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This paper solved a propulsion energy minimization problem subject to a total data-bit constraint of an unmanned aerial vehicle
(UAV)-enabled full-duplex mobile relaying system, where a fixed-wing UAV is dispatched as a full-duplex mobile relay to assist
data transfer from a source to a destination. Here, three trajectory flying modes are used, namely, the UAV first flies along a
circular path above the source, next flies to the destination along a straight line, and finally flies along a circular path above the
destination until all the data-bits have been transferred. Since the propulsion energy minimization problem is a nonconvex mixed
integer programming problem, its closed-form solution is not tractable, and hence, it is transformed to three subproblems so as to
simplify its solution. After solving the three subproblems, an iterative algorithm is proposed to achieve a suboptimal solution to
the propulsion energy minimization problem, leading to a new hybrid circular/straight trajectory (HCST) design. Computer
simulations are conducted to validate the effectiveness of the proposed HCST design. It is shown that the proposed HCST design
performs well in terms of energy saving for the long distance and big data communication cases compared with the straight or

circular flight trajectory design.

1. Introduction

The use of unmanned aerial vehicles (UAVs) for assisting
wireless communications has attracted increasing interest re-
cently [1, 2]. Compared to the traditional terrestrial commu-
nications, UAV-assisted communications are more cost-
effective, flexible, and swift for deployment due to the high
mobility of UAVs and the possibility of providing on-demand
services. In addition, UAV-ground communications are more
likely to have line-of-sight (LoS) channels which offer higher
capacity than that provided by terrestrial links. Thus, UAVs
shall play an extremely important role in wireless communi-
cation applications such as temporary traffic offloading for
cellular base stations [3, 4], cooperative communications for
mobile relaying [5-8], and information dissemination and data
collection for Internet of Things [9, 10].

In this paper, we considered a full-duplex mobile re-
laying system consisting of a fixed-wing UAV, a source, and

a destination. The source would like to transfer data to the
destination assisted by the fixed-wing UAV which acts as a
full-duplex decode-and-forward (DF) relay. The UAV relay
has three trajectory flying modes, namely, the UAV first flies
along a circular path above the source, next flies to the
destination along a straight line, and finally flies along a
circular path above the destination until all the data-bits
have been transferred. It is noted in [11] that the commu-
nication-related power of a UAV is usually much smaller
than its propulsion power. Therefore, the main goal of this
paper is to minimize the total propulsion energy of the UAV.
We formulate the trajectory design as a nonconvex mixed
integer programming problem. To solve the problem, it is
divided into a few subproblems, by solving which a sub-
optimal solution is acquired. Then, an iterative algorithm is
proposed to obtain a hybrid circular/straight trajectory
(HCST) design which can approach to the optimal trajectory
and minimize the total propulsion energy accordingly.
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The rest of this paper is organized as follows: Section 2
describes the related works in literature. Section 3 introduces
the system model under investigation and formulates a general
optimization problem corresponding to the UAV’s propulsion
energy minimization. By dividing the optimization problem
into three subproblems, the energy minimization problem is
solved in Section 4, leading to a new HCST design. Computer
simulations and performance comparisons are presented in
Section 5. Section 6 concludes the paper.

2. Related Works

Currently, there are many works in the literature that concern
the problem of maximizing information throughput or spec-
trum efficiency of UAV-assisted mobile relaying systems
[12-16]. It is known that UAVs have limited on-board energy,
and thus energy saving has been recognized as a more im-
portant factor for UAV communications. The authors of [17]
investigated an energy-efficiency problem by optimizing the
UAV’s speed and load factors in a circular trajectory. In [18],
collaboration schemes between multiple UAVs were investi-
gated so as to extend the duration of communications. On this
basis, a joint design of UAV-trajectories and the transmit
power of the communication nodes were proposed with the
aim of maximizing the end-to-end throughput. In [19], a power
consumption trade-off between ground terminals and UAVs
were derived for circular and straight trajectories, respectively.
The authors of [11] developed a load-carry-and-delivery
scheme for a full-duplex UAV relaying network with the aim of
enhancing the energy efficiency of the network. In [20], a
rotary-wing UAV was used to communicate with multiple
ground nodes, and an efficient algorithm was proposed to
optimize the hovering locations and duration, as well as the
flying trajectory so as to minimize the system energy con-
sumption. The authors of [21] investigated an energy-efficiency
problem with the aim of maximizing the data-bits transferred
per the UAV’s propulsion energy via the trajectory design of
the UAV. It should be noted that most of the existing works
considered circular or straight trajectory design separately. The
authors of [22] took a fuel-powered rotary-wing UAYV relaying
system into consideration and proposed a joint optimization
method for power control of the communication terminals and
the UAV’s trajectory design so as to maximize the system
energy efficiency. It is noted in [21] that there exists an upper
bound of information throughput if a straight trajectory is
adopted. It means that a straight trajectory is not suitable for
the case where a huge amount of data need to be transferred. In
case that a circular trajectory is employed, the system infor-
mation throughput will be poor if the source and destination
nodes are located far away [17]. In view of the shortcomings of
circular and straight trajectories, this paper investigates an
HCST design for propulsion energy minimization of the
system.

