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Abstract The unmanned aerial vehicle (UAV) is a promising enabler of Internet of Things (IoT) owing to
its highly flexible features. Combined with wireless power transfer (WPT) techniques, a UAV can provide
energy for IoT nodes, which can extend the lifetime of energy constrained communication systems. This paper
studies resource and trajectory optimization in UAV-powered wireless communication systems, which consists
of two UAVs and two ground nodes (GNs). The system works in a way that the two UAVs alternately charge
the two GNs through wireless power transfer and two GNs also alternately send their information to the
corresponding UAV with the harvested energy, which can effectively reduce the interference while receiving
the information of GNs. Aiming to maximize the minimum throughput of two GNs, wireless resource and
UAVS’ trajectories are jointly optimized with the constraints of UAV collision avoidance, flying speed, and
transmit power. Successive convex programming (SCP) and block coordinate descent (BCD) are utilized to
solve the optimization problem. Simulation results show that the proposed scheme achieves larger minimum
throughput than the benchmark scheme.
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1 Introduction

With the advent of 5G where massive connectivity is a major design objective, Internet of Things (IoT)
has been rapidly integrated into our lives. IoT consists of a massive number of devices whose lifetimes are
limited by battery capacity [1-3]. On the other hand, recently, a radio frequency (RF) energy transfer
system has been demonstrated by Farinholt in laboratory, and has been deployed in field experiments
on the Alamosa Canyon Bridge in New Mexico [4]. Wireless power transfer (WPT) technology makes
it possible to charge the batteries from RF signals for the IoT nodes, which can effectively extend the
lifetime of the energy-constrained wireless systems [5—7]. Information transmission power optimization
and time allocation in wireless systems powered by WPT have been studied in [8,9].

The unmanned aerial vehicle (UAV) has been applied in various scenarios owing to its highly flexible
features. Owing to the short-distance line-of-sight energy transmission links, UAV communication can
improve the energy harvesting efficiency [10-12]. Motivated by various applications of UAV in IoT, e.g.,
information collecting from IoT nodes [13,14], relay forwarding for the IoT network [15] and IoT value-
added services providing [16], the combination of WPT technology and UAV has attracted significant
research interest from academia and industry. A new UAV enabled WPT framework was proposed in [17],
in which the UAV acts as energy transmitter (ET) to charge for numerical energy receivers (ERs) by
flying over a large area. In [18], through optimizing the trajectory of UAV, minimum harvested energy
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Figure 1 (Color online) System model.

at ERs is maximized with the constraint of UAV’s maximum speed. In [19], the performance of UAV
enabled WPT system is maximized by optimizing antenna angle, in which the UAV carries directional
antenna to transmit energy for ground nodes (GNs).

In a UAV-powered wireless communication system, the trajectory of UAV and resource allocation are
two main factors which will significantly affect the system throughput. In [20], energy transfer efficiency
is maximized by optimizing UAV trajectory through enhanced learning. The energy consumption of
rotary-wing UAV is minimized with joint communication time allocation and UAV trajectory optimiza-
tion while satisfying the throughput requirements of GNs, in which UAVs communicate with multiple
GNs [21]. In [22], resource allocation and UAV trajectory are jointly optimized to maximize the minimum
throughput with time and energy constraints. In [23], a UAV trajectory is optimized in multi-user single-
UAV network to maximize the throughput in wireless powered network. Ref. [11,24] studied two-UAVs
and two-GNs wireless powered network to maximize the minimum throughput of GNs with the flight
speed and users energy constraints. In [25], a multi-UAV and multi-ground-nodes IoT wireless powered
network is studied, in which UAVs serve GNs through time division multiple address.

However, in existing UAV-powered wireless communication systems, multiple GNs simultaneously
transmit their information to UAVs, causing interferences when receiving the information of GNs at
UAVs, which would degrade the system throughput. To reduce the interference, in this paper, we pro-
pose a resource and trajectory optimization scheme in a two-UAVs and two-GNs UAV-powered wireless
communication system. Specifically, two UAVs alternately charge two GNs through WPT and two GNs
also alternately send their information to the corresponding UAV with the harvested energy. The main
contributions of this paper are summarized as follows.

e To effectively reduce the interference received at UAVs, we propose a resource and trajectory op-
timization scheme in a two-UAVs and two-GNs UAV-powered wireless communication system. In the
proposed scheme, through alternately power charging and information receiving, the interference can be
reduced while receiving information at UAVs.

e We formulate a joint optimization problem to maximize the minimum throughput of two GNs,
through optimizing the wireless resource and UAVs’ trajectories with the constraints of UAV collision
avoidance, flying speed and transmit power. Successive convex programming (SCP) and block coordinate
descent (BCD) are utilized to solve the optimization problem.

e We carry out simulations to evaluate and illustrate the performance of the proposed scheme.

