time
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Figure 8: Limitations of existing MANET protocols in drone networks. (a) Packet delivery rate. (b) End-to-end delay.
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constraints. Note that since the proposed TDMA trans-
mission operation is performed at the network layer, not at
MAC layer, it cannot completely guarantee that the packet is
transmitted only in a predetermined time slot. ,is fact
explains a few number of packets with long delays in the
right graph (in order to guarantee hard deadline satisfaction,
a MAC layer model supporting GTS (guaranteed time slot)
such as Zigbee [17] should be incorporated with the pro-
posed scheme).

4.4. UAV Mission Performance. In this section, we evaluate
UAV mission performance by measuring how quickly each
UAV approaches survivors. For this evaluation, we assume
two types of applications running on UAVs, app1 and app2
as shown in Table 2. Recall that the main goal of the pro-
posed rescue system is to locate survivors as quickly as
possible in a stable communication environment. To do this,
each UAV detecting a survivor’s Wi-Fi signal is supposed to
spread this information in order to make neighboring UAVs
move near survivors in the proposed rescue scenario. Once
these multiple UAVs arrive around the survivor, they co-
operate with each other to accurately locate the exact sur-
vivor’s location together using several localization metrics
such as triangulation [21, 22]. So, the faster the time to
approaching the survivor, the better themission performance.

In this paper, we focus on how quickly each UAV can move
near the survivor (localization algorithms are beyond this
paper’s scope).

Figure 12 shows a subset of our experimental results as
a cumulative distribution function (CDF). ,e x axis and y
axis represent the time to approach and the number of
UAVs, respectively. From these results, we first observe the
performance of the traditional flooding mechanism drops
dramatically as the packet transmission rate increases, as
shown in Figures 12(a)–12(c). ,is is because the network
becomes more congested due to the faster period of packet
transmission. ,erefore, the probability that a neighbor
node can successfully receive a packet is lowered and hence
the time for the UAV to start approaching the survivor gets
delayed. As an extreme example, when the packet generation
cycle is 0.1 second, any node cannot receive app2 packets and
so no node approaches the survivor at all until the end of the
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Figure 11: Transmission delay with original flooding scheme (a) and with the proposed algorithm (b).

Table 2: Application parameters.

Parameter app1 app2
Packet size (byte) 1024 512
Packet generation interval (sec) 1 0.1, 0.5, 1
Flooding interval (sec) 5 5
Number of UAVs 45 45
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Figure 10: PDR (packet delivery rate) with 2, 4, 22, and 44 clusters for various flooding periods.
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simulation. On the other hand, the performance of the
proposed routing method is hardly affected by the appli-
cation’s packet interval. ,is is because the proposed al-
gorithm reduces packet congestion through clustering and
time-division transmission, as shown in the red-dot graph.
In all of these three scenarios, we can see that most nodes
start approaching the survivor in 50∼70 seconds. One in-
teresting thing is that in the first scenario with flooding
interval 1 sec, the traditional flooding seems to provide
better performance at the beginning than the proposed
scheme. For example, after 50∼55 seconds, around 38 UAVs
approach the survivor in the traditional scheme whereas less
than 5 UAVs move toward the survivor in the proposed
method, as shown in Figure 12(a). ,is can be explained by
the fact that when the packet generation cycle is 1 second, the
network is not that congested at the beginning. So in this
case, the traditional scheme can be beneficial because it
floods packets as soon as it is ready. In contrast, the proposed
method is supposed to wait for its time slot even when the
network is not congested. As a consequence, transmission
delay due to the time division transmission can affect the

mission performance of this simulation. However, as time
goes, the flooding packet volume gets increased and so the
network becomes more congested than before. In the latter
part of the simulation, the proposed scheme ends up per-
forming better than the traditional flooding.

5. Discussion

In this paper, we first propose a new simulation platform to
overcome the disadvantages of existing network simulator and
robot simulator and to create a realistic FANET environment
for communication simulation. ,e proposed platform can
realize not only realistic network simulation but also physical
movement of robot and sensor operation by using network
simulator and robot simulator together. Based on this sim-
ulation platform, we propose a new FANET routing protocol
that overcomes the disadvantages of existing routing pro-
tocols. Since the existing unicast routing protocol is not
suitable for carrying out the UAV mission, which requires the
propagation of various information with time constraints, this
paper develops the cluster-based flooding algorithm with
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a TDMA feature as well. In this paper, we verified that even the
proposed simple two-level hierarchical clustering with real-
time feasibility checkmethodology can improve PDR and end-
to-end delay. We believe that more efficient clustering method
will further improve overall performance. To do this, in the
next study, we are going to analyze different clustering
methodologies and develop the customized clustering method
for FANETs.
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