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Abstract—The unmanned aerial vehicles (UAVs) can be deployed as aerial base stations or wireless relays to increase the
capacity of wireless networks. In this paper, the positioning
of a full-duplex (FD) UAV as a relay to provide coverage for
an FD vehicular network is investigated. In particular, given
a configuration of predefined locations for the UAV, and the
position of the vehicular users on the ground, a novel algorithm
is proposed to find the position for the UAV to satisfy the quality
of service (QoS) requirements of the vehicles in the network.
The positioning problem is formulated as an `0 minimization
which is non-combinatorial , NP-hard, and finding a globally
optimal solution for this problem has exponential complexity.
Hence, we have approximated the nonconvex problem using `1 norm and proposed a suboptimal algorithm to solve it. Simulation
results show that by using the proposed approach the number
of times that UAV can satisfy the SINR constraints increases by
approximately 10% compared to a baseline scenario in which the
UAV has a fixed location.
Index Terms—Full-duplex UAV, Relaying, V2V Communications, Convex Optimization

I. I NTRODUCTION
Autonomous vehicles are expected to increase the efficiency
and safety of future transport systems. Recently, there has
been a surge of interest in developing intelligent transport
systems (ITS) and addressing the associated problems [1]. For
example, the safety is a crucial issue especially in the case of
self-driving cars which ITS aims to address by concepts such
as vehicle-to-vehicle (V2V) communications and vehicle-toinfrastructure (V2I) communications [2], [3]. Another crucial
emerging phenomenon which has attracted a lot of attention is
the use of unmanned aerial vehicles (UAVs) as base stations
(BSs) in emergencies where it is required to recover the
wireless network due to damages from natural disasters such as
flood or earthquake [4]. Moreover, the UAVs can be deployed
as wireless relays to enhance the communication between
wireless devices [5]. However, UAV communications and
networking for vehicular networks faces serious challenges
such as the high mobility of vehicles and air to ground channel
modeling [6]–[8]. Moreover, it is necessary to design power
efficient methods due to the limited capacity of the batteries
in the UAVs.
To address the aforementioned challenges, the authors in [9]
propose a new framework for locating and modeling several
UAVs in a 3D space, where these UAVs are utilized as aerial
BSs to collect data from the IoT devices on the ground. The
location of the UAV and the uplink power are determined such

that the total transmit power of the devices in the network is
minimized subject to their SINR constraints. The deployment
of a UAV as an aerial BS which is required to provide wireless
communication for a geographical area including device-todevice (D2D) communication network is studied in [7]. It is
shown that for different D2D user densities, the UAV can be
placed in an optimal height to maximize the system sum-rate
and the coverage probability.
Vehicles are expected to be equipped with short-range
communication technologies to enable the operative awareness
or beaconing where vehicles broadcast their status to the
surroundings. Two standards that allow direct V2V communication are IEEE 802.11p and longterm evolution V2V (LTEV2V) [10]. The performance of the IEEE802.11ad medium
access control (MAC) and beamforming mechanism are evaluated in [11], where it is shown that IEEE 802.11ad faces
serious challenges and some changes are required in order to
be able to satisfy the high-bandwidth requirements of vehicular
communications. In [12] full duplex radios are porposed to be
used in V2V communications since FD radios can achieve up
to two times the rate of a conventional half duplex link [13].
The mmWave communication is proposed as another solution
for high bandwidth requirement of connected vehicles in [14].
Autonomous vehicles require a large number of sensors to be
mounted on them to get information from the surroundings
to model the environment around the vehicle. Because of
the huge amount of data that autonomous vehicles generate,
very high rates are required to transmit the generated data.
However, the existing solutions such as 4G and dedicated short
range communications (DSRC) cannot meet the high data rate
requirement of the autonomous vehicles. Therefore, novel solutions are required for autonomous vehicular communication
systems [14]. With advances in UAV technologies, there has
been a surge of interest in using UAVs to address some of the
challenges of vehicular communications [8], [15].
A new UAV-assisted data dissemination scheduling strategy
in VANETs is proposed in [15] where cooperative data dissemination is used to overcome the limited connection time
of the communication links. The authors propose a recursive
least square (RLS) algorithm to predict the motion of the
vehicles. Moreover, the use of UAVs as assistants for spreading
information in vehicular networks is discussed in [8] where the
vehicles are grouped in clusters. The UAV is communicating
with the head of the cluster, which, decreases the number
of links required for the ground users to communicate with
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Figure 1: System model and the coordinate system
each other. Therefore, the interference is reduced and the
communication links become more reliable due to the transmit
diversity that is introduced by the UAV.
However, to the best of our knowledge, there has been no
prior work that investigates the FD UAV relaying in vehicular
networks. The main contribution of this paper therefore is
to propose a novel method for positioning a UAV which is
operating as a wireless relay. First, we define a set of locations
that the relay can accommodate and operate at. Next, using
`0 -norm we formulate a minimization problem for positioning
the UAV such that it can satisfy the QoS requirements for
the vehicular network. However, `0 minimization problem is
NP-hard and non-ombinatorial and finding a globally optimal
solution requires exponential complexity. Therefore, we relax
all the `0 functions with their natural `1 -norm approximation
and convert it into a convex optimization problem. Additionally, the proposed method will find the optimal height for the
UAV to operate efficiently.
The rest of the paper is organized as follows. Section
II presents the system model describing the air to ground
and V2V channel model. In Section III, we formulate the
UAV positioning as an `1 minimization problem. Section IV
presents the simulation results, and the conclusions are drawn
in section V.
II. S YSTEM M ODEL
Consider a network with a BS, a vehicle as the source
node that is communicating with the BS through a UAV
relay, and a pair of vehicles which communicate directly with
each other through a V2V link. As depicted in Fig. 1(a) the
vehicle communicating with the BS is the source node and
it is denoted as s, the UAV operating as a relay is shown as
r, the BS is denoted as the node b, and the V2V vehicles
communicating with each other are shown as v1 and v2 . We

