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This paper explores the sum rate performance by optimizing spectrum allocation in an
unmanned aerial vehicle (UAV)-to-UAV communication underlaid cellular network con-
sisting of a BS and a UAV swarm. Each transmitting UAV selects to communicate with the
BS or its nearest UAV according to a received signal strength (RSS)-based mode selection
scheme. With the mode selection scheme, if the RSS at the BS is greater than a threshold
0, it will select cellular communication mode with the BS; otherwise, it will select UAV-to-
UAV communication mode with its nearest UAV. Our mode selection scheme is general in
the sense that it can cover the following networks as special cases: cellular networks when
6 =0, and ad hoc networks when 6 = +co. We utilize the coalition formation game theory
to model the sum rate maximization problem. To this end, we first formulate the sum rate
maximization as a non-linear and non-convex optimization problem, which is generally dif-
ficult to solve. Then, we propose a coalition formation algorithm to solve the optimization
problem by optimizing the spectrum allocation among UAV-to-UAV links. The algorithm
is further proved to converge to a Nash-stable equilibrium. Finally, simulation results are
provided to indicate the impact of critical system parameters on the sum rate performance.

Keywords: UAV-to-UAV communication, cellular networks, sum rate, spectrum allocation,
coalition formation algorithm

1. INTRODUCTION

Recently, unmanned aerial vehicle (UAV) communications have been recognized
as an appealing technology in various military and civilian applications, such as traf-
fic control, industrial inspection, surveillance, search and rescue, precision agriculture,
etc. [1-4], due to their swift deployment, high mobility and low cost. Traditional UAVs
mainly perform simple point-to-point communications over the unlicensed spectrum (e.g.,
2.4 GHZ), which leads to a low data rate, unreliable and limited communication range.
To support a wide range of applications, it is of great importance to require new wireless
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technologies to significantly improve the UAV communication performance. A promis-
ing approach is to combine the cellular networks and UAV-to-UAV communications. It is
notable that UAVs utilize cellular networks to realize remote and reliable communications
at almost every corner of the world using the licensed spectrum. Moreover, UAV-to-UAV
communications enable the nearby UAVs to directly communicate with each other by-
passing base stations (BS), which can offload the cellular traffic data, especially in urban
area with dense traffic demands and in disaster circumstances without the support of in-
frastructure (e.g., BSs). In the emerging UAV-to-UAV communication underlaid cellular
networks, the sum rate performance is a critical metric for guaranteeing the optimal de-
sign and deployment of such networks. However, it has not been explored in the networks
by now.

The existing works on the rate performance mainly focus on the two types of commu-
nication scenarios with/without cellular networks [5—14]. In the scenario without cellular
networks, UAVs act as aerial BSs to serve the ground users. For the scenario, a maximum
rate from a source to its destination can be obtained by jointly optimizing power alloca-
tion and UAV trajectory in a single UAV network where the UAV serves as a relay of the
source [5]. In a UAV network with a directional antenna equipped at a UAV, a maximum
sum rate is determined by a joint optimization of the antenna beamwidth and UAV alti-
tude, wherein the UAV communicates with multiple ground users [6]. The work in [7]
further investigates the problem of sum rate maximization by a joint optimization of the
power allocation and trajectory of UAVs in a network consisting of multiple UAVs. The
max-min rate, i.e., the maximum value of minimum rate, is obtained by a joint optimiza-
tion of power allocation, UAV trajectory and bandwidth, wherein a UAV is deployed to
serve multiple ground users [8]. In a network with a UAV and multiple ground users, the
work in [9] aims to maximize the minimum rate by a joint optimization of bandwidth and
power allocations, antenna beamwidth and UAV altitude. Consider a network with multi-
ple UAVs and ground users, the max-min rate is obtained by optimizing these parameters
like transmission scheduling and association, power allocation, and UAV trajectory [10].

Regarding the scenario with cellular networks, the maximum rate from BS to UAV is
determined by a joint optimization of beamforming and power allocation at BSs, wherein
there exist multiple ground BSs serving as multiple UAVs and ground UEs in a downlink
transmission [11]. The objective of [12] is to optimize the power allocation and cell
association of a UAV for maximizing the weighted sum rate of uplink transmission in
a network including multiple BSs, ground users and a UAV. The work in [13] aims to
maximize the sum rate by a joint optimization of power allocation and location of UAV
in a two-hop relay network, where a UAV serves as a relay to forward message from the
transmissions between multiple BSs and ground users. Recently, the work in [14] is to
maximize the sum rate by a joint optimization of spectrum allocation and flying speed of
UAVs in an uplink transmission network with multiple UAVs, users and a BS.

