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Abstract—In recent years, Unmanned Aerial Vehicles (UAVs)
have attracted the attention of both the military and civilians
because of their deployment in situations where part of the
communication infrastructure is destroyed due to bomb blast,
earthquake, flood, military operations or landslides. Also UAVs
can be used in operations such as search and rescue, surveillance,
forest fire monitoring, and border patrolling. Deployment of a
UAV in a position where it can provide maximum coverage and
high throughput is one of the vital problem that needs to be
addressed. In this paper, we have proposed an optimal UAV
deployment algorithm (OUDA) in order to bridge communication
between two static nodes on the ground. In the proposed
algorithm the UAV deploys to a position where it can provide
the best communication facilities to both the nodes based on
the received signal strength (RSS), and distance between nodes
and UAYV. Simulation results showed that the algorithm provides
maximum throughput and low bit error rate (BER) once the
UAV is fixed to an optimal position.

Keywords—Unmanned Aerial Vahicle (UAV), Bridging Com-
munication, Optimal Deployment, Received Signal Strength
(RSS), Bit Error Rate (BER), Disaster Management.

I. INTRODUCTION

Unmanned Aerial Vehicles (UAVs), also termed drones,
are widely used for military applications suited for situations
that are dull and dangerous. But in recent years UAVs have
been used for many civil and commercial applications such
as security and control, search and rescue operations, disaster
management, crop management, communication, and land and
border monitoring [1]. A UAV is basically an aircraft that
can possibly operate without the intervention of any human
being or crew, and because of this facility UAVs offers many
advantages such as omitting the rescue parameters of the crew
from the design not only saving space but also facilitating the
UAV to be designed role and operation specific. Also, UAVs
can be used in missions that are dangerous to the health of
the crew. Examples of such missions are wind estimation [2],
search and rescue operations [3], fire monitoring [4], [5],
climate research [6], border patrolling and traffic monitoring
[7], [8], and agricultural purposes [9]. In addition, UAVs
can be used as communication relays in situations where
part of the communication infrastructure is destroyed due to
bomb-blast, earthquake or flood and there in no possibility to
bridge communication between disjoint nodes on the ground

[10], [11]. Using UAVs as communication relays to bridge
communication between nodes in any kind of disaster (bomb-
blast, earthquake, flood etc.) is the main point of interest of
this paper.

UAVs as communication relays have received much at-
tention in recent years and a lot of work have been done
in this area. Mozaffari, et al. analyzed the deployment of
a UAV as a flying base station [12]. They used the idea
to provide on-the-fly wireless communication facilities to a
specific geographical area for a determined device-to-device
communication network. The authors explained their problem
considering two different scenarios with a static UAV and a
mobile UAV. In scenario one, the authors derived the average
coverage and sum-rate based on the UAV altitude and number
of D2D users in the specified area, while in scenario two,
the authors used the concept of a disk covering problem in
order to calculate the minimum number of stop points to
cover the entire area. The authors continue to say that the
overall communication rate and coverage could be improved
significantly if the UAV is precisely moved over the specified
area [12].

Similarly, Jagun and Hailes [11] presented a dynamic po-
sitioning algorithm in order to bridge communication between
participating nodes using the UAV as a relay. The authors
claim that this approach could be used in real-life situations
such as an earthquake and collecting data from distributed
sensor nodes. The approach works in a way that a direct link
can be established between nodes that are in the range of the
UAV. A delay tolerant network (DTN) concept is used for
nodes that are not in the communication range of the UAV for
the sake of bridging communication. In the DTN approach the
UAV flies over the participating nodes to collect, buffer and
deliver data to and from the UAV. The authors also proposed
a scheduling framework where they prioritised different nodes
based on the frequency of visit and communication range in
order to cover the entire set of distributed nodes [11].

Furthermore, in [13], the authors explored a communica-
tion system with some ground based terminals along with a
network base station with a view to bridge communication
between them using a UAV as a relay. The authors developed
an algorithm for performance optimisation of the link between



ground base terminals and relay. They also investigated the
deployment of new UAV relays to the existing network in
situation when the current UAV relay does not meet the
minimum link requirements [13]. Moreover Morgenthaler, et
al. [14] developed UAVNet, a flying wireless mesh network
based on unmanned aerial vehicles (UAVs) connected through
IEEE 802.11s. The proposed system connects two end systems
to communicate with each other through a single or multiple
UAVs. The authors explained their work with different sce-
narios using two different positioning modes. Scenario one
was carried out with a single UAV connecting to end systems
located on the ground.