assume that the relay and the V2V vehicles are operating in
a full-duplex mode using the same radio resources, i.e., they
are able to transmit and receive signals simultaneously on the
same frequency band. Furthermore, we assume that the BS
is located far apart, and hence, it is not possible to establish
a direct link between the BS and the vehicle. Therefore, the
relay is required to assist the source node to communicate with
the BS. We denote all the ground devices in the system by the
set D = {s, b, v1 , v2 }. The coordinates of ith device where
i ∈ D is given by (xi , yi , zi ), and the coordinates of the relay
are shown as (xr , yr , zr ). Furthermore, we consider that the
locations of the devices are known to a central controller that
finds the optimal location of the UAV. Fig. 1(b) illustrates
the coordinate system for this setup, where the middle of
the junction in Fig. 1(a) is considered as the origin of the
coordinate system.

A. V2V Channel Model
The path loss for vehicular communications is considered
to follow the dual-slope model [16] which is given by

 P L0 +10n1 log10 (d/d0 )+Xσ , if d0 ≤ d ≤ db
P L0 + 10n1 log10 (db /d0 )
P L(d) =

+10n2 log10 (d/db ) + Xσ ,
if d ≥ db ,
(1)
where d is the distance between the transmitter and the
receiver, d0 is the reference distance, P L0 is the path loss at
the reference distance, Xσ is a zero-mean normally distributed
random variable with standard deviation of σ. The notation db
denotes the breakpoint distance where the first Fresnel zone
touches the ground, n1 is the path loss exponent until the

distance db , and n2 is the path loss exponent for the distances
after db . The breakpoint distance is defined as
2

4hT X hRX − λ4
db =
,
(2)
λ
where hT X and hRX are the transmitter and the receiver
heights, respectively, and λ is the wavelength.
B. Air to Ground Channel Model
In the air-to-ground channel model there are two main
groups of signals received in the receiver, the first group is the
line of sight (LoS) and the second group is the non-line of sight
(NLoS) [4]. The occurrence probabilities of the LoS and NLoS
links are a function of the environment and the elevation angle
between the UAV and the ground user. The parameters defining
these probabilities are the average number of the buildings per
square kilometer, distribution of the heights of the buildings,
and the ratio of the area with buildings to the whole area. The
path loss for the LoS and NLoS components can be calculated
as a function of the distance between the relay and the ground
devices. The following are the path loss equations for the LoS
and NLoS links [17]:
LLoS (dB) = ηLoS (

