SPECIAL SECTION ON ADVANCED COMMUNICATIONS AND NETWORKING TECHNIQUES

FOR WIRELESS CONNECTED INTELLIGENT ROBOT SWARMS

IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received February 11, 2020, accepted February 26, 2020, date of publication March 9, 2020, date of current version March 31, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.2979478

UAV-Aided Two-Way Relaying for Wireless
Communications of Intelligent Robot Swarms

RONG LI, YUE XIAO ", (Member, IEEE), PING YANG ", (Senior Member, IEEE),

WANBIN TANG~, MINGMING WU, AND YULAN GAO

National Key Laboratory of Science and Technology on Communications, University of Electronic Science and Technology of China, Chengdu 611731, China

Corresponding authors: Yue Xiao (xiaoyue @uestc.edu.cn) and Wanbin Tang (wbtang @uestc.edu.cn)

This work was supported in part by the National Science Foundation of China under Grant 61876033, in part by the National Key Research
and Development Program of China under Grant 2018 YFC0807101, and in part by the Science and Technology Department of Sichuan

Province under Grant 2018GZ0092.

ABSTRACT In this paper, we consider unmanned aerial vehicle (UAV)-enabled two-way relaying communi-
cations between two robot swarms in the absence of communication infrastructures in remote areas or post-
disaster rescues. To be more specific, UAV is employed as the relay to expand the communication range
between two disconnected ground robot swarms, due to its high maneuverability and flexible deployment.
Meanwhile, the two-way relaying mode adopted can improve the transmission performance in terms of delay
and throughput in comparison to the conventional one-way relaying, owing to the ability of allowing devices
to exchange information simultaneously. In addition, the UAV’s trajectory and power allocation are jointly
optimized to maximize the sum-rate of the uplink and downlink, where the joint optimization problem is
decoupled into two sub-problems to address the non-convexity. Limited to the non-convex formation of the
objective function for the trajectory optimization sub-problem, we firstly handle the non-convexity based
on successive convex approximation method, and then alternating optimization framework is carried out to
obtain the joint suboptimal solution. Numerical results exhibit significant throughput gains of the proposed

scheme as compared to other benchmark schemes.

INDEX TERMS Robot swarms, UAV communications, two-way relaying, non-convex optimization.

I. INTRODUCTION

As a result of the advances in computation, communication
and sensor technology, it is now popular to build kinds of
robot swarms to fulfill certain complicated tasks such as
surveillance and rescue [1]-[6]. Over the past two decades,
the communication means among members of the robot
swarm were well investigated such as pheromone [7]-[9],
Infra-Red [10] and Bluetooth [11]. Also, cluster architecture
in robot swarm enables better resource allocation and helps to
enhance the stability and lifetime of network, while the meth-
ods for cluster-head selection have been variously studied in
many literatures [12]-[14]. Nevertheless, high data transmis-
sion among remote robot swarms in real-time is also required
for some specific communication environments. In general,
investigating how cluster-heads of robot swarms communi-
cate is a significant topic. For instance, in high-frequency
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erupting volcano monitoring, the environment monitor
information and operational commands between the informa-
tion collecting robot swarm and the information processing
one are necessary to be exchanged. Therefore, it is important
to take connectivity of the network into account since the
direct links between remote robot swarms are unstable due
to the long distance or blockage. Deploying a UAV as mobile
relay to achieve the network connectivity is an efficient way
owing to the robust line-of-sight (LoS) communication link
and its high flexibility [15]-[17].

Inrecent years, researchers have devoted substantial efforts
on UAV-enabled wireless systems for extending the cover-
age and improving the throughput toward future wireless
systems [18]-[20]. More specifically, in [21], altitude opti-
mization was proved to be profoundly important to provide
the maximum coverage in the static UAV-assisted wireless
systems. In general, the closer the distance between UAV
and the ground user is, the better the channel gains are.
According to the water-filling algorithm, the system perfor-

56141


https://orcid.org/0000-0002-9277-6599
https://orcid.org/0000-0002-2127-8947
https://orcid.org/0000-0002-6559-3252
https://orcid.org/0000-0002-2346-9907
https://orcid.org/0000-0001-7682-1858
https://orcid.org/0000-0002-5893-7985

IEEE Access

R. Li et al.: UAV-Aided Two-Way Relaying for Wireless Communications of Intelligent Robot Swarms

mance can be improved by reasonably allocating the power
with induced channel variation. In order to make full use
of the UAV’s mobility, jointly optimizing the trajectory and
resource allocation for UAV communication networks has
been rigorously studied [22]-[29]. Specifically, the average
secure rate is maximized in [22], [23], the system sum
throughput is optimized in UAV-enabled mobile relaying
systems [24]-[27] and UAV-aided mobile base station sys-
tems [28], [29], respectively. However, most existing works
concerned on one-way relay scenario where the data can only
be ferried unidirectionally. Against this background, adapting
UAV as a mobile bidirectional relay to exchange information
between two distant robot swarms is a promising solution.

