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Abstract. Unmanned aerial vehicle (UAV) communication has drawn significant interests
from the industry and academic due to its low consumption, high maneuverability, and
flexible mobility. This paper studies a multi-UAV wireless communication system where
UAVs are operated by a ground control center to perform certain task with a planned
trajectory. In order to ensure the reliable communication of multiple UAVs, we formulate
a mixed-integer problem aimming to maximize the minimum signal-to-noise ratio (SINR)
of UAV swarm by jointly optimizing multiuser spectrum access and transmission power.
To tackle this problem efficiently, we propose an iterative algorithm based on
majorization-minimization method. Extensive simulation results demonstrate that the
proposed algorithm can yield substantial gains in terms of communication performance as
compared with a baseline scheme.

Keywords: UAV communication, wireless communication, spectrum access, transmission
power.

1 Introduction

With many benefits such as low consumption, high maneuverability, and on-demand
deployment, multi-UAV formation has received increasing attention in military field. The multi-
UAYV collaborative operation makes up for the limited capability of single UAV, improves the
fault tolerance ability of the system, and makes tasks more efficient. This scheme improves the
success probability of single mission, enables its application in military reconnaissance, target
strike, electronic countermeasure, battlefield evaluation, etc. Under this background, UAV-
aided wireless communication technique is gradually rising [1], [2]. On one hand, leveraging
the existing network architecture, UAVs could act as temporary mobile base stations (BSs) to
realize the rapid movement of wireless network coverage; on the other hand, the UAV-aided
mobile relay system forms virtual multi-antenna array for the communication between remote
nodes, which ensures the reliability of emergency communication.

To complete tasks efficiently, the UAV formation needs to interact quickly and safely,
especially in highly dynamic, ultra dense wireless network environments. Nonetheless, multi-
UAV collaboration brings several challenges. First, UAVs should correctly receive the control
signals and quickly follow the instructions from BS. Therefore, the stability and efficiency of
communication link will be a critical technical challenge. Furthermore, due to the limited
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available network resources, the reasonable use of network resources can effectively improve
communication quality. Finally, in most applications, the external interferences of radiation
sources have negative influence on communication system, which we can't ignore. Those above
challenges inspire us to study the resource allocation for multi-UAV wireless communication
system with awareness of environmental interference in this paper.

Recently, several studies have been devoted to the UAV-based wireless communication
network. The authors in [3] proposed a time-frequency resource blocks allocation and power
optimization algorithm to promote the reliability of control signals among UAVSs. In [4], the
authors studied a path planning scheme to minimize the overall inspection time and energy in a
specific scenario. The work in [5] addressed the physical-layer security problem in a UAV
communication system by jointly optimizing the UAV’s trajectory and transmit power under
stringent energy constraints. Meanwhile, the authors in [6] jointly considered the multiuser
scheduling, power allocation and trajectory optimization problem, which aimmed to realize the
fair performance of UAV swarm. Morever, [7] investigated the placement problem in static-
UAYV enabled networks. Each UAV serves as a static BS to maximum the communication
coverage for ground users.

Unlike the existing works [3]-[7], this paper considers resource coordination for efficient
control and reliable communication in a BS-controlled-UAV network. In this paper, we study a
scenario where a ground BS controls UAV formation, and UAVs should receive the control
signals and quickly execute the instructions. The quality of wireless link is mainly affected by
the interferences from external radiation sources. Therefore, our goal is to ease the impact of
interference and improve the quality of control signals by jointly optimizing multiuser spectrum
access and transmission power. To tackle this problem efficiently, we propose an iterative
algorithm based on majorization-minimization method. Finally, extensive simulations validate
the efficacy of the proposed algorithm.

The remainder of this paper is organized as follows: Section 2 presents the system model
and problem formulation. Section 3 introduces our iterative algorithm to solve this problem.
The simulation results and performance evaluation are provided in Section 4. In Section 5, we
make a conclusion to this paper.

2 System Model and Problem Formulation

2.1 System Model

As shown in Figure 1, we consider an uplink communication scenario where multiple
UAVs controlled by a ground BS performing some tasks with a planned trajectory. In this
scenario, the BS sends control signals through a limited spectrum to multiple UAVs at each time
slot. We assume that many external radiation sources spread across the region and cause
interference. In addition, we assume that the central processing unit at the ground BS can not
only acquire the flight dynamics of UAV swarm, but also perceive channel state information
(CSI). Due to the shortage of spectrum resources, the available frequency spectrum is usually
limited. Moreover, we assume that the external interference can be sensed by enabling cognitive
radio function and the received interferences of each UAV on different channels are very
different. Under the above assumptions, the goal of this paper is to jointly design spectrum
access and power control to combat the external interference and improve the reliability of
control signals.
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Fig. 1. The flight scenario of UAV swarm.