4πfc di µ
) ,
c

LN LoS (dB) = ηN LoS (

4πfc di µ
) ,
c

(3)
(4)

where ηN LoS and ηLoS (ηN LoS > ηLoS > 1) are the
excessive path loss coefficients which are defined according
to the propagation group and the physical environment [17],
c is the speed of the light, fc is the carrier frequency, µ is the
path loss exponent, and di is the distance between the relay
and the user i ∈ D on the ground and is calculated by
p
di = (xr − xi )2 + (yr − yi )2 + (zr − zi )2 .
(5)
As discussed before, the LoS and NLoS links have their own
probabilities of occurrence which depend on the environment
characteristics and according to [17] they can be expressed as
P (LoS) =

1
,
1 + α exp(−β[ 180
π θi − α])

P (N LoS) = 1 − P (LoS),

(6)
(7)

where α and β are constants depending on the type of the
environment, θi is the elevation angle between the UAV and
hi
the ground user i ∈ D, θi = 180
π × arcsin( di ), where hi is the
vertical distance between the relay and the node i ∈ D. The
following equation denotes the average path loss between the
ground user i and the relay [18]:
4πfc di µ
4πfc di µ
) +P (N LoS)×ηN LoS (
) .
L = P (LoS)×ηLoS (
c
c
(8)
The SINR of the link between the source and the relay is given
by
ps gsr
γsr =
,
(9)
P2
N0 + Ir + j=1 pvj grvj

where N0 is the additive white Gaussian noise, ps is the
transmit power of the source, gsr is the channel gain between
the source and the relay, Ir is the residual of the selfinterference (SI) [6]. The residual of SI is defined as Ir = δpr
where
P2 δ depends on the SI cancellation method. The term
j=1 pvj grvj is the total interference from the full-duplex
connected vehicles, pvj is the transmit power of the j th vehicle
in the full-duplex link and grvj is the channel gain between
jth vehicle and the relay. The SINR of the FD V2V link can
be written as
pvk gV 2V
j, k ∈ {1, 2}, j 6= k,
γ vj =
N0 + Ivj + ps gsvj + pr grvj
(10)
where pvk is the power of the signal transmitted from the
vehicle vk , gV 2V is the channel gain between the two vehicles,
Ivj is the residual of the SI, ps gsvj is the interference coming
from the source node to the jth V2V user, pr grvj is the
interference coming from the relay to the jth V2V user. The
SNR of the link between the r and b is calculated by
pr grb
,
(11)
γrb =
N0
where pr is the transmit power of the relay, and grb is the
channel gain between the r and the b. Since the interference
generated by other links can be neglected as we assumed the
destination node is located far apart from other links for the
link between r and b we have SNR instead of SINR.
III. P ROBLEM FORMULATION AND SOLUTION APPROACH
In this section, we first formulate the problem of UAV
placement. This problem is NP-hard and nonconvex. Therefore, we approximate the original problem with a convex
optimization problem and propose a suboptimal method to
solve the approximated problem.
A. Problem formulation
Let us first define the following set of notations. Let li ∈ R3
be the ith location that the relay can operate at, where the first,
second, and the third elements of li are x, y, and z coordinates,
respectively. This matrix is expressed as


xr1 yr1 zr1
xr2 yr2 zr2 


Lr =  .
(12)
..
..  .
 ..
.
. 
xrl yrl zrl
Next, we define the received signal power ssr ∈ RL at each
location of the r from s. This vector can be expressed as
ssr = ps gsr .

(13)

where, ps is the transmit power of the s and gsr ∈ RL is
channel gain vector for the links between s and each of the
predefined locations for r. Similarly, we define the interference
signal powers received at each location for the relay from the
V2V vehicles as sv1 r ∈ RL and sv2 r ∈ RL . These vectors are
expressed as
sv1 r = pv1 gv1 r ,
(14)

sv2 r = pv2 gv2 r .

(15)

where, pv1 and pv2 are the transmit powers of the first V2V vehicle and the second V2V vehicle, respectively. Furthermore,
vectors gv1 r ∈ RL and gv2 r ∈ RL are the vectors of the
channel gains between the V2V vehicles and r in each of the
predefined locations. The received signal power at b from each
predefined location of r is denoted as srb ∈ RL and can be
expressed as
srb = pr grb .