3. System Model and Problem Description

Figure 1 gives the system model, where a UAV denoted by R
is dispatched as a mobile relay to assist data transfer from the
source S to the destination D. Suppose that S and D are
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FiGUure 1: UAV-assisted mobile relaying system with hybrid cir-
cular/straight trajectory.

located far away, and thus no direct link exists between S and
D due to high path loss caused by long distance and/or
obstacles. Moreover, it is assumed that S would like to
transfer a huge amount of data to D.

Without loss of generality, assume that the horizontal
coordinates of § and D are qg = [0,0]" and qp = [L,0]7,
respectively, where L is the distance between S and D, and
the UAV flies at a fixed altitude H which corresponds to the
minimum altitude required for terrain or building avoidance
without frequent aircraft ascending or descending [11].
Denote by T the mission time. Throughout the whole
mission time, the UAV needs to collect Q data-bits from S
and then forwards them to D. There exist three trajectory
modes described as the following:

Mode 1: the UAV flies along a circular path with center
at (0,0,H) and radius r,. Denote by v, and T, the
UAV’s speed and duration of mode 1, respectively.

Mode 2: the UAV flies from (r;,0,H) to (L —r,,0,H)
along a straight line. Denote by v, and T, the UAV’s
speed and duration of mode 2, respectively.

Mode 3: the UAV flies along a circular path with center
at (L,0,H) and radius r,. Denote by v; and T the
UAV’s speed and duration of mode 3, respectively.

Suppose that the initial location of the UAV is (r;,0, H).
First, the UAV flies n laps according to mode 1. Then, the
UAV flies along mode 2. Finally, the UAV flies according to
mode 3 until Q bits-data are completely transferred from S to
D. Here, the duration of each mode must satisty

27ry

L—r —
=" (n=1,2,--)T, =— L2 7. 50, (1)
V1 V2

During the whole mission time, a full-duplex relaying
fashion is employed, namely, the UAV collects data from S
and forwards them to D, simultaneously. Note that, for
simplicity, the UAV’s take-off and landing phases are ig-
nored. It is worth-mentioning that the UAV’s trajectory
should change between different modes smoothly, and the
UAV’s speed cannot be switched instantly between v,, v,,
and v;. Since the total energy consumption of a UAV is quite
large, the change of the UAV’s kinetic energy between
speeds v;, v,, and v;, and the differences between the
practical trajectory and the trajectory in Figure 1 can be
omitted. Denote by q(t) € R**! the UAV’s trajectory on the
horizontal coordinate, where 0<t<T. Then, the time-
varying distance between S and R, and that between R and D
can be, respectively, expressed as follows:
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dg (t) = VH* +lq ()1, (2)

duo (0 = VH> +]| (L, 0)" - q(0)[" (3)

Here, it is assumed that R is equipped with a data-buffer of
sufficiently large size and the communication links from R to
S and D are dominated by LoS channels [12]. Moreover, the
Doppler effect due to the UAV mobility is assumed to be
perfectly compensated [12]. Then, the time-varying channel
between S and R follows the free-space path loss model and
can be written as follows:
Po

hep (£) = Bod2 (£) = —L0 | 4
sk (£) = Bodsg (1) 2 +lq01 (4)

where 3, denotes the channel power at the reference distance
do =1m.

Likewise, the time-varying channel between R and D can
be expressed as follows:

= odi () = o

H2 +|(L,0) - q()["

Assume that R collects and forwards data using different
frequency bands, and thus there is no loop-interference at
the UAV [12]. Then, the corresponding signals received by R
and D can be, respectively, written as follows:

Yr () = \|Pshgg (t)xg (t) + ng (), (6)
¥p (t) = \[Prhgp (£)xg (t) + np (). (7)

In (6) and (7), x5 (¢) and xp (¢) are the signals sent by Sand R;
Pg and Py are the transmit power from S and R; 1y (t) and
np (t) are the additive noises received by R and D,
respectively.

