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Abstract—The consideration of mobile networks as a
communication infrastructure for unmanned aerial vehicles (UAVs)
creates a new plethora of emerging services and opportunities. In
particular, the availability of different mobile network operators
(MNOs) can be exploited by the UAVs to steer connection to the
MNO ensuring the best quality of experience (QoE). While the
concept of traffic steering is more known at the network side,
extending it to the device level would allow meeting the emerging
requirements of today’s applications. In this vein, an efficient
steering solutions that take into account the nature and the
characteristics of this new type of communication is highly needed.
The authors introduce, in this paper, a mechanism for steering the
connection in mobile network-enabled UAVs. The proposed solution
considers a realistic communication model that accounts for most of
the propagation phenomena experienced by wireless signals.
Moreover, given the complexity of the related optimization problem,
which is inherent from this realistic model, the authors propose a
solution based on coalitional game. The goal is to form UAVs in
coalitions around the MNOs, in a way to enhance their QoE. The
conducted performance evaluations show the potential of using
several MNOs to enhance the QoE for mobile network-enabled
UAVs and prove the effectiveness of the proposed solution. Index
Terms—Unmanned Aerial Vehicles (UAVs), Mobile Networks,
Connection steering, Game theory.

1. INTRODUCTION

Recent years have been marked by the widespread use of
UAVs, also called drones. UAVs have a wide range of
applications, such as smart monitoring, surveillance, and
rescue missions. To increase the coverage of drones’ related
services, the next generation of UAVs is relying on mobile
networks as a communication infrastructure. This will enable
beyond visual line-of-sight applications and open a new
plethora of emerging services. Mobile networks also provide
new opportunities that can enhance the QoE and meet the
requirements of today’s applications. One advantage is to
exploit the availability of different MNOs and to steer UAVSs’
traffic through the network ensuring the best QoE. To ensure
the feasibility of the MNO steering scheme, the UAV can be
equipped with multiple radio interfaces. Each radio interface
allows the UAV to connect to one MNO.

The concept of traffic steering is more known at the
network side. It has been used to direct the flow of traffic
through different means. The traffic-steering concept can be
extended to the device level allowing to enhance the QoE for
these devices. However, such solutions must take into account
the nature and the characteristics of mobile networkenabled
UAUVs. For instance, the close to free-space signal propagation

of the flying UAVs is translated into increased interference on
the non-serving BSs, in the uplink scenario. Real-field
evaluations showed that flying UAVs experience different
quality of service compared to user equipment on the ground
[1]. The efficiency of a steering mechanism would relate to its
ability to evaluate UAV’s QoE and to select, for each one, the
adequate MNO.

In the literature, few works have addressed the connection
steering problem for mobile network-enabled UAVs. In
addition, previous works on this topic did not consider
adequate channel models for these emerging communications.
This underpins the focus of this paper wherein the authors
propose an efficient steering mechanism for mobile network-
enabled UAVs. The main contributions of the paper are the
following: « We consider a realistic communication model for
mobile network-enabled UAVs taking into account the fast
fading, path loss, and interference. Moreover, given the
complexity of the related optimization problem, which is
inherent from this realistic model, a solution based on
coalitional game is proposed to select for each UAV the MNO
ensuring the best QoE.

« We provide numerical results for connection steering
using several mobile networks. The obtained results
demonstrated the potential of steering the connection in
enhancing the QoE for the flying UAVs. In addition, our
analyses demonstrate the effectiveness of the proposed
coalitional game in achieving optimal QoE compared to
a random selection scheme.

« We show that as the number of MNOs increases, the
aggregate network sum-payoff, as well as the individual
payoff of the UAVs increase leading to a reduced outage
and improved QoE.

The rest of this paper is organized as follows. Section II
reviews some works related to connection steering in
vehicular communications. The system model and the
problem formulation are provided in Section III. The
proposed solution for connection steering in mobile-enabled
UAVs is thereafter introduced in Section IV. Performance
evaluations are conducted and provided in Section V. Section
VI concludes the paper.

II. RELATED WORK

The concept of steering the traffic is more employed at the
network side to direct the traffic through different network



functions in a way to meet the expected quality of service
(QoS). This allows to deal with the growing network traffic
demand and ensure a good QoS for the users [2].

This concept has also been extended to steer the traffic from
wireless devices connected to the network. In [3], the authors
proposed a connection steering protocol for LTEconnected
vehicles. Their approach is based on anticipating the
QoS/QoE degradation and exploiting the different radio
access technologies (e.g. LTE, WIFI) to direct the traffic
accordingly. QoS/QoE-aware policies are defined and
communicated to the users to select the most adequate radio
access out of the available ones.