Compared to traditional one-way wireless relay scheme,
two-way relay (TWR) scheme can be regarded as a specific
form of network coding that takes less time slots to achieve
the interaction between two nodes by relaxing the demand of
‘orthogonal/non-interfering’ transmissions between the relay
and terminals [30]. To be more specific, TWR goes through
two time slots in which two terminals simultaneously send
data to the relay in the first time slot and then a combined
signal is broadcasted by the relay in the second time slot. Due
to the advantages of TWR networks, many efforts have been
made which mostly concentrate on throughput maximization,
achievable rate region, and minimization of the system outage
probability [31]-[33]. Owing to the high maneuverability
and flexible deployment of UAVs, an increasing attention
on UAV-enabled wireless two-way relaying system has been
received in recent literatures. In [34], a UAV-aided two-way
relaying system was investigated, while the UAV positioning
and transmission power were jointly optimized to maximize
the sum-rate of both the uplink and downlink. However,
it especially focused on the relationship between the con-
straint power of the base station and the UAV’s placement,
failing to take full advantage of the mobility of UAVs. In [35],
the minimum average rate maximization problem was inves-
tigated by jointly optimizing the UAV’s trajectory, transmit
power and bandwidth.

In this paper, we focus on deploying UAV as a two-
way relay to provide wireless connectivity between two
disconnected robot swarms, which can reduce at least two
time slots for system delay over one information interaction.
The transmission power allocation in the forward stage and
the flying trajectory are jointly optimized for the sake of
maximizing the throughput. Except for the maximum speed
constraint, the transmission power constraint is also consid-
ered. Nevertheless, due to the complicated objective function
and power constraint in terms of coupled UAV’s trajectory
and power allocation factors, the formulated problem is non-
convex and thus difficult to be solved. To address this prob-
lem, we develop an efficient iterative algorithm with inexact
block coordinate descent (IBCD). Specifically, the entire
optimization variables are partitioned into two sub-problems,
and these blocks of variables are alternately optimized in
each iteration. The primary contributions of this paper can
be summarized as follows:
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1) We present the basic model for UAV-enabled mobile
two-way relaying system, where a mobile relay with a
given maximum speed as well as initial and final loca-
tions is employed to assist the communication between
two disconnected ground robot swarms, as shown
in Figure 1.

2) We study a problem formulation for the joint opti-
mization of UAV’s trajectory and transmit power
to maximize the system sum-rate in a finite time
horizon, while the constraints take into account the
practical mobility and transmit power. Notably, this
problem is a combinatorial non-convex optimiza-
tion with complicated constraints and mutual coupled
variables.

3) We develop an efficient suboptimal algorithm for
the sum-rate maximization problem by decomposing
the non-convex problem into two sub-problems. For
the non-convex UAV’s trajectory optimization sub-
problem, we approximate it into convex problem with
first-order Taylor expansions. Furthermore, an itera-
tive algorithm is proposed to solve the sub-problems
iteratively.

4) Simulation results reveal that the performance of the
proposed designs achieves a significant improvement
in sum-rate for the considered UAV-enabled mobile
two-way relaying system compared to two baseline
schemes.

The remainder of this paper is arranged as follows. In the
next section, the system model of the UAV-enabled wireless
two-way relaying system is introduced. Problem formulation
and proposed algorithm are illustrated in Section III. The
numerical results to demonstrate the performance of the pro-
posed scheme are provided in Section IV. Conclusions of this
paper are drawn in Section V.

Il. ASSUMPTIONS AND SYSTEM MODEL

Consider a UAV-assisted wireless two-way relaying commu-
nication system, while two isolated robot swarms separated
by L meters are not able to communicate with each other
directly due to the long distance or severe blockage. A UAV is
employed as a mobile two-way relay to establish the commu-
nication between them. For simplicity, decode-and-forward
(DF) scheme is adopted at the UAV side. In this paper,
we concentrate on the communication between remote robot
swarms. Assume that both robot swarms employ centralized
control and each of them has a head robot to communicate
with the external environment, where the cluster heads are
called Alice and Bob.