The rest of this paper is organized as follows. The two-UAVs and two-GNs system model and optimiza-
tion problem are described in Section 2. In Section 3, the original optimization problem is approximated
to a convex optimization problem and solved by CVX. In Section 4, the simulation results are presented.
Section 5 concludes this paper.

2 System model and problem formulation

2.1 System model

We consider a UAV-powered wireless communication system, as shown in Figure 1, which consists of
two UAVs and two GNs. We assume two UAVs have sufficient energy. They charge two GNs nodes
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Figure 2 Two cases of time allocation.

through WPT by transmitting some special energy signals in the downlink. Two GNs transmit their
information to UAVs by utilizing the harvested energy in the uplink. UAVs are assumed to fly from the
given start point to the end point at a fixed altitude H within a limited flight time 7. We consider the
energy neutrality constraint at each GN, such that the energy used for information transmitting in the
uplink does not exceed the energy harvested from the downlink. The flight time T is equally divided
into N time slots, i.e., § = T/N. In each time slot, UAV j is assumed to be hovered at a fixed location
q;[n] = (z;[n],y;n]),7 € {1,2},n e N ={0,1,2,..., N}. The start and end points of UAV j are denoted
by ¢;[0] and ¢, [N], respectively. The UAVs are supposed to know the location of each GN, which is fixed
at w; = (24,v;,0),4 € {1,2}.
The distance between GN 7 and UAV j in time slot n is given by

iy, 1] = \/llgsn] — wil 2+ H2, i j € {1,2}. (1)
The channel power gain between GN ¢ and UAV j in time slot n is given by [26,27]
B

h’whq]‘ [n] = Bd;}iqj [n] Za] € {17 2}; (2)

|lgj[n] — wil[* + H?’
where (8 denotes the channel power gain at distance dy = 1 m.

Each time slot 6 is further divided into two phases, dg[n] and d;[n], where dg[n] + d7[n] < 6. In phase
dg[n], UAV j transmits independent energy signals to charge the GNs. In phase d;[n], GN i transmits
information to its corresponding UAV i.

To reduce the interference, UAVs alternately charge GNs in phase dg[n], and GNs alternately transmit
information to UAVs in phase d;[n]. Based on the values relationship between dg[n] and d;[n], the time
allocation of dg[n] and d7[n] will have two different cases as shown in Figure 2.

2.1.1 Case 1

In Case 1, the phase time of dg[n] is larger than the phase time of 6;[n], i.e., dg[n] > dr[n]. In Figure 2,
we can find that GNs 1 and 2 alternately transmit their information to UAVs 1 and 2, respectively, at
different time. Thus, interference can be fully avoided at both UAVs. The energy signals transmitted by
UAVs used to charge GNs may be consisted of several continuous 1 or 0 [28,29]. A known interference
cancellation (KIC) based method can be used to cancel the interference. Thus, the transmission of
energy signals of UAVs will not cause interference to the information receiving of GNs. Then, signal to
interference plus noise ratio (SINR) received at UAV i is given by

2
o
where Q;[n] denotes the information transmission power of GN i in time slot n, o denotes the received
noise power at UAV.
Achievable average information rate from GN i to UAV 4 in time slot n is given by

ri[n] = dr[n] Qi[n]huw, g, [n]) .

o2

Yiln] =

log, (1 + (4)

In Figure 2, we can find that there is an overlap time of energy signals transmission, i.e., dg[n] — dr[n].
Thus, each GN can harvest energy from two UAVs in this overlap time. Then, the energy harvested at
GN 4 from UAVs i and j can be given by

Ewi,qi [n] - 5E[n]77phw“¢h [n]a (5)
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Ewiqu [n] = (6E [Tl] ) [n])nPhwh%‘ [n]a (6)

where 7 denotes the energy conversion efficiency at GN, P denotes the energy transfer power at UAVs.