The potential applications of UAVs have been explored in
different studies and projects. For instance, in [4], the authors
have studied the use of an LTE network for realizing downlink
data and uplink control communication with flying UAVs. In
[5], the authors proposed to shift part of the control
communication to be performed by the UAVs, reducing
therefore network degradation. Such network degradation
caused by cellular UAVs has been studied in [6]. Other works,
such as [7], proposed the use of UAVs as flying BSs to provide
connectivity to ground devices.

However, most of prior works have studied scenarios,
whereby only a single mobile network is considered in their
communication models. The authors in [8] have proposed to
steer the connection of UAVs among different mobile
operators. This is performed based on the perceived signal
strength (RSSI) from each network. However, RSSI is not
considered as a good QoS indicator when it comes to flying
UAVs. Real-field evaluations showed that the received
signals in the air are generally very good in terms of strength,
but are different in terms of quality. In this paper, we consider
a realistic communication model to evaluate the QoE for
cellular UAVs. The framework of coalitional game is used, to
enable connection steering, which has the potential of
achieving a fair usage of resources [9].

III. SYSTEM MODEL AND PROBLEM FORMULATION

This section aims to model the system and formulate the
underlying problem. It first derives the system model for one
cellular network. Thereafter, a consideration of many mobile
networks is provided along with the problem formulation.

A. System Model

The uplink scenario is considered in which the data is
transmitted from the UAVs to the BSs. Let U be the set of
UAVs and B the set of BSs. Let us denote by u €U the
transmitting UAV, and by v €B the receiving/serving BS. In
the proposed model, we take into consideration the
interference from the other UAVs on the serving BS v. Let us
denote by 7 the interfering UAV node. The received signal at
the BS v can be expressed as follows:

\/ t6=u \/

Puxu + Z(Xtv
tev

Yv =0Quv Pixt +ny, (1)

where P, and P,denote the transmission powers at node « and
node ¢, and x, and x, refer to the transmitted symbols by
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Fig. 1: System model (uplink).

those devices (¢ and ¢), respectively. The fading coefficients
of the links uv and #v are referred to as au, and a,,, respectively.
The noise n, is modelled as a zero-mean additive white
Gaussian process with variance No. Let vy, stand for the
instantaneous received signal-to-noise ratio (SNR) for the link
uv, which can be expressed as

Yuv = Pua:%v/Nﬂ. 2)

For the uplink, the instantaneous received signal-
tointerference-plus-noise ratio (SINR) for the link between a
device u and the BS v can be obtained as

t6=u

S[NRuv ZVuv/( 1 + Zvrv) (3)

tev

The propagation channel is modeled considering line-
ofsight (LoS) and non line-of-sight (NLoS) links. We adopt
the model proposed by 3GPP [1] to compute the probability
of a LoS condition between a UAV u and a BS v as

[ 1 if 4, > 100

1 ifdw di
d —d,,., d
T.IV"FEXP( Pl ) (1 - ﬁ) LoS<

Puvifduv> d1, (4)

with d = max (460 logio(%,) — 700,18) and p; = 4300 logio(/.)
- 3800. The altitude of the UAV u is denoted by 4, and d, is
the 2D distance to the serving BS v, as shonw in Fig. 1. Note
that the probability of an NLoS condition P, 5, can be



evaluated as P,,"'°S = 1-P,,'S. The path loss expression [1]

depends on this condition and can be computed as

for LoS link

(5)
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where f. is the carrier frequency and d,,*” is the Euclidean
distance between the UAV « and the BS v, as shown in Fig. 1.
The effect of fast fading is taken into account in the proposed
communication model. The fast fading follows a Nakagamim
distribution for LoS links, and a Rayleigh distribution for
NLoS links. The mean values of the SNR for the LoS and
NLoS links are referred to by the parameters A,, and By,
respectively, as follows

( Auv = PuvLoS
X P, /No x 101
__PL
x P /N % 10 mu 0 uv (6)
PL
Buv = PquLOS.