In this paper we investigate the problem of quickly de-
ploying the UAV to a position where it can bridge com-
munication between the participating nodes on the ground
in such preceding application scenarios. The UAV will start
flying towards the area hit by a disaster such as earthquake,
flood, or bomb blast and will start transmitting hello/beacon
messages at regular intervals. Once the nodes on the ground
get the hello message, in response the nodes will send their ID
and GPS position back to the UAV. The UAV will store this
information in their connectivity metrics and start hovering
in the immediate surrounding to find a position based on the
received signal strength (RSS), and distance between the UAV
and nodes in order to provide the optimal communication
facilities to participating nodes on the ground.

The rest of the paper is structured as follows: Section II
discusses the related work. Section III describes the system
model. Section IV presents details concerning the proposed
algorithm along with the experimental work. Section V dis-
cusses the results and discussion, while Section VI concludes
the paper.

II. RELATED WORK

Many algorithms have been developed in order to opti-
mally deploy a single UAV between two static nodes to
facilitate communication between them. Jagun and Hailes
[11], developed a greedy search algorithm and implemented
it on a proportional-integral-derivative (PID) controller. The
algorithm tries to achieve optimum communication between
the participating nodes and instructs the UAV to move away
or towards those participating nodes. The PID controller drives
the UAV quickly in order to establish the communication
link between nodes as soon as possible [11]. The algorithm
optimally deploys the UAV based on balanced signal-to-noise
(SNR) ratio, throughput and bit error rate (BER). To do so,
the algorithm checks the SNR at different altitudes and once
the SNR is balanced between the participating nodes, the
UAV moves towards that particular position. The authors used
SNR and throughput as input variables and the PID controller
decides the next waypoint of the UAV based on these input
variables. The algorithm instructs the UAV to move on (x,
y) coordinates sending the echo messages at regular intervals
and upon receiving any returning data from the participating
nodes; the UAV tends to move towards that particular node.
Similarly, the UAV calculates the maximum of throughput

and SNR based on returning packets in order to find the
most advantageous position where the UAV can serve all the
participating nodes at the same time [11].

Furthermore, Han, et al. proposed an algorithm for op-
timizing the movement and location of UAVs in order to
improve the connectivity of a wireless network [15]. The
authors evaluated four different types of network connectivity
cases, i.e. global message connectivity, worst-case connectiv-
ity, network bisection connectivity and k-connectivity. A two-
node one-UAV scenario was addressed and different heuristic
adaptive techniques were proposed for optimal UAV deploy-
ment [15]. In terms of global message, the two-node one-UAV
problem is similar to the Steiner point problem from graph
theory, where adding a node that can minimize the cost of a
networks minimal spanning tree (MST) is termed a Steiner
point. Similarly, for optimal UAV deployment, the authors
consider the case of global messaging, worst-case connectivity
and network bisection connectivity. A linear search algorithm
was implemented in two dimensions in order to reduce the
complexity of the gradient given in an equation is:
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The authors implemented their algorithm so that an ini-
tialization step is performed using either a heuristic or a
random method in order to initialize the position of the UAV.
In the iteration step, the authors calculate the gradient using
equation (1) and then update the step index in consideration
of optimizing the position of the UAV.

Additionally, Morgenthaler, et al. [14], addressed the same
issue where they tried to bridge communications between two
end systems using a single UAV. The authors developed a
framework using the quadcopter based UAVs for the deploy-
ment of a flying wireless mesh network termed as UAVNet.
The developed framework mainly controls the functionality of
the UAV in terms of managing the deployed wireless mesh
network [14]. The authors discussed different application
scenarios where they are trying to establish communication
between nodes (end systems) that are not connected directly
or they are far from each other and have obstacles as well.
A wireless mesh node is mounted on the UAV in order to
send and receive traffic and to bridge communication. The
UAV starts flying towards the first end system and sends
ping messages at regular intervals. Once the first end system
receives these ping messages, in response it sends its GPS
position back to the UAV. Upon acknowledging the GPS
position of the first end system, the UAV starts flying towards
the second end system based on two searching modes i.e.
manual and autonomous. In manual searching, the first end
system will redirect the UAV toward the second end system,
while in autonomous searching, the UAV calculates multiple
waypoints on a spiral track and will start following a specific
route in order to find the location of second end system. Once
the UAV gets the GPS position of the second end system, it
will deploy itself between the two end systems. The authors
used a uav-controller that will calculate the mid-point of both
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end systems based on positioning modes i.e. location based
positioning mode and signal strength positioning mode. In
location based positioning mode, the uav-controller calculates
the position of the UAV based on the submitted GPS positions
of the two end systems, while in the signal strength positioning
mode, the uav-controller also considers the received signal
strength of both end systems in order to calculate a more
precise position for the UAV [14].