2.1.2 Case 2

In Case 2, the phase time of dz[n] is smaller than the phase time of d;[n], i.e., dg[n] < d7[n]. In Figure 2,
we can find that it exists an overlap time of information transmission, i.e., d;[n] — dg[n], which means
that GNs 1 and 2 simultaneously transmit their information during this overlap time. Thus, interference
will be caused at UAVs in this time.

Achievable average information rate from GN i to UAV ¢ in time slot n is given by

dp[n] Qiln]huw, 4 [n]\ | d1[n] — dp(n] Qi[n]hw, 4, [n]
in] = 1 1 L 1 1 L .
rlo) = o, (1.+ Agpal) 4 SR o, (14 b
The energy harvested at GN ¢ from UAVs i and j can be given by
Ewi,qi [Tl] = 0g [n]nphwi,qi [Tl], (8)
By, .q [n] = 0. 9)

2.2 Problem formulation

The average information rate throughput from GN ¢ to UAV i in the whole flight time T is given by

1
R, = N;W[n] (10)

The energy received at GN ¢ in time slot n is given by
Ew,[n] = Euw, q;[n] + Euw, q,[n]- (11)

The total energy received at GN ¢ in the whole flight time T is given by

N
Etiotal = Z Ewi [n] (12)
n=1
The total energy cost of GN 7 is given by
_ N
Qlora= Y _ Qilnlds[n. (13)
n=1

With the objective to maximize the minimum throughput of two GNs R;, by joint optimizing of UAVs’
trajectories A = {g;[n]}, time allocation B = {07[n],d0g[n]}, and GNs’ transmit power C = {Q;[n]}, with
the time, power, UAVs’ collision avoidance and maximum speed constraints, the optimization problem is
formulated as

(P1): max min R; (14)
{A,B,C}ic{1,2}

subject to

Cl: Qioral < Biorar» Vi € {1,2},

C2: 0g[n]+dr[n] <0, Vn € N,

C3: 0<d7[n] <90, 0<0g[n] <4, Vn €N,

C4: lgsln] — il — 1|12 < 52,0, Vo€ N, € {1,2},

max?

—q
C5: lai[n] — @[nl|* > din, Yn € N,

min»

where C1 denotes that the transmit power of GN 7 should not exceed the energy harvested from UAVs, C2
and C3 denote that time allocated for information transmitting, energy harvesting and their summation
should be smaller than one time slot, C4 denotes that UAVs’ speed in each time slot should not exceed the
maximum flying speed, C5 denotes that distance between two UAVs should be larger than the minimum
inter-UAV distance.
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3 Problem solution

In this section, we maximize the minimum throughput of two GNs through joint optimization of UAVs’
trajectories, time allocation and GNs’ transmit power.

In Section 2, we find that the average information rate throughput and the total energy received for
GNs have different values in Cases 1 and 2. Thus, the problem solution needs to be obtained according
to the above two different cases.

3.1 Solution of Case 1

Substituting (4)—(6) into (10), (12) and (13), the optimization problem (P1) is written as

N
1 o1[n] BQiln]
P2): 1 1
(P2) {,E\ng}c{:}zer?i%} nz=:1 5 Og2< (l@i[n] — wi]|2 + H2)o2 (15)
subject to
N
njnBP (Om[n] — dr[n]) nsP .

E:Qz J61[n] < ( + , Vi€ {1,2},

1% 3 (e 77 T~ a) € 002

CQ—CS.

It is easy to find that constraints C6, C4 and C5 are non-convex. Thus, the optimization problem (P2)
is non-convex [30], which is hard to obtain the optimal solution.

By introducing an auxiliary variable R, the optimization problem (P2) can be equivalently reformu-
lated as

P2.1): 1
(P2.1) {A{g%>§7RR (16)

subject to

%i 5[71
n=1

C2 — C6.

] o 5@1‘[”]
logz (1 T gl — wil? +H2>a2) > 1

Although the optimization problem (P2.1) is still non-convex, we can obtain the solution through SCP
and BCD techniques [23,24]. In the following, time allocation B = {d7[n],0g[n]}, GNs’ transmit power
C ={Qi[n]} and UAVS’ trajectories A = {¢;[n|} can be obtained by considering the others as given in an
alternating manner.