Theorem 1: In the uplink communication, a UAV u fails in
transmitting its packets to the BS v €B iff SINR,, falls below a
threshold vyum. This event, called outage, occurs with a
probability Po" .(ym) that can be expressed as
0 m
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where () is the gamma function. ([1,...,N]) refers to the list of

) '
interferer UAVs. The terms Bij» Bar, 6r, and 6,; have unique
values satisfying the following formulas (fractional
decomposition)
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where N, and B, denote respectively the weight and the zero
factors of the n-th order Laguerre polynomials [10]. T(a,z) is
the upper incomplete gamma function defined as T(a,z)=
Jr ey

Proof: The proof is provided in [11]. |

Theorem 1 provides the outage probability for mobile
network-enabled UAVs on the uplink. It reflects the QoE a
UAV would experience when transmitting data. The outage
probability in Theorem 1 has been derived taking into account
the path loss, fast fading, and interference. This makes the
system model realistic since it considers most of the
propagation phenomena that the wireless signal undergoes.
B. Problem Formulation

To formulate the connection steering problem based on the
above model, let us consider a set O of O mobile operators
providing connection through their deployed base stations.
We assume that the MNOs can cooperate to ensure better QoE
for the UAVs. Each UAV is connected to different mobile
networks and transmits data through only one network at a
given time. The goal is to steer the connection to the MNO
ensuring the best QoE for each UAV. Let us denote by uv, the
link between the UAV u and its serving BS v, from the MNO
o €0. The problem would therefore be translated into



choosing for each UAV the serving BS from the available
MNOs, while minimizing their outage probability.

To characterize the choice to be taken by each UAV, we
define the Boolean variable x,, as follows

1 If the UAV u chooses the MNO o O 0
Otherwise.
=€

(11)

Xuo

Consequently, the steering problem would be expressed as

min maxx PoutUAV,uva(Vth)! (12) “eVuo
s.t.

(13)
ouox =1, Vu €U
0€E

x €{0,1}, Yu €U,VYo €0. (14)

uo

In the above optimization problem, constraint (13) ensures
that each UAV selects one and only one MNO to be used for
transmitting data. Constraint (14) limits the value of the
decision variable to {0,1}. On the other hand, the objective
function (12) aims to reduce the outage probability for the
UAVs. This function is non convex and very complex. This
complexity is inherent from the consideration of most of the
propagation phenomena characterizing wireless
communication. This shows the difficulty of achieving an
optimal solution and raises the necessity of new solutions. The
next section presents our proposed coalitional game
optimization for connection steering in mobile network-
enabled UAVs.

IV. A COALITIONAL GAME FOR CONNECTION STEERING

In order to steer the connection to the MNO ensuring the
best QoE for the UAVs, this paper proposes a coalitional
game-based solution. A summary of the used notations is
provided in Table I. The game is defined among the set of
users V, where each UAV is considered as a player. The goal
is to form the coalitions, such that the payoff of the different
players is maximized.

A coalition S, represents a set of players that will rely on
the MNO o for communication (a UAV u € S, will be served

by its corresponding serving BS in the MNO o). Note that the

number of coalitions equals to the number of available MNOs.

Let S ={S},5,..,.S0} be the set of coalitions (S, € V). As each
UAV uses one MNO to transmit data at a given time, each two
coalitions involve entirely different set of TABLE I: Summary
of Notations.

Notation Description
Set of MNOs. |O] =
Set of players. o)

S Set of coalitions. S = {S),S,,..,.So}

Ms, (1) Payoff of the player u € S,

w(S,) Characteristic function of the coalition S,

Si <u Sj The transfer function of the player u from the
coalition S;to the coalition S;

players; i.e. VS|, € S : S1=6 S, == S| T $2 = 0/. The payoff of
each player u belonging to a coalition S, can be obtained as

follows

oe@

I'ISa(u) = 1-PoutUdVuvo  ,u € So.

(15)
As we can see from (15), the payoff of a player is defined
based on the outage probability of the corresponding UAV
within the coalition. In fact, the payoff in (15) represents the
probability of successful communication for player u. The
player increases its payoff by reducing its outage probability
and consequently increasing its success probability. As for the
characteristic function of a coalition, it is defined as

w(So) = D Mso(u).

u€So

(16)

It is worth mentioning that the players are selfish and each
one aims to increase its payoff without caring about the others.
They change their coalitions in order to obtain a better payoff,
leading therefore to decreased outage probability for all the
players in their corresponding coalitions. To this end, we
define the transfer operation which allows the UAVs to
change their coalitions. This operation should ensure that the
resulting partitioning is associated with a better payoft for the
set of players.