(16)

Algorithm 1 UAV positioning algorithm
1:
2:
3:
4:
5:

For a given topology: set SINR thresholds
Find SINRs for each location of r
Approximate problem (23) by (24)
Solve (24) and find e
Find the index of the maximum value in e, and locate the UAV

design problem can be formulated as the following feasibility
problem
minimize
subject to

where, the notation pr is the transmit power of the node r and
grb ∈ RL is the vector of the gains for the links between the
locations of r and the b. Finally, we define the interference
signal powers received at the V2V vehicles from r by srv1 ∈
RL and srv2 ∈ RL . These vectors are expressed as
srv1 = pr grv1 ,

(17)

srv2 = pr grv2 .

(18)

where, vectors grv1 ∈ RL and grv2 ∈ RL are the vectors
of the channel gains between the r in each of the predefined
locations and V2V vehicles.
In order to be able to choose the best location from the set
L we define a vector e ∈ RL whose entries must be all null
except one entry which must be equal to one. The index of the
nonzero entry in e demands that the set of coordinates with
the same index from the location matrix L must be chosen for
the relay to be located at. The vector e is expressed as


eT = 0 . . . 1 . . . 0 .

(19)

By using notation e, we now rewrite the SINR expressions
defined in (9), (10), and (11). The SINR of the link from s to
r is expressed as
γsr =

eT ssr
.
P2
N0 + Ir + j=1 eT srvj

(20)

N0 + Ivj

pvk gV 2V
+ ps gsvj + eT srvji

j, k ∈ {1, 2}, j 6= k.

(21)
Finally, we can calculate the SNR for the link from the relay
to the destination:
γrd =

eT srd
.
N0

eT ssr
≥ γ1
(23a)
P2
N0 + Ir + i=1 eT srvi
pvj gV 2V
≥ γ2 , i, j ∈ {1, 2}, i 6= j
N0 +Ivi +ps gsvi +eT srvi
(23b)
eT srd
≥ γ3
N0
kek0 = 1
ek ∈ {0, 1},

(23c)
(23d)
k = 1, ..., L

(22)

Our goal is to find a location for the UAV to operate (from a
given set of locations L) such that the QoS of the V2V link,
source to relay link, and relay to destination link is guaranteed.
The QoS of these links can be guaranteed when the SINR of
each link is greater than a predefined threshold. Hence, this

(23e)

where the variable is e. Problem (23) is non-combinatorial
and NP-hard, and it requires exponential complexity to find
a global optimal solution [19]. Therefore, we have to rely
on suboptimal methods to find an approximate solution to
problem (23).
B. Solution approach
In the following, we approximate problem (23) as a convex
optimization problem. A natural approximation of `0 is its
`1 -norm function. Hence, by replacing all the `0 functions
with their `1 -norm functions, we can write the approximated
problem of (23) as follows
minimize
subject to

0
eT ssr
≥ γ1
(24a)
P2
N0 + Ir + i=1 eT srvi
pvj gV 2V
≥ γ2 , i, j ∈ {1, 2}, i 6= j
N0 +Ivi +ps gsvi +eT srvi
(24b)
eT srd
≥ γ3
N0
kek1 ≤ 1

The SINR for each of the V2V links is calculated as
γ vj =

0

0 ≤ ek ≤ 1,

(24c)
(24d)
k = 1, ..., L

(24e)

where the optimization variable is e. Note that the binary
constraint in (23e) has been relaxed by introducing constraint
(24e) in problem (24). This is a convex optimization problem
and we can use any standard CVX solver to solve this problem.
The proposed algorithm for solving the relay positioning
problem is summarized in Algorithm 1.
IV. N UMERICAL R ESULTS
We consider a cross-road in which the source node and the
V2V linked vehicles are located. Above this cross-road, we
consider a square 114 m × 144 m area with 400 predefined

Table I: Environment parameters for A2G channel model.
Environment
Suburban
urban
Dense urban
High rise urban

ηLoS
0.1
1
1.6
2.3

ηN LoS
21
20
23
34

α
5.0188
9.6101
11.9480
27.1562

β
0.3511
0.1592
0.1359
0.1225

350

300

Table II: Simulation parameters.