All above works have devoted to the studies of the rate performance for the UAV
communications with/without cellular networks, which contribute to the design and de-
ployment of such networks. However, the sum rate performance still keeps unknown by
now in UAV-to-UAV communication underlaid cellular networks. To address this issue,
this paper investigates the sum rate performance by optimizing spectrum allocation among
UAV-to-UAV links. Specially, spectrum allocation is paramount to reduce the interfer-
ence between cellular and UAV-to-UAV links while improving the sum rate performance
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in such networks. The main contributions of this paper are summarized as follows.

We utilize the coalition formation game theory to model the sum rate maximiza-
tion problem in a UAV-to-UAV communication underlaid cellular network. In this
network, each transmitting UAV selects to communicate with the BS or its nearest
UAV based on a mode selection scheme. Under the mode selection scheme, if the
RSS at the BS is greater than a threshold 0, it will select cellular communication
mode with the BS. Otherwise, it will select UAV-to-UAV communication mode
with its nearest UAV.

The sum rate maximization is formulated as a non-linear and non-convex optimiza-
tion problem, which is to maximize the sum rate by optimizing spectrum allocation
among UAV-UAV links. We further propose a coalition formation algorithm to
solve the optimization problem. The algorithm is further proved to converge to a
Nash-stable equilibrium.

Finally, simulation results are provided to indicate the impact of some critical sys-
tem parameters on the sum rate performance.

The rest of the paper is organized as follows. Section 2 introduces the system models

and problem formulation. Section 3 presents coalition formation game. Simulation results

are p

rovided in Sections 4. Finally, Section 5 concludes the paper.

UAV swarm

— — —» UAV-to-UAV link

— Cellular link /
/

Fig. 1. Network model consisting of a BS and a UAV swarm.
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2. SYSTEM MODELS AND PROBLEM FORMULATION

2.1 Network Model

We consider an uplink cellular network with one BS and a UAV swarm, as shown
in Fig. 1. The transmitting UAVs and the receiving UAVs follow independent homoge-
neous Poisson point processes (PPPs) @7, and ®g, of densities A7, and Ag,, respectively.
Similar to previous work [15], each UAV flies over a fixed altitude H,,.

According to a RSS-based mode selection scheme, each transmitting UAV selects
one of cellular and UAV-to-UAV communication modes, wherein the former mode repre-
sents the UAV transmits message to the BS, while the latter mode represents it transmits
message to its nearest receiving UAV. Under the mode selection scheme, if the RSS at the
BS is greater than a threshold 0, it will select cellular communication mode; otherwise, it
will select UAV-to-UAV communication mode with its nearest UAV. Our mode selection
scheme is general in the sense that it can cover the following networks as special cases:
cellular networks when 6 = 0, and ad hoc networks when 8 = +oo. In this paper, the
UAVs selecting cellular mode are termed as cellular UAVs. On the other hand, they are
termed as U2U UAVs to select UAV-to-UAV communication mode.

2.2 Channel Model

The UAV-to-UAV links are modeled as line-of-sight (LoS) channels, and the cellular
links from UAVs to the BS are modeled as LoS channels or non-line-of-sight (NLoS)
channels. Similar to [16], the small scale fading is omitted for both the UAV-to-UAV
and cellular links, due to the reason that the probability of appearing the LoS and NLoS
channels is much higher than that of appearing the multipath fading links. The path loss
under the NLoS channels is higher than that under the LoS channels thanks to the negative
impact of the shadowing and signal reflection from obstacles for NLoS channels. As a
result, an additional attenuation is associated with the NLoS channels compared to the
LoS channels. We use L,;, to denote the path loss from a transmitting UAV u to the BS b.
Based on the [17], we have

L= {|du;,|°‘", LoS channel 0

plduy|~*, NLoS channel

where d,,;, denotes the distance between u and b, o, denotes the path loss exponent and p
is the additional attenuation factor of the NLoS channel.