Definition 1: A player u belonging to a coalition S;(u € S;)

would be transferred to another coalition S; (S;=6 S)) iff:

< oty () > Ns; () (17.1)

s 'Se  wAnd(S\{u}-w(S) > w(S)-w(sU{u}) (172) a7

The definition in (17) means that a player # would be
transferred from a coalition S;to another coalition S§j, if the
concerned player will increase his payoff after the transfer
(materialized by the condition (17.1)), while the gain of this
operation on the coalition S;is larger than the loss on the
coalition S; (condition (17.2)). Indeed, transferring a player
from coalition S;to S;could potentially enhance the payoff of
coalition S; (withdrawing a potential interferer) and decrease



the payoff of coalition S;. Condition (17.2) ensures that if the
transfer operation incurs a loss on coalition S, this loss should
not be larger than the benefit obtained by coalition S;. The
players keep changing their coalitions in order to enhance
their payoffs.

Algorithm 1 illustrates our steering solution which is based
on coalitional game. The execution of the game starts with an
initial partition of the players on the coalitions. This initial
partitioning is performed in a random manner. For each two

| 5 54 : on i Aloori

Coalitional Game A]gnrifhm

Require: S = {S},...,So} 1:
while True do

variable ’Stable’ in Algorithm 1 is used to characterize this
state.

Theorem 2: Starting from an initial random partition of the
players on the coalitions, Algorithm 1 is guaranteed to
converge towards a final stable and optimal partition.

Proof:

As defined in Algorithm 1, the initial partition will be
subject to players transfers applied sequentially. Let us
express this transfer as follows:

NOEMNOEN (18)

where each SO represents the set of coalitions, S, after transfer
operation number i and S( is the first partition. The symbol
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Fig. 2: The performance evaluation of the proposed coalitional game scheme for varying number of UAVs and MNOs.
2: Stable = True — reflects a transformation operation from one state to
3t for each two coalitions S;S; € S do another which is materialized by a transfer of one player. As
4 for each player u € S;do if S; <u §; the number of coalitions and the number of players are limited,
3 then the possible states of the coalitions are also limited. Lemma 1.
6 Si= S\ {u} To prove the convergence of Algorithm 1, it suffices to prove
7 that the transfer operation does not lead to repeated
‘ 5= 5 V() y
partitions.
St.able = False The above lemma is justified by the fact that the number of
o end if partitions is limited. If the partitions do not repeat, the
10: end for sequence defined in (18) will converge to a final partition.
H: ?nd for This sequence is governed by the transfer operation defined
122 if Stable then in (17). The latter can also be written as follows
13: break
14: end if HS‘JLJ{H](”) > I, (u)

15: end while

evaluated (lines [3 - 5] of Algorithm 1). This evaluation is
performed according to equation (17). If the transfer
conditions are satisfied, the two coalitions will be updated
(lines [6 - 7] of Algorithm 1). This process will be repeated.
An important feature in coalitional game is the stability. A
stable partition is reached if the players have no incentive to
leave their coalitions since no player can increase his payoff
by moving from one coalition to another. The stable partition
is the optimal solution that maximizes the total sum-payoff. If
no stable partition exists, the coalitional game is unstable. The

And (19)

w(Si\{u}) +w(S;U{u}) > w(S;) +w(S:).

Si <1qu4:>{

From condition (19.2) we can see that the resulting states
of the two concerned coalitions, together, have better payoffs
compared to their original states. In addition, the other
coalitions, not concerned by the transfer operation, will not be
affected. In other words, their payoffs remain the same.
Consequently, we can write the following

(19.2)

S(f)_>S(.i):> Z W(SE_"))< Z W(Slsj))_

[010] S(f)l €S() Sk €S

(20)

Consequently, the transfer operation leads to different
partitions. As per Lemma 1, Algorithm 1 does not lead to



repeated partition and therefore converges to a final stable
partition. Moreover, the sum of the payoffs of the resulting
coalitions, after a transfer operation, increases as illustrated
by (20). This shows that the final obtained partition has the
largest sum-payoff and is thus optimal, which proves

Theorem2. MW

V. PERFORMANCE EVALUATION

In this section, we present the evaluation results of the
proposed coalitional game for connection steering in mobile
network-enabled UAVs. The communication model is
implemented considering a Nakagami model with m = 2, a
carrier frequency f.of 2 GHz, a noise variance Ny of —130dBm
[12], and a sensitivity threshold yu; of 10-* [11]. The
evaluation is performed in 1 km x 1 km square area. The
altitude of the UAVs is randomly attributed between 22.5 m
and 300 m, which is the applicability range for the used path
loss model [1]. In each evaluation, we have used 12 BSs per
MNO, with varying number of UAVs and MNOs.