We use A7 = {1,..,M} to denote the set of UAVs, A~ = {1,..,N} the set of
communication channels, and & = {1, ..., S} the set of time slots. We assume that the length

of time slot is set to be sufficiently small such that the UAV’s location seems to be unchange
within every time slot. In the considered scenario, the ground-to-air link is mainly affected by
the probability of line-of-sight (LoS) and non-line-of-sight (NLoS). According to [8], at time
slot s the channel gain between the BS and UAV k on channel i can be expressed as

g.i,,k =G (F+ fsi,k)_z 1)

with
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where F denotes the baseline carrier frequency, fS"k e {Af,, ..., Af } denotes the frequency
interval between the F and the channel i that UAV k uses intimeslot s, d, is the distance
between the UAV swarm and BS. What's more, n . and 7, . indicate the additional

attenuation index for LoS and NLoS links, respectively.
Let us denote by a;vk a binary variable, which indicates channel i is occupied by UAV k

attimeslot s if a, =1 and a}, =0 otherwise. Since the BS needs to transmit control signals

to the UAV formation in each time slot, sufficient frequency bands is necessary for UAVs. Due
to the shortage of available frequency spectrum, we assume that each UAV only assigns one



channel, and different UAVs must select different channels, which yields the following
constraints

M <N

N 2
Za;,k:l’ Vke A, Vseds, @)
i=1

flo#fl, Vk=m, Viz],

Now we are ready to write down the expression of SINR of each UAV at time slot s.
Specifically, the corresponding received SINR of UAV k can be expressed as follows

N - .
zag,k ps,kcs,k (F + 1:sl,k)72
r = i=1 (3)

s,k N
i i N2
Z a;,k (O-sl,k)
i-1

Here, the uplink transmission power of the BS for UAV k is denoted by p,, , which is subject

to the constraint Z'szl P, <P, with P denoting the maximum transmission power of

ground BS. Furthermore, the numerator of (3) represents the useful signal, and the denominator
is the external interferences from radiation sources, where (o!, )? denotes the power of

interference (plus noise) on channel i received by UAV k at time slot s and it is assumed to
be sensed through enabling cognitive radio function [9].

2.2 Problem Formulation

We denote A = {a),|se S, ke A7, ie A/3eR¥™ ™ | For time slot s, the matrix
A, £ [a,,, .., a,,] denotes the channel selection scheme of multi-UAV formation, where
a,, = [a,,...a)\ ] . Obviously, only one element in each column of matrix A, is 1 and
others are 0. Similarly, we define P £ {p, |se s,k e M}yeR>™ as the power allocation
matrix. p; = [p,,, ..., P,y ] represents transmission power at time slot s . Next, we consider
control instructions and interference signals. Let ® = {@,|se S, ke A7, ie /e R¥™™N,
where @si,k =(F+ f;'k)’z. The matrix @, 2 [@,,, ..., @,,, ] denotes the channel frequency
coefficient of multi-UAV swarm and @, , 2 [@),, .., @] . In addition, we also define
C 2 {c,lseS keAyeR*™ and ¢, £ [c,, .., C,,, ] to represent distance factor of
channel gain. Then, we define £ £ {(o,)’lse S, ke A7, ie N/ FeR*™™" as the external
interference matrix. For time slot s, the matrix £, £ [o,,, .., o, ] represents the external

interference of UAVS, where o, £ [(o%,)°, ..., (o0 )?]" . Define e, as a unit column vector



with the k-th element being 1. Therefore, for expression (3), we have the following
transformations:

Psk = plek 4)
C, =Ci8, (5)
N . .
Dal (F+1)7" =ef® Ag, (6)
i=1
N . .
za;,k(o-;,k)z :eIZIAsek )
i=1

In general, the higher SINR indicates better communication quality of the UAV network,
we hope to improve the corresponding SINR level of whole wireless communication system.
Hence, the paper introduces the max-min-fairness index of the SINR in order to maintain the
reliable communication for each UAV. The optimization problem of the whole flight process is
formulated as follows

S T T T AT
maxzmin(psekciekfkq)s Asek ) (8)

AP} s=1 k ek Zs Asek
st. I'Ag, =1, VkeM, VseS, (8b)
1"Ag <1, VieN, Vses, (8c)
a, €{0,1}, VkeM, VieN, VseS, (8d)
1"p,<P.., VseS, (8e)
0<p,,, Vke M, VsedS. (8)

The purpose of our optimal model (8) is to maximize the minimum SINR of UAV swarm
by jointly optimizing multiuser channel access and transmission power at each time slot. (8b-
8f) are the channel asssignment constraints, i.e., each UAV is only assigned with one channel
and any two UAVs access different channels. Note that the inequality in (8c) is due to that the
number of UAVs is less than the number of available channels. Obviously, problem (8) is a
Mixed-Integer Nonlinear Program (MINLP), which belongs to NP-Hard problem.