We denote P, and Py as the probabilities of LoS channel and NLoS channel, respec-
tively. Here, Py = 1 — P,. Based on [18], we have

1

= Ao (=Bl —A))”

2

where the two constants A and B rely on different environments (e.g., suburban, dense
urban, rural and others). ¢ denotes the elevation angle of the BS, and

¢:$Sm4(|§z'). 3)
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We use P, to denote the received signal power at the BS, and then we have
Pub:PMPL|dub|_au+PuPNp‘dub‘_au7 (4)

where P, denotes the transmit power of UAVs.
For a UAV-to-UAV link, the received signal power at a receiving UAV is calculated
as

Puu:Pu‘duu‘_aua (5)

where P, and d,, denote the received signal power and the distance between a pair of
UAVs, respectively. Notice that Eq. (5) represents that the received signal power from a
UAV transmitter to its UAV receiver regardless of interference from other UAV transmit-
ters reusing the same spectrum block. The expression of the signal-to- interference-plus-
noise ratio in Eq. (9) consider the impact of interference.

2.3 Spectrum Sharing Model

We divide the total system spectrum into K equal-sized orthogonal spectrum blocks
represented by a set SB = {SBy,SBy,...,SBk}, wherein SB; denotes the i-th spectrum
block. If these exist cellular UAVs, K is equal to the number of cellular UAVs; otherwise
we set K as a fixed value. These K orthogonal spectrum blocks are assigned to K different
cellular UAVs, each of which uses one spectrum block. Each U2U UAV reuses only one
spectrum block with one cellular UAV, and an identical spectrum block can be assigned
to multiple U2U UAVs. Therefore, there does not exist interference among these cellular
UAVs. However, the interference can be incurred by these U2U UAVs and the celluar
UAV sharing an identical spectrum block. We assume that the bandwidth of each spectrum
block is W GHZ.

2.4 Signal-to-Interference-Plus-Noise Ratio and Rate

Regarding the transmitting UAV's using the spectrum block SBy, we denote dbﬁzu and
|k, | as the set of the U2U UAVs and their number, respectively.

uu

* For a cellular link from a UAV u, to the BS b operating over the SBy, the signal-to-
interference-plus-noise ratio (SINR) of the cellular link is expressed as

_ P”PL|dqu|*05u +PuPNP|ducb|7a“
1%, +0?

u2u

SINR}, , ; (6)

where SINRﬁCb denotes the SINR of the cellular link, and 7%, denotes the inter-
ference from the U2U transmitters reusing the SBy, and |d,, ;| denotes the distance

between u. and b. szzu is determined as

11{4(2u = Z (PuPleubrau+PMPNP|dub|_O‘u). 7
uedk

uu
We use Rﬁfb to denote the rate of the cellular link from u,. to b, and then we have

RY , =Wlog,(1+SINRf ,). (8)
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* For a UAV-to-UAV link, we use SINR{;W to denote the SINR of the UAV-to-UAV

link from a transmitting UAV u; to its receiving UAV u, over the SB;. Then, we
have
Puldyu,| "™

SINRX _uPwr ]
k k 27
Iucb +Iu,*u;‘ +0o

Uy~

€))

where u; and u} denote any transmitting U2U UAV (except u,) and its receiving
UAV (except u,), respectively. IL‘C » denotes the interference from the cellular UAV

using the SBy, and 11];,* .« denotes the interference from other transmitting U2U UAV
(except u;).

Ibli((- ;, can be determined as
k -y
Iucb = Pu|ducur‘ o ) (10)
and Ill}u* can be determined as
t%r

Liwe= Y, Puldy, | (11

u,*eqbﬁzu\{u,}

We use RI;; u, to denote the rate of the UAV-to-UAV link over the RBy, and then we
have

R, =Wlog,(1+SINRE ). (12)

sty
2.5 Problem Formulation of Sum Rate Maximization

We use R, to denote the network sum rate, and then we have

Rsum: Z( Z ﬁkucRﬁCb+ Z wku,Rl;,u,>7 (13)

keSB \ uc.cdyy, u; 6q>§2u

where f,, and @y, € {0,1} are two binary variables. By, = 1 and ay,, = 1 indicate that
the SBy is assigned to a cellular link and a UAV-to-UAV link, respectively. B, =0 and
Wy, = 0, otherwise.