The data of size Qp (t) and Qp, (¢) received by R and D at
time t can be, respectively, expressed as follows [11]:

hp () (5)

Qr(t) = J-:)log2 (1 +#)dr
(8)
P
1 sYo )d ’
J(’ ng( H +lq@F )"
IptQp (t) = J;log2< PR GR? (T))d'r
= Jt log, < Pry, >dT
' H +(L,0)" - g0
(9)

where y,28,/0 and ¢? denotes the noise power at R and D.
It is worth-mentioning that in the paper, data-bit is nor-
malized by bandwidth, and thus its unit is bit/Hz. Unless
otherwise specified, bit means bit/Hz in the paper. In order
to ensure Q bits-data transfer during mission time T, (10)
must be satisfied.

Qr(7)>2Q,Qp (1) 2Q. (10)

Moreover, the UAV can only forward data that has
already been collected from S, and thus the following in-
formation-causality constraint must be satisfied [20].

Qp (1)< Qg (),0<t<T. (11)

It is well known that the total power consumption of a
UAV consists of two parts, i.e., communication-related
and propulsion power consumption. Here, only the
UAV’s propulsion power consumption is considered as
the communication-related power consumption is usu-
ally much smaller than the propulsion power con-
sumption [11]. According to [19], the propulsion power
consumption of a fixed-wing UAV with circular and
straight  trajectories can  be  modeled as
[ep + 6/ (2] +¢,/v and  ¢;v* +¢c,/v, respectively.
Here, ¢; and ¢, are the parameters depending on the
aircraft’s weight, wing area, air density, etc., and g, r, and
v denote the acceleration of gravity, the radius of the
circular path and the velocity of the UAV, respectively
[19]. Then, the optimization problem corresponding to
the propulsion energy minimization can be formulated
as follows:

%k % %k % * % %
(r1>10, v v3, 5, T, T3, Ty, n7)

= arg min T,
715t VsVa Vs T T, T

12
[(cl +—§22>VT+CZ] +T2<clv§+cz) (122)
gn ¢! V2
+T, [(Cl +%>v§ + CZ],
grn V3
st. ry+r,<L,r;>0,r,>0, (12b)
me S1}1’1}2’1}3 SVmax’ (12C)
2nr
T1 = ) ..)’
Y1
T2=L—rl—r2’ (12d)
V)
T5>0,
Qr(T)2Q,Qp (T) 2Q, (12e)
Qp (1) <Qgr(£),0<t<T, (12f)
T, +T,+T;=T, (12g)

where V. and V. are the UAV’s the minimum and
maximum flight velocity constraints, (12b) and (12e) are the
practical physical constraints, and (12g) is the mission
completion time constraint.



4. Solution of the Energy Minimization Problem

In this section, the energy minimization problem
(12a)-(12g) is solved, leading to a HCST design. As a first
step, the following lemma is presented so as to simplify the
optimization problem.

Lemma 1. For problem (12a)-(12g), constraints (12e) and
(12f) can be rewritten as follows:

Qr(T)2Qp (1) = Q. (13)

Proof. It is noticed that Qg (¢) and Qp (f) are both mono-
tonically increasing functions for t € [0, +co. Moreover,
when S and D are located far away, Qy (t) can be seen as a
convex function of t, while Qp () is a concave function.
Since Qp(0) =Qp(0) =0, (12f) can be satisfied if
Qr(T)=2Qp (T) holds. Assume that Qp(T*)>Q holds,
where T* =T7 +T; + T and T, T3, and T3 are the so-
lutions of (12a)-(12g). Then, there must exist A > 0 such that
T7,T5,and T5 — A can satisfy the constraints of (12a)-(12g),
and further reduce the power consumption, which con-
tradicts the optimal assumption of T}, T, and T3. There-
fore, the optimal solution of (12a)-(12g) must satisfy
Qp(T*)=Q, and (12¢) and (12f) can be rewritten as
QR (T) 2 QD (T) =Q.