3 Proposed Solution

In this section, we propose a simple and efficient iterative algorithm to solve problem (8)
by adopting majorization-minimization (MM) method.



First, we can see that problem (8) is separable across s. As a result, we only need to focus
on the problem of each time slot, i.e.,

T T T T
max min(ps ekciekfkq)s Asek ) (98.)
AP}k e Xl Ae,
st. 1'Ae, =1, VkeM, (9b)
1"Ag <1, VielN, (9c)
a, {01}, VkeM, VieN, (9d)
1'p. <P, (%)
0<p,,, VkeM ()
We rewrite (9) as
T T T T
Tag( mkin( = psekcsekekq)sAsek ) (108.)
“n B > elAlAe, +e XlAg,
m=1,m=k
st. 1'Ae, =1, VkeM, (10b)
a;,k €{0,1}, VkeM, VielN, (10c)
1'p, <P, (10d)
0<p,,, VkeM. (10e)

As compared to (9), we have cancel the constraint (9¢) in (10) but introduce an extra term
B Z:\nﬂ—l e e, Al A, inthe objective of (10). It is readily known that when the parameter B

M

is sufficiently large, we have B Z e;AlA e =0, Vk e 17 to maximize the objective.

As a result, problems (9) and (10) are equivalent when a sufficiently large B is used.
Furthermore, it is seen that, fixing A_, the power control can ensure that all the SINR

m=1,m=k

values are the same. Let » be the optimal objective value. Then we have

M
TAT T T
B Y elAlAg, +eZlAg,

T m=1,m=k
=p.e = . , Vk (11)
ps,k ps k 7/ Cl'eke';q)l'Asek

Considering that the power constraint (10d) must be satisfied with equality at the optimality,
(11) leads to
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Therefore, problem (10) is equivalent to

M
TAT T T
LB D efAlAg, telXlAe,

min m=1,m=k 13a
A, kzzll cle.e, @A e, (139
st. 1'Ag, =1, VkeM, (13b)
a;,k €{0,1}, VkeM, VieN. (13c)

Note that for a binary variable a, we always have (a-0.5)> =0.25 which is a constant.
Moreover, it holds true that 0.25 = max,_, ., (a—0.5)* . Hence, we can relax the binary constraint
(13c)to 0< a!, <1 withapenalty term —x || A, —0.5E |7, where E denotes the matrix of all
one. That is, we consider the following problem

rr)\isn f, (A) (14a)
st 1'"Ae, =1, VkeM, (14b)
0<ay, <1, VkeM, VieN. (140)

where

M
TAT T T
B > eAlAe, +eZlAe,

m=1,m=k 2
: —ul||A,-0.5E (15)
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Two observation can be made as follows. First, problem (14) is equivalent to (13) when u
is sufficiently large. Second, if u is large enough, the objective function (15) can be shown to

be concave. Hence, we can use MM method [10] to solve problem (14). In the r-th iteration of
MM, we find a upper bound of (15) by using Taylor approximation and instead minimize the
upper bound, i.e., equivalently solve the following problem

rrz\in Trace(WA,) (16a)

st. 1'Age, =1, VkeM, (16b)
0<al, <1, VkeM, VieN. (16c)



where W £ V At (A™) . Note that (16) can be decomposed into M independent subproblems
in the form of

N
min > &, W, (17a)
ask i=1
s.t. Zask =1 (17b)
i=1
0<a), <1, VieN. (17¢)

where W, is the (i,k)-th element of w. Obviously (17) has a closed-form solution, i.e.

=1and a;, =0,Vi=i, with i, =argmin, w .

Algorithm 1: The proposed algorithm for problem (14)

gy - 0
1. Initialize A, T, and Au

2. Set r=0
3. Repeat
4. Solve for Al™ problem (16) with W £ v, f, (A7)
5. If f,(A{)—f,(A))>0

H=H+ap
6. Else

r=r+l
7. End
8. Until f, (A,) converges, or the maximum iteration number T__ is reached.

T
9. Compute y = z eI AL,
~clee @ Age,
e, XlAL,

10. Compute p,, = , Vk

c e ek<I)TA e,

We summarize the proposed algorithm in Algorithm 1. By increasing 4, we can ensure
that x could be large enough so that the objective (15) becomes concave constantly and the

algorithm goes into the phase of MM method with guaranteed convergence. Our algorithm can
always keep the objective nonincreasing and guarantee outputting binary variable in each
iteration. What’s more, when B is large enough, we can also ensure the terms

Bzm ek S ATA e, =0, Vk e A7. Hence, once A, is obtained, we can find compute P,
as in the last step of Algorithm 1.