Without loss of generality, we assume Alice and Bob have
fixed locations on the ground, while the UAV flies at a fixed
altitude H that is the minimum height for avoiding the col-
lision. Assume a two-way relaying system in which all the
nodes are equipped with a single antenna in the context of
frequency division duplex (FDD) mode. In addition, the fre-
quency division multiplexing (FDM) is considered so that
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FIGURE 1. Geometrical model of UAV-enabled two-way relaying system.

the communication links of different nodes are orthogonal to
each other without cross-link interference.

For ease of explanation, a Cartesian coordinate system as
shown in Figure 1 is established to describe the geometri-
cal model of such a two-way relaying system. Denote by
A = (0,0,0)T a three dimensions (3D) location of Alice
and by B = (L, 0, O)T the 3D location of Bob. Since the
UAV flies at a fixed altitude H, at time instant 7, its 3D
location is (x(t),y(t),H)T with 0 < ¢t < T, where x(¢)
and y(¢) denote the relay’s time-varying x- and y-coordinates,
respectively, and 7T is the flight period. We further assume
that the initial and final positions of the mobile relay are
pre-determined, denoted as (xo, yo, H)! and (xg,yr, H)T,
respectively. Consequently, there exists a minimum distance
the UAV needs to fly during the flight period 7', denoted by
dmin- For a given maximum flying speed Vimax, Vimax should
satisfy Vinax > dmin / T

For simplicity, consider that the flight period 7 is divided
into N equal time slots, i.e., T = N§;, where §; denotes the
elemental slot length and N is assumed to be large enough
to ensure the position of the UAV is roughly constant within
each time slot [25]. Therefore, the trajectory of the UAV
over time period 7' can be approximated as (x [n] , y [n] , H)T
where (x[n], y[n])T represents the UAV’s x-y coordinate at
slot n, and unless otherwise stated, n € {1,...,N}. Con-
sidering q [n] = (x[n],y (n)7, Vn, we further assume that
q[1] = (x0,y0)", q[N] = (xr,yr)T, constrained by the
UAV’s maximum flying speed so that the UAV’s mobility
would satisfy

lqln+11—qnl|><D* n=1,....N—1, (1)

where D = Viax6; represents the maximum flying distance
of UAV for each time slot.

Assume that UAV-ground channel is dominated by the
LoS link, since the recent measurement results in [36] have
demonstrated that LoS channel model offers a good approx-
imation for UAV-ground communications in practice even if
the UAV flies at a moderate altitude. Let us hence consider the
free space propagation model, which is mainly determined
by the distance between the UAV and the ground user. Under
the above assumption, the channel coefficient of A-UAV link
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har[n] and B-UAV link Ay, [n] at slot n can be respectively
expressed as [24]-[26]

B
H2 + |q 1)’

~ B2
hyr(n] = Pad,,*[n] = H? + ||q[n] —sgl*’

har[nl = B1d,2[n] 2)

Vn, 3)

where f1, B> represent the reference channel coefficient
at distance dg = 1 meter of link A-UAV and B-UAV,

while d,[n] = /H? + |Iq [n]||2 denotes the link distance

between A and UAV at time slot n, similarly dp.[n] =

\/ H? + ||q[n] — sg||* denotes the distance between B and
UAV, where s = (L, O)T is the x-y coordinate of node
B. Since the channel gain monotonically decreases with an
increasing altitude H, there is a tradeoff between the UAV’s
altitude and channel gains, which is further studied in [17].
Although the FDD mode is employed, the frequency for
uplink can be assumed to very close to the downlink so
that the channel coefficient h,,[n] is approximate to h,,[n]
with the reason that the values of 81 and B> depend on the
carrier frequency and antenna gain, i.e., 81 = B> = Po,
har[n] = hyln], and hy,[n] = hyp[n].