3.1.1 Time allocation

With given GNs’ transmit power C and UAVs’ trajectories A, the time allocation optimization problem
is formulated as

subject to
N
Ly~ il BQiln) |
e >R, 9
N N
[nlnBP (65[n] 51[n])nﬂp> ,

C9: R

2l 2 (Tl 7 T ) e 2

C10: dg[n]+dr[n] <6, Yn € N,
Cl1: Ogé;[n]gé,o 5E[n]\5, Vn € N,

Problem (P2.2) can be solved by standard optimization techniques [31], such as CVX, as it is a linear
program.
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3.1.2  Trajectory optimization

With given time allocation B and GNs’ transmit power C, the trajectory optimization problem is formu-
lated as

(P28): max R (18)
subject to
C12: ii 1o, (1+ et ) > R, Vie{1,2}
Nz o (g:[n] — wil? + H)o? ' 2},
N P - »
cu: St <3 (i T e )
Cl4: |lg;ln] — gjln = ][> < S}, Yo € N,j e {1,2},

C15: laln] — @2[n]l|* > diyw, ¥n € N.

Since constraints C12, C13 and C15 are non-convex, the optimization problem (P2.3) is a non-convex
problem, in which the optimal solution is difficult to obtain. The SCP technique can be utilized in solving
optimization problem (P2.3), in which the trajectory optimization problem is approximated to a convex
problem in each iteration. Then, the UAV trajectory can be obtained by updating it in an iterative
manner.

Assuming the initial trajectory of UAV i is denoted by q(O)[ | = (:L'go) [n],yfo) [n]), and the trajectory
of UAV i after the k-th iteration is denoted by q(k)[ | = (z Ek) [n], ygk) [n]). Any convex function can be
globally lower bounded with its first-order Taylor expansion. Thus, with any given UAVS’ trajectories

{q§'“) [n]}, we can obtain

~ d1[n] BQi[n]
e = *oe (14 G )
> 27 (o, (o] — will* + F2)0 + BQuln]) — 7isln]) (19)
e togae)lal] il ~ gt — i)
5. A ki1 o ogale)(|[giln| —w;||” — ||g;"|n] —w;
Foale] Slog (i ] =il + 190 + = e @)
; dpln|nbP (Om([n] — dr[n]) nPp
Etota = +
R P e H% o] — il +
2p[nlnBP  SplnlnPA(H? + |lgn] — wil®)
~ llgfIn] = wil® + H? (lgF[n] — wil|> + H?)?
_ 20P _ nPBUH? + |lg;[n] — wil”)
+(dp[n] — d1[n]) <|q§§[n] w2 + H? (lq5[n] — wil|? + H?)? )
£ Efaln), (21)
lla[n] = a2[n]|* > g [n] — @ [n]|* +2(a5 (] — a3 [n]) " (aa[n] — g2[n]). (22)
Let z = ||gi[n] — w;||? and 2z = ||¢¥[n] — w;||?. Eq. (20) can be written as
Fiali) 2 oy (20 + H)o?) + PEAE 220, (23)
The equality holds for (19) when z = zy. Thus, inequality (19) is tight for ¢;[n] = ql(k)[ ] [23]. Let
2" =||g;[n] — wi||* and 2z = ||qf[n] —w;||?. Eq. (21) can be written as

i [Tl] >25E[”]775P - 5E[n]npﬂ(z + H2)
total = ZQ+H2 (20+H2)2
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+(5E[n]—(51[’n])< 2nPp _nPﬂ(z’+H2)>

o+ H (o4 H2)
2 B, (24)

where the equality holds for (24) when z = zp and 2z’ = 2. Thus, the inequality in (21) is tight
for ¢;[n] = qfk) [n] and ¢;[n] = q](.k) [n]. Similarly, equality holds for (22) when ¢1[n] = q%k) [n] and
g2ln] = ¢4 [n]. Thus, Eq. (22) is tight for qu[n] = ¢{" [n].