locations for the relay. Locations are placed with 6m distance
from each other. We consider UAV communications in different environments with the carrier frequency of 2GHz. The
environment parameters are presented in Table I [4]. The BS
is located at the coordinates of (1000,1000) and the locations
of the vehicles are randomly generated. We set the vehicles to
be on either of the streets with a length of 1 km. The distance
between the V2V link is set to be 40 m. For obtaining each
of the points on the figures, we have run 500 simulations with
different vehicular configurations. Each number on the y axis
presents the number of times that the problem is solved out
of 500 times. In other words, y axis shows how many times a
proper location is found for the relay out of 500 times. Table
II presents the simulation parameters.
Fig. 2 shows the number of feasible answers for the `1 minimization problem compared to the number of the times that a
UAV in a fixed location can satisfy the SINR requirement of
the links in the system. The number of feasible answers of the
problem increases by implementing the predefined locations
for the relay due to the position options that the relay is
provided with. These different locations offer a wide range
of choices for the relay to choose to operate at. Since, each
predefined location is assigned a set of SINRs values, the
possibility that the relay can find a position that the SINRs
set would satisfy the constraints increases. However, this does
not happen when the UAV has a fixed location, and therefore,
our proposed algorithm performs better in satisfying the SINR
requirements of the system.
Fig. 3 shows the effect of different environments on the
system where the same set of vehicle locations with an SINR
constraint of 1dB is considered. As it is depicted in Fig.
3, in a suburban area the number of feasible answers to
the problem are higher than an urban area and the feasible
answers in an urban area are higher than that of a dense urban
area. Moreover, there is a pattern in the results of all the
environments and that is due to the fact that by increasing
the altitude of the UAV the possibility of having a LoS link

Feasible answers

Value
0-1 - 0.4 mW
0.5 mW
0.5 mW
2 MHz
1 KHz
400
63.9 dBm
10 m
161 m
1.81
2.85
10 m
-170 dBm
30 m

200

150

100
multiple locations
one location

50

0
0

100

200

300

400

500

600

700

800

UAV height [m]

Figure 2: Number of feasible answers for a static UAV with one
location compared to multiple locations.
350

300

250

Feasible answers

Description
V2V transmit power (Pv1 , Pv2 )
Source transmit power (Ps )
Relay transmit power (Pr )
Carrier frequency (fc )
Bandwidth (BW )
Number of the locations of the relay (l)
Reference path loss (P L0 )
Reference distance (d0 )
Break-point distance (db )
Path loss exponent (n1 )
Path loss exponent (n2 )
Reference distance (d0 )
Noise power spectral density (N0 )
BS antenna height (hb )

250

200

150

100
suburban
urban
dense

50

0
0

100

200

300

400

500

600

700

800

UAV height [m]

Figure 3: Number of feasible answers in different environments.
increases and we get more feasible answers. However, at some
point this effect stops and the number of the feasible answers
decrease due to the increase in the distance between the relay
and the ground user which leads to a high pathloss.
Fig. 4 shows the number of feasible answers for the problem
in an urban environment for different SINR constraints for the
V2V link. The SINR constraint for the relay links are set to
be 1 dB, however, we change the V2V link SINR threshold
from 1 dB to 4 dB. As shown in Fig. 4 the number of feasible
answers decrease by increasing the SINR threshold.
Fig. 5 shows the number of feasible answers for the problem
in an urban environment while the transmit power of the source
node and the relay are fixed at 0.5 mW but the transmit power
of the V2V vehicles are changed from 0.1 mW to 0.4 mW.
As shown in Fig. 5, the number of feasible answers decreases
as the V2V transmit power increases due to the excessive
interference from the V2V on the transmission link from s
to r. Furthermore, by increasing the transmit power of the s
and r the number of feasible answers increase as SINR of the
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link from s to r improves.
V. C ONCLUSION
In this paper, FD UAV relaying is proposed to increase
wireless coverage in vehicular communication networks with
an underlay V2V link. First, by using a set of predefined
locations for the UAV relay, and, also by considering the
locations of the vehicles on the ground, we have derived the
SINRs for all the possible locations for the UAV. Second, to
find the optimal location of the UAV, we have formulated an
`0 -norm minimization problem. Finally, since the formulated
problem is non-combinatorial and NP-hard, we have used
an `1 -norm approximation for it, which results in a convex
optimization problem. Simulation results have shown that by
using the proposed method, the number of times that the UAV
can find a location to satisfy the SINR requirements of all the
links is 10% higher compared a baseline scenario in which the
UAV has a fixed location.
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