Apart from algorithm-based techniques, some researchers
have worked on simulation-based approaches where they con-
sidered aerial mast vs aerial bridge scenarios in the context of
UAVs as a relay [16]. The authors evaluated two different
strategies for bridging communication between two mobile
ground nodes that are not in a line-of-sight with each other in
an urban environment. In the aerial bridge scenario, a UAV
is placed at an optimal position where it can receive the
best signal strength from both the participating nodes on the
ground. The optimal position could be the geometric centre of
the nodes in a free space environment with line-of-sight, where
the difference between the maximum received signal strength
for both links will be less than a defined threshold. In the case
of an aerial mast, the authors tried to maintain the position of
the UAV above one of the ground nodes and then follow this
node so as to maintain communication. Some of the problems
with the navigation algorithm for the aerial bridge scenario
were also addressed such as measuring the signal strength
value because of the mobility of nodes and antenna radiation
pattern is quite difficult. The simulation in both cases was
carried out in Matlab using the Winner II propagation model
with non-line-of-sight (NLoS) for air-to-ground channel. The
performance of both scenarios was evaluated based on received
signal power and distance between the UAV and the ground
[16].

III. SYSTEM MODEL

In this paper we proposed a model where a single UAV
needs to be deployed between two static nodes on the ground
as shown in Figure 1. Some of the key challenges associated
with this case are deploying the UAV to an optimal position,
resource monitoring for both UAV and nodes on the ground,
and safe landing in the case of battery loss or mission termi-
nation. One of the important factors that should be considered
in the case of wireless communication using a UAV as a relay
is the path loss (PL) and propagation model. Path loss is a
measure of the average radio frequencies (RF) attenuation at
the receivers end suffered due to a transmitted signal [17] and
can be denoted in decibels (dB). Path loss can be expressed
as in [18].

PL(dB) = 10log £l 2)
P,

where P, is the power of the transmitting antenna, while P,
is the power of receiving antenna. In free space also termed as
Line-of-Sight (LoS) communication, the electromagnetic wave
propagates in a straight line and can be expressed by Friis free-
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Fig. 1: Single UAV deployment between two static nodes

space equation [19]. A derivation of the following equation
can be found in [20]

P = Pth(eta ¢t)G'f'(0'f'a ¢T)/\2
" (4md)?

where P; and G are the power and gain of the transmitted
antenna along with the elevation angle #; and azimuth angle
¢ respectively. The elevation angle normally ranges from 0°
to 180° , while the azimuth angle ranges from 0° to 360°.
A is the wavelength of the transmitted signal, while d is the
distance between the transmitting and receiving antenna. In
wireless communication, the transmitted electrical signal in the
transmitter is converted to electromagnetic waves by means of
an antenna in order to propagate. The electromagnetic waves
propagate at a speed of light expressed in meter/sec, with a
frequency in Hz, along with a wavelength, and can be written
mathematically as follows:

3)
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where c is the speed of light and is equal to 3 * 10% m/s,
while f is the frequency in Hz. substituting equation (3) in
(4) yields:

2
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For digital signalling, we are normally dealing with energy
per bit with respect to noise density at the receiver end. If
we denote the data rate of the received signal by Rb, , and
bandwidth of the receiver with W , then energy per bit with
specified noise density can be written as

Enb - w
N, (P) (Rbr) (6)

Assuming that the channel is a one-bit channel i.e. (W = 1),
then putting the value of P, from equation (5) we have:

Eny _ (Pth(9t7¢t)Gr(9r7¢T)>< c )2 -
N Rb, Andf
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Fig. 2: A single UAV with two static nodes

Considering other factors of interference such as jitter, at-
mospheric loss, and delay, we can re-write the above equation

as:
Enb _ Pth(eta ¢t)GT(0T7 (b’r‘) C ? (8)
N; Rb,, I 4mdf

Where I is the interference because of the signal degra-
dation and other loss factors. For successful communication
between sender and receiver, the antenna mounted on node
should have significant transmit power and gain in order to
achieve the specified bit error rate (BER) at the receiving end.
Similarly, by Figure 2 we can also derive d; (distance between
node 1 (s1) and UAV (U)) and ds (distance between node 2
(s2) and UAV (U)) given in equation (9) and (10) respectively.

dy = /b2 + a2 9)

dy = /(= b2+ a? (10)