We formulate the sum rate maximization as the following optimization problem,
which aims to optimize the spectrum allocation for maximizing the network sum rate.

max Ry, (14a)

ﬁkungku;

5.1, B, € {0,1}, (14b)
O, € {0,1}, (14c)
Y, Bu. =1, (14d)
uc€dyy,
Y ow, =1, (14e)

keSB
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where Eq. (14d) ensures that each spectrum block (e.g., SBy) is assigned to only one
cellular link, Eq. (14e) ensures that each UAV-to-UAV link reuses one spectrum block,
and &, represents the set of the transmitters of cellular links.

This is a non-linear integer programming problem, and the objective function in
Eq. (14) is not monotonic or concave, and thus the optimization problem is non-linear
and non-concave. It is NP-hard and generally difficult to solve. In the next section, a
coalition formation algorithm is proposed to solve it based on game theory.

3. COALITION GAME FRAMEWORK

This section first presents coalition game formulation based on game theory, and
then a coalition formation algorithm is proposed to optimize the spectrum allocation for
maximizing the sum rate.

3.1 Coalition Game Formulation

The objective of the coalition game is to let transmitting UAVs form different coali-
tions to maximize the sum rate of the network. The U2U UAVs, which reuse the same
spectrum block, are in an identical coalition. Obviously, a large number of U2U UAVs
in a coalition could lead to severe interference among these UAV-to-UAV links and the
cellular link using the same spectrum block. As a result, this will degrade the sum rate
performance. Thus, all the U2U UAVs have no incentive to form a grand coalition. To
mitigate the negative effect of interference, these U2U UAVs will choose spectrum blocks
to form different coalitions for maximizing the sum rate of the network.

In the network, each U2U UAV reuses only one spectrum block with a cellular UAV,
wherein each cellular UAV is allocated to an orthogonal spectrum block. Different U2U
UAVs can also reuse an identical spectrum block. Thus, these UAVs will form at most
K coalitions. The coalition formation process can be modeled as the following coalition
game.

Definition 1 (Coalition game): We use a triple (®y,C,T) to define the coalition game,
and then this game is formulated as follows.

* Players. Each player represents a U2U UAV. All U2U UAVs form a set of players
denoted by dy.

* Coalition Partition. The coalition partition is defined as a set C = {C},C3,...,Cx },
where each element Cy represents a coalition consisting of the players reusing an
identical spectrum block SB; with at most a cellular UAV. In the coalition partition,
any two coalitions are disjoint, i.e., Ct NCy = & for any k # k’, an Uleck =Py

* Utility. T(Cy) denotes the utility (i.e., sum rate) of a coalition Cy. Each U2U UAV
makes a decision to leave or join a coalition according to the utility of coalition
where it resides, the utility of the residing coalition (except itself) and the new
coalition.
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For a coalition C; operating over the SBy, the utility 7 (Cy) of the coalition is deter-
mined as

T(Cy) = flag=R, ,+ Y R, (15)

ur ECk

where a binary variable flag = 1 denotes there exist cellular UAVs, and flag = 0 other-
wise.

3.2 Coalition Formation Algorithm

The important issue in coalition partition formation is to design a scheme that
each player joins or leaves a coalition while guaranteeing the improvement of sum rate
performance. To do so, we define a preference relation as follows.

Definition 2 (Preference relation): For a preference relation >; with any U2U UAV i,
Cy = Cy means that the sum rate of the coalitions Cy and Cys when i € C and i ¢ Cy is
more than their sum rate when i ¢ Cy and i € Cyr. For the U2U UAV i (i € Ct,Cy), the
preference can be defined as

Ci =i Cy < T(C) +T(Cp\i) > T(C\i)+T(Cy). (16)

The preference in Eq. (16) implies that the network sum rate increases when the U2U
UAV i is a member of coalition C, rather than Cy.

According to the preference relation, we define the following switch operation, with
the help of which a new coalition partition is formed.

Definition 3 (Switch operation): For a coalition partition set C = {C},C»,...,Cx} and
any two elements C; NCy = &, when a U2U UAV i conducts a switch operation that i
moves from its current coalition Cy to the coalition Cy, C is updated into a new coalition
partition C' = {C\{Cy,Cp } } U{Cp\{i},Cr U {i}}.