Based on the above tight inequalities, the non-convex items in constraints can be replaced with their
respect lower bounds in (19), (21), (22) at each iteration k + 1, with the trajectory obtained at the

previous iteration k. Specifically, UAV trajectory {q§k+1)} is updated as

(k+1) .
) = R Y 1.2 25
q ' n] arg max It i€ {1,2} (25)
subject to
N
~(k .
C16 - NZ (10g2 ((llgs[n] = wil > + H2)o? + 8Qiln]) — # % [n ])>R, Vi e {1,2),
=
1b,(k
C17: > Qi ZEmtgg 1,
n=1
c18: [|¢"[n] - qﬁ“[ 1|12 < 82, VneN,je{1,2},
C19: —||¢®M[n] — g™ [n1||2+2<q§k>[n1—qé“[nDT(ql[nJ—qz[n])>dfmn, Vn € N.

It is easy to find that constraints C17 and C19 are linear while constraint C16 is convex. Thus, in
the k-th iteration optimization problem (25) is convex, which can be solved by standard optimization
techniques.

The objective function in problem (25) is a lower bound for that in problem (P2.3). At each iteration
k, the objective value of problem (P2.3) obtained by q( )[ ] is no smaller than that obtained by q(k 2 [n]
in the previous iteration k — 1. As the optimal value of problem (P2.3) is bounded above, the UAV
trajectory will be converged through SCP and BCD with given time allocation {d;[n],dg[n]} and power
allocation Q;[n].

3.1.3  Transmit power allocation

With given time allocation A and UAVS’ trajectories 3, the transmit power allocation optimization
problem is formulated as

(P2.4) : %gﬁ)éR (26)
subject to
1 6sln 5Qin .
C20: N; I(E ]10g2 (1 + Mo wi|E2]+ H2)02) >R, Vie{l,2},
N N
c21: S Qi <3 (||qi[n?E[n]"BP 1 gln] - 5’[”])"613) . Vie{1,2}).

f —wil[?+ H?  lgjn] —wil]* + H?

=
Il

Problem (P2.4) is a typical convex problem, which can be solved by standard optimization techniques.

In summary, problems (P2.2)—(P2.4) are solved in a alternating manner which ensures the objective
function of problem (P2.1) to be monotonically nondecreasing after each iteration with all variables
updated. Finally, the solution to problem (P2.1) will be converged through the proposed algorithm.
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3.2 Solution of Case 2

Substituting (7)—(9) into (10), (12), (13), the optimization problem (P3) is written as

N
1 X Qulnl?
P3): — 1 1
B3 e Bty W2 e 8 M (- wlr s

Qi[n]B
[lgi[n]—w:||*+H?

1 N(S]n—(SEn
ZH []

+= —————log, | 1 + (27)
Q;[n]B
N n=1 0 el —w, P+ 7+ o
subject to
N N
p[njnpP ,
C22: i[n]or[n] < , Vied{l,2},
C2 — (5.

It is easy to find that constraints C22, C4, C5 are non-convex. Thus, the optimization problem (P3)
is non-convex, which is hard to solve.

Similar to the solution of Case 1, we introduce an auxiliary variable R, the optimization problem (P3)
is equivalently reformulated as

P3.1): 2
PR s o o

subject to

1 bl Qiln)B
C28: 5> 5 log (1 T Ml — w2+ H?)o?)

1 X brfn] — dln] IOz
- —YE qin|—w;i||*+ .
+N E 3 log, | 1+ 0,15 e >R, Vie{l, 2},
n=1 llgi[n]—w;|[*+H?
€2 — C5,C22.

Similar to the solution of Case 1, the optimization problem (P3.1) can be solved iteratively by applying
SCP and BCD techniques.

3.2.1  Time allocation

With given GNs’ transmit power C and UAVs’ trajectories A, the time allocation optimization problem
is formulated as

P3.2): 9
(P3:2): g A (29)
subject to
1 M5 ] Qinl3
24: — E 1 1 2
¢ N; 0 OgQ( +(|qu-[n]wz-||2+H2)02)
N Q:[n]s
L~ o] = 9p[n] ol —w PTH? ,
Ty log o | 2R Vi e {1,2},
n=t i Tl —w, [P+ H?
N N
dp[ninsP ,
C25: Qi[n]dr[n] < CVie{1,2),
2 Qulnldiln] < 3 e {1.2)

C26: dg[n]+drn] <0, Vn €N,
C27: 0<dr[n] <d[n],0 <dg[n] <J, Vne N.