Denote by Qg™', Qif, and Qg™ the sizes of data-bits
received by the UAV in the duration of modes 1, 2, and 3,
respectively. Denote by Q&'!, Qi, and Q" the sizes of data-
bits received by D in the duration of modes 1, 2, and 3,
respectively. Then, (13) can be rewritten as follows:

QR QR T+ =R, (14)
and QY™ can be expressed as follows:

cirl 21’17’[7’1 PS)}O
=—] 1+ . 15
A v B H? + 17 (15)

1 1

According to [19], QY' can be expressed as follows:

(L_rz) -F, (”1)
v,In2

Str F
Q= , (16)

F, (x) =xln<1+
+ X

Since problem (12a)-(12g) is a nonconvex mixed integer
programming problem, it cannot be directly solved with
standard convex optimization techniques. In the following,
problem (12a)-(12g) is divided into three subproblems by
solving which a suboptimal solution to the power mini-
mization problem is acquired.
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where F, (x) = xIn (1 + Pgy,/H? + x*) = 2H tan™! (x/H) +
2+/H? + Pgyytan™! (x/+/H% + Pgy, ).

Since Qg™ is mathematically intractable, a corre-
sponding lower-bound is considered. It should be noted that
a lower-bound of Q§™ satisfying (14) can enable (12¢) and
(12f) to be held. Using inequality (52)in [11], Qg™ can be
lower-bounded as follows:

&
i Ty-my P
Q;:{rz - JTZ _210g2 1+ 5 5 sYo 5 dx
-n V3 H"+L" +2Lr,cosx + 1,

; P
=Q™ > T;log, <1 + Tl s¥o )

+L2+r§ (17)
I 2(log, e)PsyoLr,
V3 (H2 +L*+ ’;)(HZ +L*+ r§ + Psyo)
=>Q§ir2 2T;B, (r;) + B, (15, v3)
where
Pgy
B,(r,) =log, | 1+ 510 ,
1(r2) gz( H2+L2+r§)
_ 2(10g2 e)PsVOL”g
B,y (ryv3) = 2. 12, 2 2, 12, 2
v3(H + L+ rz)(H +L°+7r5+ Psyo)
(18)

Using the same approach, it is readily to obtain
QU >T By (ry) + By (r1,v)),
b = Fy(L—1;) = F,(ry)/v,In2 and
Q5™ = T;log, (1 + Pyy,/H? +r3), where
Pry
B;(ry) =1o 1 +——210
5(r1) gz( H2+L2+rf>
(19)
-2 (log; )PRVOL”%
vl(H2 +L%+ rf)(H2 + L7+ rf + PRyO)

B, (”1’ Vl) =

And F, (x) is defined as the following:

P
H_y)H@)Jﬁ(i) )

VH? + Pyy,

Recall that S and D are located far away and the UAV
relay assists the data transfer between S and D by adopting
three trajectory modes. In mode 1, the UAV is much closer
to S than to D, and thus it has a dominant traffic volume in
collecting data from S. On the contrary, in mode 3 the traffic
of the link from R to D is dominant. Therefore, in order to
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simplify (12a)-(12g), two subproblems corresponding to the
energy minimization in modes 1 and 3 are addressed first,
where only the link having the dominant traffic volume is
considered. The two subproblems can be formulated as
(21a)-(21c) and (22a)-(22c).

%], (21a)

Y1

c

_ . 2 \.3

(7,7;) = argmin T, [(Cﬁ’l + —gzr )Vl +
1

TV

i Pgy,
stQM =T log, [ 1+—=312 ), (21b)
R 11082 0+ rf
Viin V1 Vi 0 <1 <L, (21¢)
(7, 7;) = argmin T, [(cl + %)vi + C_Zj|,
V3 g r2 V3
(22a)
s.tQ9% = T,log, | 1+—R° ), (22b)
° 082 H* + r%
Vmin < V3 < Vmax> 0< r, < L; T3 >0. (22C)

Of note is that in (21a)-(21c) and (22a)-(22c), Q§™ and Q"
are assumed to be fixed.
For problem (21a)-(21c), substituting (21b) into (21a)

leads to
(c1 +(cz/g2rf))vi +(cy/vy)

7,V ) = arg min , (23a)
(0 T0) = S g (1 (Pl (7 + 7))
8.8V imin <V < Viao 0< 7 < L. (23b)

It can be found that [c, +c,/(g°r3)]vi +cy/v, is a
concave function for v € (0, +00). Its extreme point is v; =
{ex/ [Bey + 3¢,/ (g )]} " So, the minimum power on the
numerator of (23a) can be achieved when the following
equation holds:

22 1/4

RS >
2,2 4

3c,g°r] + 3¢,

Vmin» lfVmin > <

22 1/4

. ©gT

ifv < —=5—— <V,
min <3c1 g2l +3c, max>

=

2.2 1/4
_ ©g
3¢, +3¢c, )

) 1/4
Cg1 )

ifv__ < —=5——
max> max <3clg2rf+3c2

(24)

Substituting (24) into (23a) and then 7, can be obtained
by using one-dimensional search over 0 <r; < L.

