SCIENCE CHINA

Information Sciences

* RESEARCH PAPER -

Resource and Trajectory Optimization in
UAV-powered Wireless Communication System

Weidang Lu!, Peiyuan Si', Fangwei Lu?, Bo Li?", Zilong Liu®, Su Hu* & Yi Gong®

LCollege of Information Engineering, Zhejiang University of Technology, Hangzhou 310023, China;
2School of Information Science and Engineering, Harbin Institute of Technology, Weihai 264209, China;
3School of Computer Science and Electronics Engineering, University of Essex, Colchester, CO4 3SQ, United Kingdom;
4National Key Laboratory on Communications, University of Electronic Science and Technology of China,
Chengdu 611731, China;
5University Key Laboratory of Advanced Wireless Communications of Guangdong Province,
Southern University of Science and Technology, Shenzen 518055, China

Abstract Unmanned aerial vehicle (UAV) is a promising enabler of Internet of Things (IoT) due to its
highly flexible features. Combined with wireless power transfer (WPT) technique, UAV can provide energy
for IoT nodes, which can extend the lifetime of energy constrained communication system. This paper studies
resource and trajectory optimization in UAV-powered wireless communication system, 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, 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].

Unmanned aerial vehicle (UAV) has been applied in various scenarios due to its highly flexible features.
Due 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
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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 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 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 UAV carries directional antenna to transmit energy
for ground nodes (GNs).

In 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 optimization 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], UAV trajectory is optimized in multi-user single-UAV network
to maximize the throughput in wireless powered network. [11] and [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 UAVSs’ trajectories with the constraints of UAV collision
avoidance, flying speed and transmit power. SCP and 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 is 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.

[ = (x[n], y[n], H) a,[n] = (x,[n], y,[n], H) ailn]=(x[n] y[n]. H) @:[n1= (x5, y,[n]. H)
“*?*‘ e - — % Information "°"f=°'
e = - ——» Interference S
A A
\ \ —» Energy

Case 1 Case 2

Figure 1 System model



, et al. Sci China Inf Sci 3

2 System model and problem formulation

2.1 System model

We consider an UAV-powered wireless communication system, which consists of two UAVs and two GNs.
We assume two UAVs have sufficient energy. They charge two GNs nodes 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 an 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 g¢;[n] = (z;[n],y;[n]),j € {1,2},n €
N ={0,1,2,..., N}. The start and end point of UAV j is denoted as ¢;[0] and ¢;[N], respectively. The
UAVs are supposed to know the location of each GN, which is fixed at w; = (x;,y;,0),7 € {1,2}.
The distance between GN ¢ and UAV j in time slot n is given by

usy gy 1] = \llasln] — il 2 + 2., € {1,2} (1)
The channel power gain between GN ¢ and UAV j in time slot n is given by [26]- [27]

_ B
llgj[n] — wil|* + H?’

hu, q;[n) = B2, (] i,j €{1,2} (2)
where 3 denotes the channel power gain at distance dy = 1m .

Each time slot ¢ is further divided into two phases, dg[n] and d;[n], where dg[n] + d;[n] < 4. In phase
dg[n], UAV j transmits independent energy signals to charge the GNs. In phase d;[n], GN ¢ transmits
information to its corresponding UAYV 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 d;[n] will have two different cases as shown in Fig. 2.

| | | UAVI .

5 LES
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— 55

Case 1 0,>0, Case2 0,<0,

Figure 2 Time allocation two cases

2.1.1 Case 1

In Case 1, the phase time of dg[n] is larger than the phase time of d;[n], i.e., dg[n] > d;[n]. In Fig. 2, we
can find that GN 1 and GN 2 alternately transmit their information to UAV 1 and UAV 2, respectively,
at different time. Thus, interference can be fully avoided at both UAVs V. Then, SINR received at UAV
1 is given by
in|hw,,q: [0
wln] = Q] Q

o2

1) The energy signals transmitted by UAVs used to charge GNs may be consisted of several continuous 1 or 0 [28]- [29].
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.