Consider a random coalition partition C = {C,C3,...,Cx} and any U2U UAV iisin a
coalition Cyr € C. A coalition Cy, is randomly chosen from C, wherein C; € C and Cy # Cp.
If the preference relation Cy, >; Cy is true, the U2U UAV i performs the switch operation
moving from Cy to Cy, and updates current coalition Cy, into a new coalition partition C’
based on Definition 3. Now, a coalition formation algorithm is proposed in Algorithm 1
to solve the sum rate maximization problem based on the above the preference relation
and switch operation.

Algorithm 1 : Coalition Formation Algorithm

1. Input: Given a random coalition partition C;
Define a sum rate variable Ry, = 0;
2. Output: Rgy,;

3. repeat

4. Randomly choose a U2U UAV i from C, and i is in a coalition Cy € C;
5. Randomly choose another coalition Cy from C, wherein Cy, # Cy/;

6. Determine whether or not Cy >; Cy is satisfied;

7. if satisfy the preference relation then
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8. The following switch operation is performed:

9. i leaves its own coalition Cy and joins the coalition Cy;
10. Update C = {C\{Cy,Cp } } U{Cu\{i},CrU{i}};
11. end if

12. until C converges to a Nash stable, wherein the switch operation is not performed.
13. Determine the sum rate Ry,,,.

For Algorithm 1, we generate a random coalition partition C and define a variable
Ry, to store the network sum rate.

The following steps will be conducted repeatedly in the algorithm. Any U2U UAV
decides whether it leaves its own coalition and joins a new coalition or not. Thus, the
network randomly chooses a U2U UAV i, where i is in a coalition Cyy € C. Another
coalition Cy is also randomly chosen from C, where Cy # Cy. To decide whether or not i
needs to leave its own coalition C; and join the coalition Cy/, we determine the preference
relation Cy >; Cp. If the preference relation is satisfied, it is removed from Cp and insert
it into C. Meanwhile, the coalition partition C needs to be updated. These operations will
be stopped performing once C converges to a Nash stable. Finally, we obtain the network
sum rate Rg,;.

3.3 Convergence Property

We now prove the convergence property of Algorithm 1.

Theorem 1 Starting from any initial coalition partition, Algorithm 1 always can experi-
ence a sequence of switch operations to converge to a final coalition partition.

Proof 1 Based on the preference relation of Eq. (16), we know that a new coalition par-
tition will be generated after performing each switch operation. Since there are a limited
number of coalition partitions, which is the Bell number determined in [19], the switch
operations always can stop. Therefore, Algorithm 1 will converge to a final coalition
partition after a finite number of switch operations.

3.4 Stability Property

Before giving the stability property of Algorithm 1, we first define the Nash stable
structure.

Definition 4 (Nash stable structure): For a coalition partition C = {C},C,...,Cx}, if
any U2U UAV i belonging to Cy € C, there is always Cy >; Cy U {i} for all Cy € C\Cy.
We say that the coalition partition C is a Nash stable structure.

This definition demonstrates that in a stable coalition partition, there does not exist
any U2U UAV which wants to leave its own coalition and join others. That is to say, no
U2U UAV believes that the network sum rate could increase if it moves to other coalition.

We now give the stability property in the following theorem.

Theorem 2 The final coalition partition under Algorithm 1 is Nash stable.

Proof 2 If the final coalition partition under Algorithm 1 cannot converge to a Nash
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stable structure, we can choose a U2U UAV i in a coalition Cy, and also find another
coalition Cy such that C U {i} »; Cp. Then, the U2U UAV i can leave its own coalition
Cy and join the coalition Cy after a switch operation. This implies that the partition is not
the final one. Hence, the final partition under Algorithm 1 is a Nash stable structure.

Table 1. Network parameters.

’ Parameters ‘ Values
Network area 3.6x10° m?
Total network bandwidth W 2 GHz
Location coordinates of BS 0,0, 0)
Density of transmitting UAVs Ar, 3x 107 UAVs/m?
Density of receiving UAVs Ag, 5% 107* UAVs/m?
Transmit power of UAVs P, 1w
Altitude of UAVs H,, 100 m
RSS threshold 6 at BS —60 dBm
Number of resource blocks K without 10
cellular UEs
Path loss exponent of UAV-to-UAV 2
link o,
Additional attenuation factor for NLoS | 0.01
link p
Parameters for the probability of LoS 0.136, 11.95
link B and A
Noise power 6 —90 dBm

4. NUMERICAL RESULTS

In this section, we will explore the impact of some important network parameters on
the sum rate performance under our coalition game framework. The network parameters
are set in Table 1, unless otherwise specified.