For problem (22a)-(22c), substituting (22b) into (22a)
leads to

(c1 +(c2/g2r§))v§ +(cy/v3)

7,,V;) = arg min , (25a)
2r¥2) =38 g (1 + Pyl + 7))
St Vpin V3 <V, 0< 1, < L. (25b)

Likewise, the minimum power on the numerator of (25a)
can be achieved when (26) holds.

2.2 1/4
v iy o[ 297
min> mn T 3¢, 9213 + 3¢, )

2.2 1/4 29 1/4
- C,g°r . C,g°T
3c,g°r; + 3¢, 3c,g°r; + 3¢,

2.2 1/4
91
3¢,9%13 + 3¢,

max? lf vmax < (

(26)

Substituting (26) into (25a) and then the optimal so-
lution of (25a)-(25b) can be obtained by using one-di-
mensional search over 0 <r, < L.

Base on the above discussions, (12a)-(12g) can be
transformed into

(VZ,TI,T3,ﬁ) =arg min T, [(cl + ﬁ)ﬁ + C—z]

v, T, T3n ’ 71
+ Tz(clvg + C—z) + T, [(cl + %)V% + f—i]
V2 gr V3
(27a)
SEV nin €V €V o (27b)
o

Tl = frl n, (n = 1)2"")’

" (27¢)
T, =ETN T L,
V)

QY + QY + B, (7,)T5 + B, (7, 73) = Q, (27d)
B, (7,)T, + B, (7, %)) + Q) + QS” =Q. (27e)



In (27a)-(27e), 7, and ¥, are the optimal solutions of
(21a)-(21c), and 7, and v, are the optimal solutions of
(22a)-(22¢).

However, (27a)-(27¢) is still hard to solve due to the
integer constraint »n. Then, the following two lemmas are
proposed so as to simplify problem (27a)-(27¢).

Lemma 2. For problem (27a)-(27e), the optimal solution of
the number of the laps in mode 1 can be given by

e {rT " L ”11}

2nr,

(28)

where 7| and v, are the optimal solutions of (21a)-(21c), and
T, is given by (A.3) in Appendix A.

Proof. See Appendix A.

Lemma 3. Denote by QCRIH and Q;tr the optimal data-bits
received by R in modes 1 and 2, respectively, which can be
obtained by solving problem (27a)-(27¢) and then
substztutmg the obtained solutions into (15) and {16) Let
QR =Q- QR — B, (7,))T5 — B, (5, ¥;). Then, QR can be
expressed as follows

cirl

Q" = max{ Q" Quel: (29)
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where

Qe = 2077 (3¢, + 3¢, %2 /c, g%) 4 log, (1 + Pgyy/H? +
)

1)

Proof. By fixing the value of the radius and the speed in
mode 1, it can be easily found that the system energy
consumption of the UAV is monotonically decreasing for
Q™" € (0,Q.) and monotonically increasing for
QY™ € (Qey> +00). Since By (7,)T5 + B, (7,,73) is a lower-
lloulnd of data-bits rece1ved by the UAV in mode 3,
Q;{; QR must hold In the following, two cases, i.e.,
Qg >Q and QR foxt, are, considered. For the case
where QR > Qo if Q;lr QR >0, we can always find a
smaller system energy consumption by reducing the
energy consumption of mode 1, while fixing the energy
consumption of modes 2 and 3. It contradicts the optimal
~cirl ~ Cir
assumption, and thus Qy = must hold in this sit-
uation. For the case where QR < Qe if IQ;lr Qe >0,
we can always find a smaller system energy consumption
by reducing the energy consumption of mode 1 while
fixing the power consumption of modes 2 and 3. It also
contradicts the optimal assumPtlon a thllls Q;r = Quxt
must hold. In conclusion, Qp = = max QR ,Qextj holds.
For the case that 71 is known, problem (27a)-(27¢€) can be
rewritten as (30a)-(30d).