Where [ is the total distance between node 1 and 2, a is the
altitude of UAV, and b is a fraction of the distance from node 1
to the centre of both nodes as shown in Figure 2 above. Now,
we assume that a small scale fading between UAV and node
will cause fluctuations in the signal power, so we will use the
Rayleigh distribution method. In such a case we will suppose
that equation (5) is equal to P, where P is a deterministic factor
as shown in the equation (11) below:
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Also, let |h| denotes the fading (Rayleigh distribution)
between UAV and node, then

1 |2

h|* ~ = - —

W~ e (-
Since we know that d; = /b2 + a? from equation (9), the
signal power between node 1 and UAV, and node 2 and UAV

can be calculated as follows:
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In order to compute the full digital signal expression as

shown in equation (15) below, we need to calculate the SNR
between nodes and UAV as:

yT:\/E r+n

Where y,- is the received signal, /P is the channel coeffi-
cient and power, x denotes the signal transmitted (unit power),
and n shows the noise. To calculate the SNR between nodes
and UAV, we will derive the following equations:

/P 2 2
SNR; = ‘| 1|n|2|301|

By putting the value of n will yield the following equations:

Py = (14)

(15)

where n ~ N(O,JTQL) (16)

VP2 P

SNR, | O_;' = ;; (17)
VP2 P

SNRy = | j' == (18)

In some cases, we can also write the transmitted SNR in
the form of f—;. Also in bandwidth (represented by W) limited

n

channel, we will have the capacity as Wlog |1 + V[fj t22,
and for simplicity we will assume that W = 1 (a one-bit
channel). The instant capacity for a fading channel can then
be calculated as:

Py |hy)?
—_— 19
@raez)
Since the channel is fading (fluctuating), we are interested

in seeing the average capacity that can be calculated using the
following equation:

Cy =log(1+ SNR;) =log (1 +

(o)
Ci= [ (P dim? 20)
0
where p(|hy|?), is the probability density function (PDF)
which is used in the case of a fading channel. By substituting
the value of C in equation (19) will result the equation below.
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In equation (21) above, only |h1]? is the variable factor,
while the rest are treated as deterministic factors during the
integration. Equation (21) can be integrated by simplifying
some of the notations such as,

Py

s 2=
(@ + a%)o2’

y= (22)
By substituting the values of y and z in equation (21) will

yield:

_ > 1
C, = / log(1 4 yz) — exp ( - 22>dz (23)
0 9 9



Equation (23) can further be integrated by using the inte-
gration by parts method as follows:

1
u =log(l+yz), dv = — exp ( — 22>dz (24)
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The first part of the equation (26) becomes zero as we know
that the exponent at infinity is equal to zero. Also we know
that log 1 = 0. Equation (26) can therefore be re-written as,

:/OO y exp<—22)dz
o l+yz o

Further simplifying and assigning new variables to equation
27):

(25)

(26)

27
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By substituting the value of r in equation (27) will yield
equation (29) as follows.
-1
( r 5 ) dr
Yyoy
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Further assigning a variable to a part of the equation (29)
for the sake of simplicity,

r

yo7

By putting the value of equation (30) in (29) will produce
the new equation as follows.

=t (30)
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The exponential integral function is a function that can be

defined as Ei(k) = — [} et:dt from [21]. Using the concept

of [21] will yield equation (32) as follows.

S 1
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By putting the value of y from equation (22) will yield
equation (33) as follows.

2 2 2 2 2 2
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From the equation above, the UAV position can be con-
trolled and calculated by using the variable  and a, where x
is the transmitted signal and a is the altitude/distance between
UAV and nodes.

IV. THE PROPOSED ALGORITHM

In this section we describe the algorithm that we have
developed for the optimal deployment of a UAV in order
to bridge communication between two static nodes on the
ground. The algorithm is termed Optimal UAV Deployment
Algorithm (OUDA). The algorithm works by the UAV first
flying towards the affected area in order to search for targets.
Originally, we have considered the targets as sensor nodes but
they may be human beings with some smart devices or may
be some other objects. Once the UAV reaches the area, it will
start searching for nodes. Two different searching procedures
are used in our algorithm i.e. Spiral search and Ladder search.
The detail about each of these searching procedures is given
below.

A. Spiral Search

In this type of searching the UAV flies to the corner/centre
of the target area and starts searching for the nodes following
a spiral route as shown in Figure 3 below. The UAV moves
towards the corner of the targeted area and then flies to the
centre in order to starts the searching process. The searching
time can be increased or decreased by increasing or decreasing
the number of laps. The algorithm calculates the searching
time, number of nodes found, and the time the UAV takes to
reach the optimal position.