Problem (P3.2) can be solved by stand optimization techniques because it is a linear program.
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With given GNs’ transmit power C and time allocation B, the trajectory optimization problem is formu-

lated as
(P3.3): max R
{A}.R
subject to
N
1 ée[n] < Qin]8 >
C28: — lo 1+
N; 5 (Ilgi[n] — wil[* + H?)o?
1 < 61[n] — dp[n] i [n]—w: [P T H?
5 2 5 log | 14+ — Qs ——
n=1 [lgi[n]—w; 2+ H?
N N
Sg[n|nsP ‘
29 : i 0 < 5 172 5
C29 ;Q [n)61[n] Z A Vi e {1,2}
C30: ||q_][7’l] _qj[n_1]||2 Sr2nax7 VJ S {1,2},VNEN,
C31: ||q1[n] — ga[n]|]* = dy, V€ N.

>R, Vie{l,2},

(30)

It is easy to find that constraints C28, C29 and C31 are non-convex. Thus, the problem (P3.3) is
non-convex, whose optimal solution is difficult to be obtained. Similar as in Subsection 3.1.2, we obtain
the solution through first-order Taylor expansion:

dpln] Qi[n]B
it = 5o (1 e
ogln
> Ea[ | logy ((llgi[n] — wil|*> + H?)o® + Qi[n]B) —
Qi[n)8
Siln] — 6 T w2
rialn] = 1[n] . E[n] log, | 1+ Hqg?[j[] . [EED:; 2
Mal—w; P78z O
6r[n] — 6g(n] . 51[n] — dg[n)] (
Z2 ———Ti2|n| — lo
a—— 5 & \ )
where
N A
Pia[n] = logy ((llg)[n] — wil|> + H?)o?) + laF ]
7i2([n] ZBk (i [n]l = wi? = llgF [n] — wil|*),
where

Q;[n]B

EETAIEEN

+02),

log, (e)(llgi[n] — will* — |lgF[n] — wil*)

=1

—wlP + H?

2
= lo +0% ),
5 <Z||q —wz||2+H2 )

Qi[n]B
B¥n] = loga(e )<||qQ[ Bzl
St Tl P + 07
(g _nBPosl]
ol llasln] — wil [ + H?
o 2PBopln]  nPBosn|(lgiln] —wil® + H?)
~ gk (] — wil|? + H? (1aFIn] — wil|2 + H2)?2

>

Etotal[ ]

(31)
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llaln] = a2[]|* =~ 0] = a3 [A]]* + 2(a5 ] — g3 ()" (a1 — galnl). (38)

Similar to problem (P2.1), the non-convex items in constraints can be replaced with their respect lower
bounds at each iteration k 4+ 1, with the trajectory obtained at the previous iteration k. Specifically,
{q§k+1)[n]} is updated as

(k+1) .
400 = max R, Vie{l,2 39
g [ = max RVie {12} (39)

subject to

R > (6E[n] logy ((lgi[n] — wil > + H*)o® + BQi[n]) — 76}3[”]%1[”])

N N
C33: > Qiln]orn] <Y EPn], Vi€ {1,2},
n=1

034 |lgj[n] — gjln — 1][|* < Sk, Vi € {1,2}, Vn € N,

max?

C35: —llgr[n] — a5 [nll|* + 2(ar[n] — a5 [n])" (a1[n] — qz[n]) > diyn, Vn € N.

min»

Constraints C32-C34 are convex while constraint C35 is linear. Thus, the problem (39) is a con-
vex optimization problem at the k-th iteration, whose solution can be converged through a standard
optimization technique under the given time allocation {d;[n],dg[n]} and power allocation Q;[n].

3.2.3  Transmit power allocation

With given time allocation B and UAVSs’ trajectories A, the transmit power allocation optimization
problem is formulated as

P3.4): 4
(P3.4): o R (10)
subject to
1 Y op[n] Qi[n]B
E i
. — 1 1
o Nn; g °g2( +<||qi[n]wz-||2+m)gz)
N Qi[n]B
L 5~ diln] — 9p(n] TaTl e _
Ty logs b | 2R vie 12
=t MTai In]—w, [P+ B
N N
dp[n]nBP .
C37: Q;[nldorn] < Vie{1,2).
; elorr] ;||Qi[n]7wi||2+H2 {1.2}

Constraint C37 is linear while constraint C36 is non-convex. Through first-order Taylor expansion, we
can obtain