_ 2nr L-7, -7
(vz,T3) = arg min frlﬁKcl +§2~2>V? +f2] +r1r2<c1v; +Cz) +T, [(cl +§2~2)17§ +3], (30a)
vy T3 V1 g rl Y1 V2 V2 g 7’2 1/3

SAEV pin €V <V o T3 20, (30b)

2nmr, Psyo ) (L_?Z)_Fl (71)
——1o 1+ + B, (7,)T5 + B, (75, 7;) + >Q, 30c
2 gz< H 47 (72)T5 + B, (7, 73) v, In2 (30¢)

o~ o F,(L-7,) - F,(7,) Pry

By ()T, + By (7}, 7)) +— v211n2 222 4 Tylog, | 1+ H2R7+07§ =Q (30d)

in (30a)—-(30d), Tl can be achieved by substituting 7,, 7,, and
71 into (1). It can be observed that the cost function and the
constraint set in (30a)-(30d) are convex, and thus it is a

convex optimization problem. By solving the Karush-Kuhn-
Tucker (KKT) equations, the solution of (30a)-(30d) can be
acquired, giving
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(1) Initialize Qg™ =
(3) repeat
cirl

|QR Q | ~cirl

(6) Update QClrl Qr -
(7) until AQ<e.

Q, n= N (N is a large integer), tolerance £>0.
(2) Solve problem (25a)-(25b) and the value of 7, and ¥; can be achieved.

(4) Substitute Qg and # into problem (23a)-(23b). Then update the value of 7| and 7. o
(5) Accordlng to (31) and (32), ¥, and T can be achieved. Then according Lemma 3, the value of QR

(8) Output the sub-optimal radius 7;, velocity ¥, and duration T, in mode 1; output the sub-optimal velocity ¥, and duration T, in
mode 2; output the suboptimal duration T'; in mode 3 and calculate the total energy consumption E.

can be achieved. Let AQ =

ALGORITHM 1: Iteration algorithm for solving the propulsion energy minimization problem.
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3=

~ aqa
V) = —05\/24'05 —f2 2710 (31)
C1a5\/‘(L - 7’2
7o 2fskay, - 4“9“?072 - Z\E[aw (2a9a,9 — k¥,) = 8cya5 (L -7, - F2)(“8 - b3T1)]
1662“5\/5(11_71 -7,) (32)

+

dciasayg [ frk - 24ca5 (L -7, - 72)](\/E + Vz)

16¢,azk

wherek = {3\/§ AGat(L-7, - 7,)
c[27agat, + 4096c¢,c3at (L - 7, - 7,)*] - 27c,a2asa?, (L -
7L =T, £y = 8cya5 (L —F, — 7,)/k — k/6c a5 (L - F) — F,)
,as5 =log, (1+ Pryo/H? +75), a9 = (¢, + ¢,/ g*F5)V5 + ¢, /73,
and a,y = F,(L-7,) - F,(7,)/In2.

According to Lemma 2 and Lemma 3, an iterative al-
gorithm is proposed to solve problem (28), leading to a
suboptimal solution to the propulsion energy minimization

>

problem (12a)-(12g). First, 7}, ¥,, 7,, and ¥, are acquired by
solving (23a)-(23b) and (25a)-(25b) with fixed Qg and Qi

. Second, substituting 7, vl, r2, and 7 into (29) and then
accordmg to Lemma 3, Q, can be achieved. Next, set
Qi = Qy " and repeat the first two steps until a convergent
solution is found. Then, the algorithm of achieving the
suboptimal solution of the propulsion energy minimization
problem can be given in Algorithm 1.



TaBLE 1: The number of laps in mode 1 versus the total data-bits Q.

Q (bit) n (laps)
200 1

220
240
260
280
300
320
340
360
380
400
420
440
460
480
500
520
540
560
580
600

W W W W WLWWWNNDDNDNDNDDNDNDNDDND ==

x 10*

4.5 1

351 R

Total propulsion energy consumption (J)

150 200 250 300 350 400 450 500 550 600
Q (bit/Hz)

—— sub-optimal: HCST
*- optimal: HCST
—6— straight flight

=

FIGUre 4: Total propulsion energy consumption versus the total
data-bits (Q).

two possible solutions, i.e., [T171/27ﬁl and [Tﬁl/Zn?l].
Therefore, two sets of solution could be achieved if
substituting 7 = LTlil/ZHFIJ and 7 = [Tﬁl/Zﬂ?l] into the
iteration algorithm. Actually, the final solution of the al-
gorithm is the one having the smaller energy
consumption.