4.1 Impact of P, On the Sum Rate

We investigate the impact of the transmit power of UAVs P, on the sum rate perfor-
mance. We summarize in Fig. 2 how the sum rate varies with P, under the scenario of
H, = {100,200,300} m. It can be observed from Fig. 2 that for each fixed H,, the sum
rate increases as P, increases. This can be explained as follows. We know that the increas-
ing of P, leads to the increasing of the RSS at BS from any UAV. This means that more
UAVs select the cellular communication mode according to the mode selection scheme.
Note that in our study, the number of the orthogonal spectrum blocks K is equal to the
number of the cellular UAVs if the cellular UAVs exist in the network. The increasing
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Fig. 2. Impact of P, on the sum rate.

of spectrum blocks can reduce the interference caused by the sharing spectrum blocks
between U2U UAVs and cellular UAVs. Moreover, the increasing of P, can also lead to
the increasing of the RSS at U2U receiver. Therefore, the sum rate increases with the
increasing of the P,, which leading to the increasing of sum rate.

Another careful observation from Fig. 2 reveals that as P, increases, the black line
at H, = 100 m is higher at first but lower than the other two lines at H, = {200,300}
m at the last. This is due to the following reasons. As P, is relative small, more UAVs
at H, = 100 m select the cellular communication mode compared to the UAVs at H, =
{200,300} m according to the mode selection scheme. Note that these cellular UAVs use
the orthogonal spectrum blocks and thus there does not exist interference among them.
Thus, the black line is higher than the other two lines. As P, becomes relative big, more
UAVs at H, = {200,300} m select cellular communication mode, and the other UAVs
selecting the UAV-to-UAV communication mode would generate less interference for the
BS compared to the UAVs at H, = 100 m, due to the fact that the distance between the
former UAVs and the BS is longer than that between the latter UAVs and the BS. Thus,
the black line is lower than the other two lines at the last.

4.2 Impact of H, On the Sum Rate

We explore the impact of the altitude of UAVs H,, on the sum rate performance. Fig. 3
illustrates how the sum rate varies with H, under the scenarios of 8 = {—63,—58, —54}
dBm. We can see from Fig. 3 that for each setting of H,, the sum rate first increases and
then decreases as H,, increases. The reason behind the phenomenon can be explained as
follows. As H, increases, the elevation angle of the BS ¢ increases according to Eq. (3).
Thus, we further know that the probability of the LoS link from any UAV to the BS
increases according to Eq. (2). Due to the low path loss under the LoS link, the RSS at
the BS from any UAV increases as the probability of the LoS link increases, which results
in the increasing of cellular UAVs and thus the decreasing of the interference caused by
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sharing the same spectrum blocks between U2U UAVs and cellular UAVs. As a result,
the sum rate increases with the increasing of H,. On the other hand, when all UAVs select
the cellular communication mode, H,, continues to increase which leads to the increasing
of the path loss. Thus, the sum rate decreases as H, further increases.

4.3 Impact of 6, On the Sum Rate

We now examine the impact of the RSS threshold 6 at the BS on the sum rate
performance. We summarize in Fig. 4 how the sum rate with 8 under the scenarios of
Aru ={1073,2x 1073,3 x 1073} UAVs/m?. We observe from Fig. 4 that for each setting
of Azy, the sum rate decreases as 0 increases. We can explain the phenomenon as follows.
As 0 increases, more UAVs select the UAV-to-UAV communication mode according to
the mode selection scheme, which leads to the decreasing of the number of cellular UAVs
and thus spectrum blocks. This could incur the severe interference among UAV-to-UAV
links reusing the same spectrum block, and thus the sum rate decreases with the increasing
of 6.

We can also see from Fig. 4 that the black line at A, = 103 and red line at Ay, =
2 x 1073 cross. This is because the impact of A7, on the sum rate is complex which is
illustrated in Fig. 5. The complex impact could lead to the crossing of the black and red
lines.