Considering real-time communication where the data is
transmitted to B as soon as UAV receives the signals from A.
At the nth time slot, the received signal at UAV for the first
stage can be expressed as

yrln]l = Vv Pahar[nlxa[n] + +/ pohpr [nlxp[n] + np(n], (4)

where p,, pp are the transmission power of terminal A and B,
respectively, which do not vary with the time slot n, x,[n],
xp[n] are the transmitted data at A and B with circularly
symmetric complex Gaussian distribution CN (0, 1), n,[n] is
the additive white Gaussian noise (AWGN) observed at UAV
with n.[n] ~ CN(0, Np). It is worth noting that x,[n], x[n]
and n,[n] are statistically independent. As the DF scheme is
considered at relay, a denoised and re-modulated version of
the received signal is broadcasted to two ground terminals in
the second stage. Therefore, the sent signal at UAV can be
represented by

xr[n] = V Gilnlpphpr [nlxp[n] + / Galnlpahar[nlxqn], (5)

where G1[n], Ga2[n] are the power dividing factors of UAV
for transmitting data to node A and B, which ensures
GilnlpphprIn] + Galnlpsharln]l = prlnl. Let pri[n] =
Gi[nlpphpr[n], praln] = Galnlpghar[n], which represent the
transmit power of UAV-A and UAV-B in the forward stage,
respectively. Consequently, the received signal at node A can
be expressed as

Yaln] = v/ hyalnlx, [n] + nylnl, (6)

where ny[n] ~ CN(0, N;) is the AWGN observed at A.
In order to better detect the desired signal, each terminal
will first eliminate the self-interference from its received
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signal [37]. Then the received signal at two terminals can be
respectively modified as

yalnl = /Gi[nlpphar [nlhp, [n)xs[n] + naln), 7
yp[nl = v/ Galnlpahar [nlhp [n1xa[n] + nplnl, 3
where np[n] ~ CN(0,N,) is the AWGN observed at B,
while N| = Ny = Ny is assumed. According to (7) and (8),

the signal-to-noise-ratio(SNR) at A and B can be respectively
formulated by

Valn] = Gy [H]th]:]r [n]hp,[n] ’ 9)
0

v [n] = Gy [n]pah]t\zlr [n1hp,[n] ' (10)
0

As a consequence, the corresponding achievable informa-
tion rate for A-to-B link at the nth time slot can be expressed
by

w
Ra[n] = ?bgz(l + YalnD. (1D

Similarly, the rate for B-to-A link can be written as
Rp[n] = Elogz(l + yp[n]). As a result, the information rate
of the overall system at time slot n is given as

R[n] = Rq[n] + Ry[n], 12)

where W is the frequency bandwidth for each terminal, and
the rate is divided by two parts due to the two-phase DF
transmission.

Ill. PROBLEM FORMULATION AND SOLUTION

A. PROBLEM FORMULATION

In this paper, we aim to maximize the end-to-end system
sum-rate by optimizing both the UAV’s trajectory {q[n]}
and its power allocation factors {G1[n], G2[n]}. By defining
Q 2 q[n], Vn, and G 2 (Gq[n], Gz[}’l])T , Vn, the problem
can be mathematically formulated as follows

N
(P1) : max ;R[n] (13)
N
s.t. 1 Z (G1[nlpphpr [n] + Galnlpahar[n]) < pr,
N n=1 -
(14)
0 < Gi[nlpphpr [+ Ga[nlpahar (M <p)™,  Vn,
(15)
Gi[n] >0, Galn] >0, Vn, (16)
lqln+ 11—q[nlI> <D?>, n=1,...,N—1,
(17)

where p, denotes the average power of the UAV within
the horizon time 7', while p"®* is the maximum power that
can be radiated by the UAV. Eq. (14) and (15) represent
the average transmit power constraint over 7 and maximum
power one at the UAV, respectively. Obviously, (P1) is par-

ticularly challenging since the objective function (13) and
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the inequality constraint (14)-(15) are not convex. In the
following, we present an efficient algorithm for maximizing
the throughput under the UAV’s power and maximum speed
constraints.

B. SOLUTION

Since (P1) is a non-convex programming, which can’t be
directly solved with standard convex optimization tech-
niques. Therefore, we adopt IBCD technique to eliminate
the coupling between Q and G, which can provide a com-
putationally efficient algorithm. More specifically, we con-
sider two sub-problems of (P1), namely power optimization
with fixed relay’s trajectory and trajectory optimization with
fixed power allocation, respectively. Based on the solutions
obtained, an iterative algorithm is then proposed for (P1) via
alternately optimizing the power dividing factors and UAV’s
trajectory.