Fig. 2 depicts the benefit of our coalitional game based
solution, on the outage probability, for varying number of
UAVs and MNOs. Our proposed scheme is compared to a
random selection of the serving MNO by each UAV. The
different sub-figures, Fig. 2(a), Fig. 2(b) and Fig. 2(c), have
been obtained considering respectively two, three and four
MNOs. These curves resulted from averaging the outage
probability of all the considered UAVs. As we can see from
these sub-figures, for a fixed number of UAVs, increasing the
number of the MNOs reduces the outage probability for these
UAUVs. Indeed, as each UAV selects only one MNO to be used
for transmitting data, the other non-serving MNOs will not be
subject of interference from this UAV. We can also see that
the outage probability is reduced, when increasing the number
of MNOs, even with a random selection. This shows the
potential of exploiting several mobile networks to enhance the
QoE for flying UAVs. In addition, Fig. 2 illustrates the
effectiveness of the proposed solution in enhancing the QoE
for the flying UAVs. The MNO selection based on the
coalitional game achieves better outage probability compared
to the random selection, for different numbers of MNO and
UAV. The coalitional game starts with a random selection, on

which a sequence of player transfer operations will be applied.

As shown in equation (20), the transfer operation enhances
the sum of the characteristic function of the coalitions.
Consequently, the final selection provided by the game
ensures better payoff for the players, which is translated into
reduced outage probability for the corresponding UAVs.

In Fig. 3, we have evaluated the sum of the payoffs for a
fixed number of UAVs (120 UAVs), and different number of
MNOs. The sum of the payoffs also reflects the sum of the
coalitions’ characteristic functions. As it can be seen from this
figure, the sum-payoff increases with the number of
considered MNOs. Since we consider a fixed number of
UAVs, the increase of the sum-payoff signifies that the

average individual payoff per UAV increases as a larger
number of MNOs is employed. Consequently, the
corresponding UAVs will have better QoE. Moreover, the
evaluation shows that the proposed solution outperforms the
random selection scheme by yielding a larger sum-payoff.
Note as well that the gain in terms of sum-payoff obtained by
using our proposed solution instead of the random selection
increases as we increase the number of MNOs.

Meanwhile, Fig. 4 depicts the number of transfer operations
executed by the algorithm before reaching the stability. This
reflects the convergence speed of the algorithm. A larger
number of transfer operations induces a longer time for the
algorithm to reach an optimal stable partition. From Fig. 4, we
see that the number of transfer operations increases, in general,
with the number of considered MNOs and the connected
UAVs. Indeed, these two parameters reflect respectively the
number of coalitions and the number of players. The number
of players’ transfer attempts is executed

100

Proposed solution [
90 [~ Random selection NN

Sumofpayoffs
@
3

) .

1 2 3 4
Number of MNOs

Fig. 3: Evaluation of the sum of payoffs (120 UAVs).

according to the size of these two parameters (lines 3 and 4 in
Algorithm 1). This demonstrates the impact of these two
parameters on the convergence speed of the algorithm. On the
other hand, we also take note that in few situations, the
number of transfer operations can decrease when passing to
more MNOs or UAVs. For example, as it can be seen from
Fig. 4, the number of transfers considering three MNOs and
60 UAVs is less than that using 55 UAVs. This is due to fact
that the initial partition is random (random selection of the
serving MNO). As expressed by equation (18), the initial
partition is subject to a sequence of player transfer operations
until reaching the stability. Each operation allows enhancing
the sum of the characteristic function of the coalitions. This
shows that the initial partition plays also a role in increasing
the convergence speed of the algorithm. If the initial random
partition is closer to the final stable partition, a smaller
number of transfer operations is needed for the algorithm to
converge to the final optimal partition. It is important to
mention that the results in Fig. 4 were obtained by averaging
over 9 trials. By averaging over several trials, we decrease the
variance of the obtained results.
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VI. CONCLUSION

In this paper, a mechanism for connection steering in
mobile network-enabled UAVs has been proposed. It aims to
select, for each UAV, the MNO that provides the best QoE for
transmitting data. To this end, the paper considers a realistic
communication model. Given the complexity of the related
optimization problem, a coalitional game optimization based
solution has been proposed. The goal is to form UAV
coalitions around the MNOs in a way to enhance their QoE.
A transfer operation has been defined to enable UAVs to
change their coalitions, reduce their outage probability, and
increase their payoff. Through simulation, we have shown the
potential of exploiting several MNOs to enhance the UAVs’
QoE. We demonstrated the effectiveness of our proposed
coalitional game approach in converging to a stable partition
that maximizes the sum-payoff of the aggregate network.
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