Spiral Search of the Target Area

©  nodes
4+ uav initpos
— — —uav trajectory
uav final pos
— — —link 1
— — —link 2

60

40

20

Fig. 3: Spiral search with UAV trajectory

B. Ladder Search

As its name implies, ladder search is a kind of search where
the UAV searches the entire area just like the ladder steps.
In this case the UAV moves towards the corner of the target
area and starts the searching process as shown in Figure 4.
Just like the spiral search, the number of steps/phases can be
increased or decreased in order to increase or decrease the
searching time. The algorithm calculates the same parameters
as it calculates in the case of spiral search.



Ladder Search of the Target Area
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Fig. 4: Ladder search with UAV trajectory

In both of the above searching modes, spiral search provide
good results in terms of finding the nodes and time to search
the entire area. Once the UAV finishes the searching process,
it moves towards the optimal position. Optimal position of
the UAV is calculated based on the geographical existence of
nodes (distance of nodes from the UAV d) and received signal
strength/transmitted signal power (x) from the nodes. Once
the UAV reaches the optimal/best position, it stays there for
the entire simulation time in order to provide communication
facilities to nodes on the ground. During the search phase the
algorithm also calculates the bit error rate (BER) for both links
between the nodes and UAV as shown in Figure 5. The BER
is erratic when the UAYV is searching for nodes because of the
fluctuation in signal, but once the UAV moves to the optimal
position the BER becomes consistent.

V. RESULTS AND DISCUSSION

In this section, some of the simulation results in terms of
graphs will be explained in order to verify the effectiveness of
OUDA. The algorithm is developed and simulated in Matlab
with the simulation parameters tabulated in table 1. The entire
simulation is carried out with two nodes which are distributed
randomly and one UAV, where the minimum distance between
the nodes is one meter.

The path loss exponent is 2 because the propagation is
in free space and there is a direct line of sight (LOS)
communication between the nodes and UAV. During the search
phase, the altitude of the UAV is kept to 15 meters with
a maximum speed of 15 m/s (meter per second), but once
the search phase is finished, the UAV moves to an optimal
position with either a high altitude or low altitude depending
on the signal transmit power from the nodes. Initially we
have transmitted 100 packets with 128 bits/packet in order
to calculate the BER between nodes and UAV.

o BER of the links between nodes and uav
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Fig. 5: BER of the Links between nodes and UAV

TABLE I:
SIMULATION PARAMETERS FOR OUDA

Simulation Parameters | Value
No. of Nodes 2

No. of UAVs 1

Node transmit power -10db
Minimum Distance 1 meter
Pathloss exponent 2
Shaddowing 0db

UAV maximum speed 15 m/s
Search altitude 15 meters
Packet size 256 Kbps

Based on the simulation parameters results are obtained in
terms of graphs for RSSI, SNR, and BER that are explained
below. Due to space limitations, we have only included the
graphs for RSSI and BER.

A. Received Signal Strength Indicator (RSSI)

RSSI is a measurement of how well a UAV can hear a signal
from the ground nodes. RSSI is normally measured in decibels
with a negative value. The graph in Figure 6 shows the value
of RSS for both node 1 and 2. During the search phase the
RSSI between UAV and nodes is inconsistent as the UAV is
moving around to find the nodes on ground by either using
a spiral search or ladder search method. Once the searching
phase is over and the UAV moves to the optimal position, the
RSSI becomes consistent as shown in Figure 6 below.

B. Bit Error Rate (BER)

Bit error rate or BER is basically the rate at which the error
occurs in a transmission system during the communication.
The graph in Figure 7 shows the bit error rate between UAV
and nodes. BER is basically the rate at which the error occurs
in a transmission system between transmitter and receiver. In
the case of a good signal to noise ratio, the BER will be very
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Fig. 7: Bit error rate with respect to time

small and sometimes negligible. During the search phase, the
BER is varying because of the fluctuation in the signal, but
once the UAV finds the optimal position, the BER becomes
stable as shown in the graph in Figure 7.

VI. CONCLUSION

In this paper we have proposed and investigated the per-
formance of an optimal UAV deployment algorithm (OUDA)
in order to deploy a single UAV between two static nodes
on the ground for developing communication infrastructure.
The UAV is deployed to an optimal position based on RSSI,
and distance between the participating nodes and UAV. The
algorithm performs well in terms of low BER, which makes
the algorithm suitable for real time applications in disaster
management.

In the future, we are planning to extend our algorithm
to a group of static or moving nodes employing clustering
algorithms. The use of multiple UAVs to provide communi-
cation facilities to a larger area is also planned. Moreover,
comparing our algorithm with other algorithms and producing

more experimental results from real and simulated data is also
part of our future work.
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