1) SUB-PROBLEM 1: OPTIMIZING THE TRANSMIT POWER
DIVIDING FACTORS GIVEN THE UAV’'s TRAJECTORY

The first sub-problem of (P1) for optimizing the power
dividing factors by assuming that the relay’s trajectory
variables Q is fixed. For ease of description, we denote
¢1[n] = ppharlnlhy [n]/No, ¢2ln] = pahar[nlhy[n]/No,
o1[n] = pphpr[n], p2[n] = pahar[n]. Due to the constraints
in (16) and the channel coefficients are positive, the left
inequality in (15) is obviously true. Thus, (P1) can be equiv-
alently reformulated as

N
(PL.1): max ZR[n] (18)

n=1
N

1
SUpr— > " (Gilnlgi[n] + Galnlgaln]) = 0,

n=1

(19)
P — (Gi[n)gi[n] + Ga[nl@z[n]) = 0, Vn,
(20)
Giln] = 0, Ga[n] > 0, V. @21)

It’s easy to verify that (P1.1) is convex with respect
to {G1[n], Go[n]}, thus (P1.1) can be efficiently solved by
standard convex optimization techniques. To obtain more
detailed properties of the optimal solution to (P1.1), we adopt
Lagrange dual method to analyze it.

(P1.1) satisfies the Slater’s condition and holds strong
duality as its convexity so that the optimal solution can be
acquired by solving the dual problem [38]. Furthermore,
the UAV’s power allocations for UAV to node A and B in
(P1.1) are coupled via both the objective function and unequal
constraints in (18)-(20), which can be decoupled by studying
its partial Lagrangian [25].

Assuming A, > 0,n = 1,...,N + 1, are the Lagrange
dual variables to (P1.1), thus the partial Lagrangian of (P1.1)
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can be defined as

L ({G1[nl], Ga[nl, A,})
N ow
= > [logy(1 + ¢1[n]G1[n])+logy(1 + ¢2[n]Ga[n])]

n=1

N
+ Y [P = (Gilndgi [n]+Galnlgaln))]

n=1

i
+AN+1 |:I_’r_]vz (Gl[n](Pl[n]+G2[n](P2[n]):| . (22

n=1

Consequently, the corresponding Lagrange dual function of
(P1.1) is expressed as

L An
) {mgx ({G1[nl, G2 [n], An)) 23
st. G1[n]>0,G2[n] >0, Vn.

According to (23), the Lagrange dual problem of (P1.1) is
then defined as

(P1.1-D) : r{r;ir}l 7 (24)

str, >0, n=1,--- ,N+1. (25

Because of the strong duality, optimal solution to (P1.1)
can be obtained by equivalently solving (P1.1-D). Therefore,
we first solve (P1.1-D) to obtain optimal dual solutions {1}
with any initial given power dividing factors G°. Then the
optimal power dividing factors G* are obtained based on the
dual optimal solutions.

Let us first consider the problem (P1.1-D) of minimiz-
ing the dual function over {i,} with fixed {G%[n]} and
{Gg[n]}. For (P1.1-D), it can be done by the subgradient-
based method [25]. And the subgradient of f ({A,}) at
point {A,} is given by g = [gl,gz,...,gN+1]T, with
gn = pI™ — (Glnlgiln] + GY [nl ¢2[nl) , Vn, and gy 41 =

N
pr — & 3 (Gnlgiln] + GY [nl galn]). The procedures
n=1

to obtain the optimal dual solutions {A:} are shown
in Algorithm 1.

The optimal primal variables for Lagrangian maximization
in (23) can be obtained by solving two parallel sub-problems
with obtained dual variables {k;}, which are shown as
follows [25]

max L ({Gq[n], A* 26
{Gi[n]} ({Grtn1.22}) (26)
s.t. Gy [n] =0, Vn, 27
and
max L ({G;[n], A" 28
[nax ({G2In1. 2 }) (28)
st.Ga[n] >0, Vn, (29)
where

N

w
L ({Gilnl. A3}) = 3 S loga(1 + ¢1[n]Giln)

n=1
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N
+ )k [P = Gilnlgi[n]]
n=1

1 N
+ )L;]_H |:[_9r - ﬁ Z Gi[nle [n]j| , (30)
n=1

N

w
L ({Galnl. 43}) = 3 < loga(1 + galn]Galnl)

n=1

N
— > XGalnlgaln]

n=1

1 N
— M1y 2 Galnlgalnl. 31

n=1

Note that the above-mentioned two parallel sub-problems are
both convex optimization problems with a single variable.
We can apply Karush-Kuhn-Tucker (KKT) conditions for the
optimal solution, and the detailed algorithm for completeness
is provided as follows.