4 Numerical Results

We consider an scene of 5x5 km? with the BS located at X, = (0, 0, 0) and the UAV

formation flies from the BS to a certain destination at the altitude of H =1.0 km. L radiation
sources randomly distributed in the network and the power is assumed about -90 dBm. Similarly,
the maximum transmission power of the control BS is set to be 30 dBm. The baseline carrier
frequency is setto be F =500 MHz and the channel interval is Af =5 MHz . For comparison,

we introduce the simple algorithm, called Random method as a baseline. The algorithm includes
two steps, the first step is to distribute channels to UAVs randomly, then allocate power to
ensure that all the SINR values of UAVs are the same.
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Fig. 2. Convergence of the proposed algorithm.

First, we consider the convergence behaviors of the proposed algorithm. We randomly
select one time slot of the MM method, at the scenario of M =12, N =25 and L = 3. To avoid
the algorithm converging to the undesired local points prematurely, we set the maximum
iteration number in Algorithm 1 as T, =500. From the result of Figure 2, we can observe

that the MM method makes the objective function descend rapidly, until it converges. As a result,
the simulation results verify the effectiveness of the proposed algorithm.



Figure 3 shows the performance of the UAV formation (M = 12, N = 21) for the proposed
algorithm with the Random algorithm, for the case of L = 3 and 5. It is observed that the
communication quality of UAVs declines gradually with the distance from the BS increases.
Morever, with the increasing number of radiation sources, the interference in this system is
correspondingly to rise sharply. We can come to the conclusion that the proposed MM method
always achieves the higher SINR, compared to the Random algorithm. The main reason is that
the MM method makes the channel assignment scheme more reasonable, which can reduce the
interference in communication system.
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Fig. 3. UAV swarm performance during the flight phase.

In Figure 4, we illustrate the system performance obtained by two algorithms under
different scenario. For a fair comparison, we assume that there are 5 radiation sources with fixed
locations. It is seen that the result of MM algorithm offers superior performance over that of
Random algorithm. As a result, for the formation with the same number of UAVS, allocating
more bandwidth will get better effect on communication system. Similarly, when the available
frequency bands of system is fixed, the network performance will gradually deteriorate with the
increase of users.
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Fig. 4. UAV system performance under different scenario.

5 Conclusion

In this paper, we have studied the reliable communication in a multi-UAV enabled wireless
network. The spectrum access and power allocation are jointly optimized by using an iterative
algorithm based on majorization-minimization method. The simulation results show that the
proposed algorithm substantially outperforms the baseline algorithm in terms of system
performance.

Acknowledgments. This work was supported in part by the National Key Research and
Development Project under grant 2017YFE0119300, the NSFC under Grants 61671411, and
by the Fundamental Research Funds for the Central Universities under grant 22120180113,



References

[1] Valavanis, K. P. and Vachtsevanos, G. J.: Handbook of Unmanned Aerial Vehicles. Springer, 2014
[2] Chandrasekharan, S., Gomez, K., Al-Hourani, A, et al.: Designing and implementing future aerial
communication networks. IEEE Commun. Mag, vol. 54, no. 5, pp. 26-34, 2016

[3] Xue, Z., Wang, J. and Shi, Q.: Time-Frequency scheduling and power optimization for reliable
multiple UAV communications. IEEE Access, vol. 6, pp. 3992-4005, 2018

[4] Monwar, M., Semiari, O. and Saad, W.: Optimized path planning for inspection by Unmanned
Aerial Vehicles swarm with energy constraints. IEEE GLOBECOM, Dec. 2018

[5] Zhang, G., Wu, Q., Cui, M., et al.: Securing UAV communications via trajectory optimization.
IEEE GLOBECOM, Dec. 2017

[6] Wu, Q., Zeng, Y. and Zhang, R.: Joint trajectory and communication design for multi-UAV enabled
wireless networks. IEEE Trans. Wireless Commun, vol. 17, no. 3, pp. 2109-2121, March. 2018

[7] Lyu, J., Zeng, Y., Zhang, R., et al.: Placement optimization of UAV-mounted mobile base stations.
IEEE Commun. Lett., vol. 21, no. 3, pp. 604-607, Mar. 2013

[8] Al-Hourani, A., Kandeepan, S. and Jamalipour, A.: Modeling air-to-ground path loss for low
altitude platforms in urban environments. IEEE GLOBECOM, Dec. 2014

[9] Dubey, R. and Sharma, S.: Distributed shared spectrum techniques for cognitive wireless radio
networks. IEEE CICN, Feb. 2007

[10] Sun, Y., Babu, P. and Palomar, D.: Majorization-minimization algorithms in signal processing,
communications, and machine learning. IEEE Trans. Signal Process, vol. 33, no. 1, pp. 57-77, 2016