4.4 Impact of A7, On the Sum Rate

Finally, we investigate the impact of the density of transmitting UAVs on the sum
rate performance. The results in Fig. 5 illustrate how the sum rate with Ay, under the
scenarios of P, = {0.1,0.6,1.1}W. We can see from Fig. 5 that for each setting of P,,
the change of the sum rate exhibits a non-monotonic feature as A, increases. This is
mainly due to the complex impact of Ay, on the sum rate. The increasing of Ay, may
increase the number of the cellular links and UAV-to-UAV links, which may lead to either
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the increasing or the decreasing of the interference among UAV-to-UAV links and cellular
links. Meanwhile, it may lead to the increasing of RRS at any receiver. These result in
the complex change of the sum rate.
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S. CONCLUSION

In this paper, we investigated the maximum sum rate performance by optimizing
spectrum allocation in a UAV-to-UAV communication underlaid cellular network. Spe-
cially, each transmitting UAV could select its communication mode according to a flexible
mode selection scheme. We further developed a coalition formation game framework to
explore the maximum sum rate. Simulation results indicate that the transmit power of
UAVs can improve the maximum sum rate performance. Moreover, we can find an opti-
mal altitude of UAVs for maximizing the sum rate.

ACKNOWLEDGMENT

This work was supported in part by NSFC under Grant 61962033; in part by
Outstanding Youth Support Projects of Anhui Nature Science and Technology under
Grant gxyq2018095 and Grant gxyq2018094; in part by the Anhui NSF under Grant
201903206020026; Grant 1808085MF165; and Grant gxgwfx2019060; in part by the
Yunnan NSF Project under Grant 2018FHO001-010; in part by the Shaanxi NSF Project
under Grant NSSOF1900109; and in part by the CHZU NSF under Grant 2020qd16 and
Grant zrjz2019011.

REFERENCES

1. O. Bekkouche, K. Samdanis, M. Bagaa, and T. Taleb, “A service-based architecture
for enabling UAV enhanced network services,” IEEE Network, Vol. 34, 2020, pp.
328-335.

2. M. Maiouak and T. Taleb, “Dynamic maps for automated driving and UAV geofenc-
ing,” IEEE Wireless Communications, Vol. 26, 2019, pp. 54-59.

3. L. Hu, Y. Tian, J. Yang, T. Taleb et al., “Ready player one: UAV-clustering-based
multi-task offloading for vehicular VR/AR gaming,” IEEE Network, Vol. 33, 2019,
pp. 42-48.

4. N. H. Motlagh, M. Bagaa, and T. Taleb, “Energy and delay aware task assignment
mechanism for UAV-based IoT platform,” IEEE Internet of Things Journal, Vol. 6,
2019, pp. 6523-6536.

5. Y. Zeng, R. Zhang, and T. J. Lim, “Throughput maximization for UAV-enabled mo-
bile relaying systems,” IEEE Transactions on Communications, Vol. 64, 2016, pp.
4983-4996.

6. H. He, S. Zhang, Y. Zeng, and R. Zhang, “Joint altitude and beamwidth optimization
for uav-enabled multiuser communications,” IEEE Communications Letters, Vol. 22,
2018, pp. 344-347.

7. C. Shen, T.-H. Chang, J. Gong, Y. Zeng, and R. Zhang, “Multi-UAV interference
coordination via joint trajectory and power control,” IEEE Transactions on Signal
Processing, Vol. 68, 2020, pp. 843-858.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

SPECTRUM ALLOCATION FOR SRM IN UAV-TO-UAV COMMUNICATION UNDERLAID CN 931

. Q. Wu and R. Zhang, “Common throughput maximization in UAV-enabled OFDMA
systems with delay consideration,” IEEE Transactions on Communications, Vol. 66,
2018, pp. 6614-6627.

A. A. Nasir, H. D. Tuan, T. Q. Duong, and H. V. Poor, “UAV-enabled communication
using NOMA,” IEEE Transactions on Communications, Vol. 67, 2019, pp. 5126-
5138.

Q. Wu, Y. Zeng, and R. Zhang, “Joint trajectory and communication design for multi-
UAV enabled wireless networks,” IEEE Transactions on Wireless Communications,
Vol. 17, 2018, pp. 2109-2121.