We assume that @ is a Lagrange multiplier column vec-
tor corresponding to the inequality constraints. The optimal
solution for problem (26-27) must satisfy the following KKT
conditions

Werln] - ()\* + 1 ) ¢1ln]
2In2(1 + ¢1[n]G7[n]) n NN
=w"[n], Vn, (32)
Gi[n1 =0, Vn, 33)
o*[n] Gy [n] =0, Vn, (34)
o*[n] >0, Vn, (35)

where G7 [n] and w* [n] represent the optimal value for G [n]
and w[n]. According to (32)-(35), we can get the closed
solution for problem (26-27), which can be written as

+
w 1

2In2 ((Aﬁ—i—%kl”:jﬂ) o1 [n]+w* [n]) B ¢1(n]
(36)

Gin])=

Similarly, as (31) has the same form with (30) after deriva-
tion, we can easily get the optimized solution for (28-29)
by (36) as

+
w 1

2In2 (()‘Z+1lv)‘1>:/+1) @ [n]4+p* [n]) - ¢2[n]
(37

G3[nl=

where p* is the optimal value of the Lagrange multiplier
column vector u corresponding to the inequality constraints
in (29), and [x]F 2 max {0, x). Furthermore, the com-
plete procedures for solving (P1.1-D) is summarized in
Algorithm 1.
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Algorithm 1 Alternating Optimization for (P1.1)

Initialize G¥ [n] > 0, G [n] > 0, Vn.

Repeat

Compute the subgradient of f ({1, }) at point {},}.
Obtain A%, ¥n with given {G{[n]}, {GO[nl}.

Update {G1[n]}, {G2[n]} by KKT conditions.

Until converge or the preset number of iterations has
been reached.

7: Output {1}, {Gi[n]} and {G3[n]}.

AN

2) SUB-PROBLEM 2: OPTIMIZING THE UAV's TRAJECTORY
GIVEN THE TRANSMIT POWER

Secondly, for any given UAV’s power allocation scheme G,
the trajectory optimization problem can be written as

N

w

(P1.2) : mgx E 5 [logy(1 + &1[n]) + log, (1 + &[n))]
n=1

(38)
Gi1[n] Pbﬁo Ga[nlpaPo _
Np,, 39
tZ( P o] ) S NP (39)
0< GilnlppBo =~ Galnlpafo <™ v,
k2 [n] k1 [n]
(40)
lqn+11—qnll* < D*, n=1,...,N —1,
(41)
where & [n] = GilnlppBi/Noki [nlk2[n]), & [n] =
GalnlpaB? / (Nok1 [nl k2 [n]), while &1 [n] = H? + ||q[n]|%,

k2 [n] = H + |lq[n] — sp|*.

Since &; [n] is a concave function with respect to q [n], and
its value is always greater than zero, and log,(1 + &[n]) is
a concave function. Besides, Eq. (38) can be proved to be
concave since any positive linear combination of the concave
function is also concave. Nevertheless, (P1.2) is still non-
convex due to the constraints (39) and (40) are non-convex.
To handle this problem, the successive convex optimization
technique can be applied. It can be observed that &,.[n] is
concave with respect to q [n], which can be globally upper-
bounded by its first-order Taylor expansion at any local point.
Define Q®) = {q® [n]} as a given initial trajectory in the
k-th iteration, h,,[n] is upper-bounded by

har[n]l < E® [n], (42)

BoH+360 | 411 ~200 X [ gn]

where E®) [n] = > , Yn. Simi-
k]
larly, A, [1] can be upper-bounded by
horlnl < FO [nl, (43)

Bo P [n]—2p () [n]— sB)T(q[n]—q“')[n])

where F® [n] -
! >[n]

3

Given an initial trajectory Q®), the approximate prob-
lem of (P1.2) can take the following form by referring
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to (42) and (43) as
(P1.2.1) :
N

w
Z; logy(1 + &1[n]) + logy(1 + &[n])]  (44)

n=1

N
st. Y (GilnlppF ™ [n] + GalnlpaE™ [n]) < Npr, (45)

n=1

0 < Gi[nlppF® [n] + Galnlp, E® [n] < p™>,  Vn,
(46)

lqln+11—q[nlI> <D?, n=1,...,N—1. (47)

With the above detailed analysis, (P1.2.1) is a convex
optimization problem, which can be efficiently solved by
the interior-point method. The first-order Taylor expansions
in (42) and (43) suggest that the inequality of the constraints
in (P1.2) are strictly satisfied, and the optimal solution to
primal problem (P1.2) can be obtained by approximately
solving (P1.2.1).