It is worth-mentioning that accordinj to Lemma 2, 7 has

5. Simulation Results and Discussion

In this section, computer simulations are conducted to
validate the proposed HCST design. In order to make
comparisons, the energy consumption of straight and
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circular flight trajectories are included. In Appendix B, a
brief description is given to explain how the solutions of the
system energy consumption are obtained for the straight and
circular flight trajectories. Here, the UAV altitude is fixed at
H =200m. The noise power is set to —110dBm and the
reference channel power is set to 8, = —50 dB. Furthermore,
c; =9.26 x 1074, ¢, = 2250, Vmin = 10m/s and
V max = 50m/s are assumed.

Figures 2 and 3 give the solutions of the circular
radius and the speed of the UAV relay in different modes,
where the corresponding number of laps that R flies in
mode 1 is listed in Table 1. It should be noted that the
suboptimal solutions are achieved by carrying out the
proposed iteration algorithm. While the optimal solution
is obtained by conducting a brute search algorithm. Here,
the distance between S and D is set to L = 5000m, the
transmit power of S and R is set to Pg = Py = 1W. It is
shown in Figures 2 and 3 that the curves corresponding
to the suboptimal and optimal solutions are quite close to
each other, confirming the effectiveness of the proposed
iteration algorithm. In addition, Figures 2 and 3 show
that the circular radius r, is monotonically increasing for
Q € (200,280) while the speed v, is monotonically de-
creasing for Q € (200,280). According to Table 1, the
UAV relay only flies one lap for Q € (200,280). In order
for the UAV relay receives more data-bits, larger r, and
lower v, are needed. For Q € (280,300), there exists a
jump phenomenon regarding the circular radius r; and
the speed v, namely, the values of r, and v, decrease
rapidly as shown in Figures 2 and 3. According to Table 1,
it can be seen that the number of laps that the UAV relay
flies in mode 1 increases form 1 to 2 when Q increases
from 280 to 300. Since the UAV relay flies more laps in
mode 1, less values of r; and v, are needed to obtain
longer flight duration. The UAV relay can then receive
more data-bits accordingly. Furthermore, it can be ob-
served that the circular radius r, and the speed v; are
almost not changed. This is because no flight-lap con-
straint exists in mode 3, and the corresponding optimal
solutions are achieved by considering only the domi-
nant-traffic-link from R to D.

Figures 4 and 5 plot the total energy consumption versus
the total data-bits Q and the distance L. Here, the HCST and
the conventional straight and circular flight trajectories are
included. In Figures 4 and 5, the transmit power of S and R is
set to Py = Pp = 1W. In Figure 4, the distance between S and
D is set to L = 5000. Figure 4 illustrates that the HCST can
save more energy compare with the straight flight trajectory
when the total data-bits Q is large. For instance, the HCST
can achieve about 18.4 kW energy saving compared with the
straight flight trajectory when Q = 200bits. In Figure 5, the
total data-bit is set to Q = 300. Figure 5 shows that the HCST
can save more energy compare with the circular flight
trajectory when the distance L is large. For instance, the
HCST can achieve about 2.7 kW energy saving compared
with the circular flight trajectory when L = 1000. In sum-
mary, the HCST performs extremely well for long distance
and big data communication cases compared with the
conventional straight and circular trajectories.
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FIGure 5: Total propulsion energy consumption the distance (L).

6. Conclusions

This paper investigates an optimization problem corre-
sponding to the propulsion energy minimization of a fixed-
wing-UAV-assisted mobile relaying system subject to the
total data-bit constraint. In order to solve the optimization
problem, an iteration algorithm is proposed to achieve a
suboptimal solution, which leads to a new HCST design with
three flying modes. Simulation results demonstrated that the
HCST design performs better than the conventional straight
or circular flight trajectory in terms of energy saving, es-
pecially for the case that the source and the destination locate
far away and desire to transfer big data-bits between them.