W. Mei and R. Zhang, “Cooperative downlink interference transmission and cancel-
lation for cellular-connected UAV: A divide-and-conquer approach,” IEEE Transac-
tions on Communications, Vol. 68, 2020, pp. 1297-1311.

W. Mei, Q. Wu, and R. Zhang, “Cellular-connected UAV: Uplink association, power
control and interference coordination,” IEEE Transactions on Wireless Communica-
tions, Vol. 18, 2019, pp. 5380-5393.

Y. Li, G. Feng, M. Ghasemiahmadi, and L. Cai, “Power allocation and 3-D placement
for floating relay supporting indoor communications,” IEEE Transactions on Mobile
Computing, Vol. 18, 2019, pp. 618-631.

S. Zhang, H. Zhang, B. Di, and L. Song, “Cellular UAV-to-X communications:
Design and optimization for multi-UAV networks,” IEEE Transactions on Wireless
Communications, Vol. 18, 2019, pp. 1346-1359.

Y. Zhu, G. Zheng, and M. Fitch, “Secrecy rate analysis of UAV-enabled mmwave
networks using Matern hardcore point processes,” IEEE Journal on Selected Areas
in Communications, Vol. 36, 2018, pp. 1397-14009.

A. Hourani, S. Kandeepan, and A. Jamalipour, “Modeling air-to-ground path loss
for low altitude platforms in urban environments,” in Proceedings of IEEE Global
Communications Conference, 2014, pp. 2898-2904.

M. Mozaffari, W. Saad, M. Bennis, and M. Debbah, “Unmanned aerial vehicle
with underlaid device-to-device communications: Performance and tradeoffs,” IEEE
Transactions on Wireless Communications, Vol. 15, 2016, pp. 3949-3963.

A. Hourani, K. Sithamparanathan, and S. Lardner, “Optimal lap altitude for maxi-
mum coverage,” IEEE Wireless Communications Letters, Vol. 3, 2014, pp. 569-572.

W. Saad, Z. Han, M. Debbah, A. Hjorungnes, and T. Basar, “Coalitional game theory
for communication networks,” IEEE Signal Processing Magazine, Vol. 26, 2009, pp.
77-97.



932 XUEMEI SHAO, SHENGHUI ZHAO, GUILIN CHEN, SHIKAI SHEN, BIN YANG

Xuemei Shao received the B.S. degree from Anhui Normal
University, China, in 2006, and the M.S. degree from the Hefei
University of Technology in 2013. She is currently a Lecturer at
the School of Computer and Information Engineering, Chuzhou
University, Chuzhou, China. Her current research interests in-
clude wireless sensor networks, unmanned aerial vehicles and
Internet of Things.

Shenghui Zhao received the M.S. degree from the Hefei
University of Technology, China, in 2003, and the Ph.D. degree
from Southeast University, China, in 2013. She is currently a
Professor with the School of Computer and Information Engi-
neering, Chuzhou University, Chuzhou, China. Her current re-
search interests include trusted computing, wireless networks,
smart healthcare, and Internet of Things.

Guilin Chen received the B.S. degree in Applied Mathe-
matics from Anhui Normal University, China, in 1985 and M.S.
degree in Computer Science from Hefei University of Technol-
ogy, China, in 2002. He is currently a Professor at the School
of Computer and Information Engineering and also Vice Presi-
dent, Chuzhou University, China. His current research interests
include wireless networks, smart healthcare, Internet of Things
and unmanned aerial vehicles.




SPECTRUM ALLOCATION FOR SRM IN UAV-TO-UAV COMMUNICATION UNDERLAID CN 933

Shikai Shen received the B.S. and M.S. degrees from Yun-
nan Normal University in 1984 and from Yunnan University in
2003, respectively. He is currently a Professor of Kunming Uni-
versity, China. His research interests include wireless sensor net-
works, cyber security, Internet of Things and unmanned aerial
vehicles.

Bin Yang received his Ph.D. degree in Systems Informa-
tion Science from Future University Hakodate, Japan in 2015.
He is a Professor with the School of Computer and Information
Engineering, Chuzhou University, China, and is also a Research
Fellow with the School of Electrical Engineering, Aalto Uni-
versity, Finland. His research interests include unmanned aerial
vehicle networks, cyber security and Internet of Things.