Algorithm 2 Alternating Optimization for (P1)

1: Initialization: Let iteration number / = 0 and initialize
the power dividing factors {G [n], G2,[n]} and UAV’s
trajectory {g; [n]} .

2: Repeat

3: Solve (P1.1) with the given trajectory {ql [n]} by stan-
dard convex optimization techniques.

4: Update the power dividing factors.

5: Solve (P1.2.1) with updated power dividing factors
{G1,141[n], Go,141[nl}.

6: Update the trajectory {g;, [n]} .

7: Until converge or the preset number of iterations has
been reached.

8: Output UAV’s trajectory {g[n]}, power dividing factors
{G1[n], Gz[n]} and end-to-end sum-rate.

3) OVERALL ALGORITHM
In summary, the non-convex problem (P1) can be solved
by applying the block coordinate descent method, which
solves two sub-problems (P1.1) and (P1.2.1) alternately in an
iterative manner. The details of the proposed algorithm are
summarized in Algorithm 2. Since the sub-problem (P1.1) for
power optimization can be solved by KKT conditions, which
implies that Algorithml provided a globally optimal solu-
tion. However, since the sub-problem (P1.2) for trajectory
optimization cannot be guaranteed to be optimally solved,
no optimality can be theoretically declared for Algorithm 2.
However, only the convex optimization technique is
required at each iteration as shown in the proposed iterative
algorithm. Furthermore, since the overall computational com-
plexity of Algorithm 2 mainly lies in Step 3 and 5, the com-
plexity is polynomial in the worst situation. Specifically,
since it can be verified that (P1.1) fulfills Slater’s condition,
to obtain the structural properties of the optimal solution,
the convex problem (P1.1) can be solved by applying the
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Lagrange duality. Then, the dual problem can be solved by
using the ellipsoid method. The complexity for updating the
dual variables by the ellipsoid method is in the order of
O(N?) and for convergence, it takes O(N 2), where N is the
number of time slots. So, the complexity for solving (P1.1)
is 0(N4) [39], which accounts for the complexity of one
iteration in the Algorithm 1. Also, (P1.2.1) is a standard
convex optimization problem, which can be solved by the
interior point method with the complexity of O(N?) [38].
Thus, denoting L as the number of iterations for conver-
gence of the proposed algorithm, the total complexity can be
expressed as O(LN h.

IV. SIMULATION RESULTS AND DISCUSSIONS
In this section, numerical results are provided to evaluate
the performance of our proposed trajectory and power opti-
mization scheme for the UAV-aided two-way relaying sys-
tem. We consider a system where the terminal A and B
are separated by L = 2000m, the location of two nodes
are A = (0,0,0)7, B = (2000, 0, 0)T [25], and the ini-
tial/final x-y coordinates of the UAV’s trajectory are given by
q = (=500,500)", qr = (2500, 500)7, respectively.
The UAV’s flying altitude is fixed to H = 120m, which
corresponds to the minimum altitude required in moderate
mountainous area. For the mobile relaying system, the max-
imum UAV speed is assumed to be Vipax = 20m/s, which
corresponds to the future high speed fixed-wing or hybrid
fixed-and-rotary-wing UAVs. To ensure that the placement
of the UAV is barely changed within §;, we set the elemental
slot to §; = 0.1s. Without loss of generality, we assume that
the reference channel coefficient Sy = —30dBm, noise power
spectrum density at two ground terminals and UAV are equal,
i.e. N = —160dBm/Hz. The communication bandwidth of
per link is 10MHz with a carrier frequency of 2GHz [26].
Unless otherwise specified, the maximum average transmit
power at UAV is assumed to be p'™* = 0.4W, and the
average power is p, = 0.1W. Besides, the transmit power
of two ground terminals are constant and which equal to
pr = 0.1W, and the threshold of given algorithm is set
as e = 107+ [21], [25].

In this paper, three schemes are considered for compar-
isons.

1) Scheme I : We assume that UAV’s power applied
for transmitting to A/B is equal across different
time slots, and UAV flies unidirectionally from
(=500, 500, 120)” to (2500, 500, 120)” with the con-
stant speed at 10 m/s.

2) Scheme II : The trajectory scheme in Scheme I is still
considered, while the power allocation is optimized by
solving problem (P1.1) iteratively until convergence.