7 . G \2, G| L-7
T, = arnglln T, [(cl +F>vl +3:| +— "

r

SEV in < <V o

T,20,T;20,
szm + Q;tr + B, (7))T5 + B, (75, 73) 2Q,

By (7,)T, + B, (7, 7,) + Q%r + CDirz =Q

Since problem (A.la)-(A.le) is a convex optimization
problem, it can be solved by solving the KKT equations, and
the optimal value of 7 can be given as follows:

Appendix

A

For problems (27a)-(27e), it is readily to find that the total
propulsion energy consumption is monotonically decreas-
ing at first and then monotonically increasing when # in-
creases from O to infinity. Firstly, we ignore the constraint
that n should be an integer. Then, the suboptimal trajectories
of modes 1 and 3 can be derived by solving problems (23a)-
(23b) and (25a)-(25b). Then, problem (27a)-(27e) can be

rewritten as follows:

where

(A.1a)

(A.1b)
(A.1¢)
(A.1d)

(A.1e)

(A.2)
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{7192><2”3u§ (asas —aghy) (asas — bibsVeren[F (VI +v1)+2(u4u57a6b,)k|(\/z +vz) x[74(a.,a3u5+u,a4a5fa,aéb, —agagbs) + 2°\F1 ky + 8a (asas - biby)F Ky [4u5u752+a4asc,f|(\/z +vz)]74b,a,{czfash,c,f,<\/z Mz)]}

7, -

[32.12 (asas ~ byb)es f, k,]

f1:

€ Y2 &
a =\ ¢+ |V +=5,
gr

a,=L-7,-7,,

(A.3)
1 1
V2 =5 % \jal (asa5 + aza — agh, - a4b3)/[a2 (asa; - bﬂ’s)ﬁ\/ﬁ] -fi- 5% \/,?a
[96(1% (asas — bybs) ¢ c, - 21/3k2]
[6 x 2*%a,c k(ajas - b1b3)] ’
k= {6\5 \/ag (asas - bibs)’c; [27(1‘1l (asa4 + a,a5 — agh, — a,b;)" + 409645 (a;as — b1b3)4c1c;]
13
_54‘1§5‘2 (aza + agas — agh; — a4b3)2 (asas - ble)Cl} >
1 V1
(A4)

p
a; = log, (1 + stj:(lz)’

r
_F(L-7)-F (7)
4 In2 ’
Yo
a: = lo 1+—2 R
5 gz( T2 7%)
_R(L-F)-F()
6 In2 ’
a7 = Q - bZ)
ag=Q-b,,
C 2 C
ag (Cl + 22~2> 3 §>
" 3
where b, =B, (7,), b, =B,(7,,7,), b;=B;(¥;) and

b, = B, (¥,,7,). Recall that the UAV has to fly the whole laps
in mode 1, namely, 7 should be an integer, the optimal laps
in mode 1 shall be |T,¥,/277, | or [T,¥/2n7, |.

B

For the case that the UAV relay flies from (r,,0,H) to
(L,0,H) along a straight path, i.e., the straight flight tra-
jectory case, the optimization problem corresponding to the
propulsion energy minimization can be written as follows:

(r3,v}) = argmin —— r2 (clv; + CZ), (B.1a)
v, Y, v,
s ll=r) =R ) (B.1b)
v,In2
FZ(L)_FZ(rZ):Q’ (BIC)

v,In2

where F, (x) = xIn (1 + Pgy,/H* + x*) - 2H tan™ ' (x/H) +

2+/H? + Pgy,tan™! (x/+/H? + Pgy, ) and
F,(x) = xIn (1 + Pgyy/H* + x*) - 2H tan™ ! (x/H) +
2+/H? + Ppyytan™! (x/+/H? + PRy, ).
Problem (B.la)-(B.Ic) can be solved by using the
fmincon function from the Matlab optimization toolbox.
For the case that the UAV relay flies along a circular path
with a center at (L/2,0, H), and with radius r and speed v,
i.e,, the circular flight trajectory case, the optimization
problem corresponding to the propulsion energy minimi-
zation can be written as follows:

(r*,v") = argmin T[(c1 +ﬁ>v3 + %2] (B.2a)

r,v

stQr(T)=2Q,Qp (1) =Q. (B.2b)

Using inequality (52) in [11], the lower-bounds of Qy (T)
and Qp (T) can be written as (B.3) and (B.4).



Mobile Information Systems

QD(T)2T10g2<1+ Pryo )-

P
Qr(T)>Tlog, <1 + s¥o

11
r (log, €)PryoLr (B.3)

H* +1/4L% + 1% ) v (H* + 1/4L% + *)(H? + 1/4L? + 1 + Pgy, )’ '
T (log, e)Psy,Lr (B.4)

H? + 1/4L* +7*) v (H? + 1/4L* + 1*)(H® + 1/4L% + * + Pgy,) '

Then, substituting the lower-bounds given in (B.3) and
(B.4) into (B.2b) and using the Matlab fmincon function,
problem (B.2a)-(B.2b) can be solved, leading to the corre-
sponding minimum propulsion energy.
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