Qi[n]B
dr[n] — dg(n] Tqiln]—wi| [P 112
ion] = L TET 1
ri2[n] 5 ogy [ 1+ qu’[n]Q_jgj]lzlaerH2 e
dr[n] — og[n] Qi[n]8 Qj[n]B 2 N
> — 5 (logg (Ilqz'[n] T T + o _ij||2 e +o ) - n,z[n]) ., (41)
where
k
. A J [n]B 2 log,(e)8 1 Ok
ol = o (Hqi[n] —u P ) * Tl = il + H2)02 1 Q5 217 ~ @)

(42)
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With the lower bound in (42), Q;kﬂ) [n] is updated as
(k+1) _ .
Q= ggﬁgR, vje{1,2} (43)

subject to
1 X 6gn] Qi[n]B
E [
L — I 1
35 5 35 0w (14 (e )

1 daln] —dsl] (1 Qi[n)8 QB .
NZT (108 (S e * T e ) ~7oei)

+
n=1
R, Vie{l,Q},

[n]nBP .
Z qu o E T Vi € {1,2}.

WV

C39:

Mz

1

3
Il

Constraint C38 is convex while constraint C39 is linear. Thus, optimization problem (43) at the k-th
iteration is a convex optimization problem whose solution can be obtained through standard optimization
techniques. Similar to Case 1, subproblems (P3.2)—(P3.4) are solved in an alternating manner.

The overall algorithm including Cases 1 and 2 is shown in Algorithm 1.

Algorithm 1 The proposed successive optimization algorithm

1: Input: wyg, q;[0], ¢ [N], T, P, Vinax, dmin;
2: Initialize: g;[n], Qi[n];
3: Set dp[n] > dr(n];
4: Let 6p[n] = 8pnl, 61 [n] = 61[nl, 4; [n] = ¢:[n], Q;[n] = Qiln);
5: Repeat
6: Solve problem (P2.2) by using CVX for given {g}[n], Q}[n]}, and denote the obtained time allocation as {§%[n], §3[n]};
7:  Solve problem (P2.3) by using CVX for given {6 [n], 61[n], Q}[n]}, and denote the obtained UAV trajectory as g} [n];
8:  Solve problem (P2.4) by using CVX for given {33 [n],d;[n ] q; [n]}, and denote the obtained power allocation as Q}[n];
9:  Calculate minimum uplink throughput R' according to {dg[n], 37 [n], ¢ [n], Q} [n]};
10:  Update d5[n] = 65 [n], 87 [n] = &7 [n], 4; [n] = ¢ [n], Q} [n] = Q; [n];
11: Until the fractional increase of the objective value is below a threshold e>0.
12: Set dg[n]<dr(n]
13: Let 83 [n] = 6[n], 82[n] = 61[n], d2[n] = as [n], O2[n] = Qi[n;
14: Repeat
15:  Solve problem (P3.2) by using CVX for given {4Z[n], f[n]} and denote the obtained time allocation as {6%[n], §%[n]};
16:  Solve problem (P3.3) by using CVX for given {6E [n],8%[n], Q Q?[n]}, and denote the obtained UAV trajectory as ¢7 [n];
17:  Solve problem (P3.4) by using CVX for glven {6%[n], %[n] [ 1}, and denote the obtained power allocation as Q?[n];
18:  Calculate minimum uplink throughput R? according to {6% [n] 5%[n], ¢ [n], QZ[n]};
19:  Update 6 [n] = 63 [n], 62[n] = 62[n], @2[n] = ¢2[n], O[n] = QZ[n]
20: Until the fractional increase of the objective value is below a threshold e€>0.
21: If R' > R?
22 R=R',65ln] = §5ln, 61[n] = 5[], asln] = G} [n), Qln] = QLin);
23: Else
24 R = R%,6pln] = §3[n, 8:[n] = §3[n), qiln] = §Z[n), Qln] = Q2[n);
25: Output R,dg[n], dr[n], ¢i[n], Qi[n].

4 Simulation results

In this section, simulation results are presented to valid the performance of our proposed scheme. We
compare the performance of our proposed scheme with the scheme proposed in [24]. In the scheme
proposed in [24], two UAVs simultaneously transmit energy and receive information, which caused serious
interference to each other during the information receiving. We assume that the flying altitude of UAVs
is H =5 m. The minimum safety distance between two UAVs dy;y is set to be 1 m. Energy conversion
efficiency n = 0.6.