3) Proposed method : The power allocation and UAV’s
trajectory are jointly designed in a best-effort
manner.

Figure 2 illustrates the power allocations of UAV over
different time slots while the flight period is T = 300s.
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FIGURE 2. UAV's power allocation results by Algorithm 1.

Furthermore, as previously mentioned, py1 and py2 repre-
sent the transmit power of the UAV for link UAV-A and
UAV-B, respectively. It is observed from Figure 2(a) that
when the UAV is close to node A, that is, roughly from 25s
to 75s, pr1[n] is much bigger than p,;[n]. When the UAV
flies near to node B, the value of p,1[n] is approaching zero,
whereas p,2[n] is relatively high. Additionally, there is no
data transmission when the UAV’s transmission power is
zero. This is because when UAV is close to A, the channel
gain hy[n] is large, thus p,1[n] should be much bigger to
get a great sum-rate, which also follows the water-filling
method. In Figure 2(b), to maximally employ the good chan-
nel condition for link UAV-node A induced by trajectory
optimization, all the power is allocated to p,i[n] from 30s
to 100s, whose value is 0.225W limited by the sum-power of
the UAV.

Figure 3 shows the UAV’s trajectories versus the flight
period 7, while the transmission power of UAV for
link UAV-A and UAV-B is fixed. For illustration, node A,
node B, and initial and final relay locations are marked by
square, circle, plus sign, and product sign, respectively. It is
observed that when T = 150s, which is the minimum
required time for the UAV to fly from the initial location
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FIGURE 4. The speed of the UAV over time for three different trajectories
from Figure 3.

to the final location at the maximum speed v = 20m/s.
It shows an apparent difference as T increases. Specifically,
when 7' = 160s, the UAV will fly with a curve route, it flies
to the two terminals as near as possible, and between two
nodes, an approximately direct path is employed. In partic-
ular, when 7 = 300s, the UAV hovers at (0, 0, 120)7 and
(2000, 0, 120)7 as long as it can afford. At these two posi-
tions, the system seems to have the highest energy efficiency.
Meanwhile, when the UAV hovers, the transmission power
allocation remains constant as shown in Figure 2(b). To get
more insight, Figure 4 shows the UAV’s speed versus the
flying position for different period 7" shown in Figure 3.
It is observed that, when 7T is small, the UAV will fly with
the maximum speed to finish the journey. When T is long
enough, the UAV will employ a binary speed, i.e., it remains
stationary for certain duration when it reaches A and B and
moves at the maximum speed otherwise.

In Figure 5, the proposed scheme is compared to the other
two benchmark ones, where the system sum-rate versus the
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average transmission power of UAV with different period T
is investigated. Obviously, the sum-rate of all the schemes
increases with an increasing p,, while the proposed scheme
performs better than the baseline schemes for all p, since it
optimizes the transmit power and the UAV’s trajectory jointly
and concentrates most of the power to time slots with the
best link qualities. Specifically, as the p, increases, the power
constraints become active, which makes py1, pr2 and the sum-
rate of each scheme get increased.

Figure 6 shows the corresponding sum-rate of different
schemes versus flight period 7" when p, = 0.1W, 0.5W and
2W. It is observed that the sum-rate of all algorithms increase
significantly with 7', as expected. Additionally, the proposed
method always achieves the highest sum-rate than the other
two benchmark schemes. Furthermore, it is worth pointing
out that the increment versus flight period T of three schemes
exist huge difference (e.g. when p, = 0.1W, the flight period
T varies from 400s to 500s, the increment A > Ay > A3z),
which shows that the trajectory adaption with increasing T is
essential for the sum-rate improvement.
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V. CONCLUSION

In this paper, we have investigated a UAV-aided mobile two-
way relaying system to connect two isolated robot swarms.
The DF relay strategy has been employed to reduce the
complexity of the analysis. The UAV’s transmission power
and trajectory have been jointly optimized to achieve the
maximum end-to-end throughput. We have also proposed
an alternating iterative algorithm and utilized the successive
convex optimization technique to solve the associated non-
convex optimization problem. From the numerical results,
we have demonstrated that compared to the fixed power and
trajectory schemes, significant improvement of the through-
put can be achieved by the proposed joint power and tra-
jectory optimization scheme. As future works, extension to
different UAV-ground channel models [17] is worth pursing.
Also, throughput-delay tradeoff over the all system could be
an important research direction.
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