Figure 3 shows the UAVs trajectories of our proposed scheme and the scheme proposed in [24], in
which UAV 1 flies from (-2, —2) to (—2,2) while UAV 2 flies from (2, —2) to (2, 2) in limited time 7. GN
1 locates at (—5,0) while GN 2 locates at (5,0). The maximum flying time of UAV is set to be T' = 30
s, the energy transfer power P equals to 10 W. As UAVs 1 and 2 serve for GNs 1 and 2, respectively, we
define GNs 1 and 2 as the corresponding node of UAVs 1 and 2, respectively.
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Figure 3 (Color online) Trajectory of UAV with symmetric user location.
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Figure 4 (Color online) Trajectory of UAV with asymmetric GN location.

In Figure 3, we find that UAV tends to stay far away from the non-corresponding node in order to
reduce interference in the scheme proposed in [24]. In the scheme proposed in this paper, UAV flies
directly to its corresponding node because interference from non-corresponding node can be effectively
reduced. In Figure 4, the location of GN 2 is changed into (5, —1). We can find the UAVs trajectory of
our proposed scheme and scheme proposed in [24] are similar as shown in Figure 4.

Figure 5 shows the minimum uplink throughput versus the distance between two GNs with different
energy transfer power. In Figure 5, we can find that our proposed scheme always outperforms the
scheme proposed in [24], which is because that the interference can be effectively reduced in our proposed
scheme. We can also observe from Figure 5 that the minimum uplink throughput of our proposed scheme
decreases with the increase of the distance, while the minimum uplink throughput of scheme proposed
in [24] increases first, and then decreases. This is because the interference in our proposed scheme can
be reduced, however, the received energy at GNs becomes smaller when the distance between two GNs
increases, which can be illustrated from Figure 6. In contrast, in the scheme proposed in [24], the
interference will be decreased when the distance between two GNs increases, which results in the increase
of the minimum uplink throughput. However, with the distance further increases, the channel between
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Figure 5 (Color online) Minimum uplink throughput versus Figure 6 (Color online) Received energy of GNs.

the distance between two GNs.
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Figure 7 (Color online) Minimum uplink throughput versus Figure 8 (Color online) Convergence process of the proposed
time of flight T'. algorithm.

the GNs and UAVs becomes worse, which results the decreasing of the minimum uplink throughput.

Figure 6 shows the received energy of GNs versus the distance between two GNs with different energy
transfer power. From Figure 6, we can observe that our proposed scheme can receive larger energy
compared to the scheme proposed in [24]. Because in our proposed scheme, UAVs fly closer to their
corresponding nodes during the whole flight time as shown in Figure 3. We can also find from Figure 6

that the received energy of our proposed scheme decreases with the distance owing to the worse channel
between GNs and UAVs.

Figure 7 shows the minimum uplink throughput versus the UAVs flight time T with different energy
transfer power. In Figure 7, we can find that our proposed scheme achieves much larger throughput than
the scheme proposed in [24]. We can also observe that the minimum uplink throughput increases with
the UAVs flight time, which is because that more time can be utilized to transmit signal and power with
larger flight time. However, the minimum uplink throughput achieves the upper bound by the solution
to P2 or P3 when T is sufficiently large.

Figure 8 shows the convergence process of the proposed algorithm, in which 7' = 20 s. GNs 1 and 2
locate at (—5,0) and (5,0), respectively. It is easy to find that the minimum uplink throughput increases
monotonically, which verifies the convergence of the proposed alternative optimizing algorithm.
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5 Conclusion

In this paper, we proposed a resource and trajectory optimization scheme in UAV-powered wireless
communication system which can effectively reduce the interference caused by the GNs’ transmission. In
the proposed scheme, the two UAVs alternately charge two GNs through wireless power transfer and two
GNs also alternately send information to their respective UAV with the harvested energy. To maximize
the minimum throughput of two GNs, we have studied joint optimization of UAVS’ trajectories, time
allocation and GNs’ transmit power with the time, power, UAVs’ collision avoidance and maximum
speed constraints. Simulation results show that our proposed scheme can achieve larger minimum uplink
throughput than the benchmark scheme.
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