, et al. Sci China Inf Sci 4

where Q;[n] denotes the information transmission power of GN i in time slot n, 0 denotes the received
noise power at UAV.
Achievable average information rate from GN i to UAV ¢ in time slot n is given by

riln] = 51(@ log, <1 + 7@[”]}:;“% M)

(4)

In Fig. 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 i from UAV i and UAV j can be given by

B, q.[n] = dp[njnPhy, q,n] (5)
E’wmq]' [n] = (5E [n] J [n])nPhwmQj [TL] (6)

where 77 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 dg[n] is smaller than the phase time of d7[n], i.e., dg[n] < dr[n]. In Fig.2, we
can find that it exists an overlap time of information transmission, i.e., §;[n] — dg[n|, which means that
GN 1 and GN 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

_ 5E[n] Qi[n]h’wm%‘ [TL] dr [n} - 5E[n] Qi[n]hwi,‘h [n]
il = 25 g, (14 St ) ST, (14 AR S) )

The energy harvested at GN i from UAV ¢ and UAV j can be given by

Ewi#h [TL} =
EU}ian [’I’L}

B[n]nPhu, q,[n] (8)
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

| N
R, = i ;rz[n] (10)

The energy received at GN ¢ in time slot n is given by
Ewi [n] = Ewi-,fh' [n] =+ Ewmq] [n] (11)

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

N
zotal = Z Ewi [’Il] (12)
n=1

The total energy cost of GN ¢ is given by

N
Qiorar= Y Qiln]61[n] (13)

With the objective to maximize the minimum throughput of two GNs R;, by joint optimizing of UAVs’
trajectories A = {g;[n]}, time allocation B = {d07[n],dg[n]}, and GNs’ transmit power C = {Q;[n]}, with
the time, power, UAVSs’ collision avoidance and maximum speed constraints, the optimization problem is
formulated as
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(P1): max min R; (14)
{A,B,C}ie{1,2}

subject to

C1: Qiotal < EZotal’Vi € {1’2}

C2: Ogln]+07[n] <4,Yn e N

C3: 0<67[n] <4,0<dgn]<o,VneN

C4: qu[n]qu[n*]_”F m'nuvneN]E{]' 2}

C5: lailn] — @2[n]l|* > diyin, Vn € N
where C1 denotes that the transmit power of GN i should not exceed the energy harvested from UAVs, C2
and C'3 denote that time allocated for information transmitting, energy harvesting and their summation
should be smaller than one time slot, C'4 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-UAYV distance.

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 Case 1 and Case 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
O1[n] BQiln]
P2 1 1 5
©2 s, 2y v 2 7o (U (S ar (15)
subject to
N
nnBP (0g[n] — or[n]) nBP .

C6 : nz:le 5[ ;(”CI% —wz||2+H2+||qj[n]—wi||2+H2 7VZ€{172}
C2-C5

It is easy to find that the constraints of C'6, 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 reformulated
as

P2.1): R 16
( ){Afg%£ (16)

subject to

dr[n] BQi[n]
C7: NZ 5 o8 (”<||qi[n}—wi||2+H2>a2>>R

n=1

C2-C6

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 = {07[n],0g[n]}, GNs’ transmit power
C = {Q;[n]} and UAVS’ trajectories A = {¢;[n]} can be obtained by considering the others as given in an
alternating manner.
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3.1.1 Time Allocation

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

(P2.2): {IlrgliéR (17)
subject to
1 o dr[n] BQs[n)
I [ .
. NT 2 9 I
o8y 3 sy (14 (e ) > i€ 012)

N Ol op[n)nBP (65[n) = i) nBPY
Co: S Quioiel < 3 ([l e e Y e 00D

C10: dg[n] 4+ dr[n]
C11: 0<drn] <4,

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

3.1.2  Trajectory Optimization

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

lated as
P2.3) : R 18
R 1
subject to
1 < 31 BQiln]
12: — I, 1 ‘ > € {1,2
12§27 ng( +<|qz-[n1—wi||2+H2>o2> Rvieil2)

N, S Sp[n]nBP (3sln] = 81[n]) nBPY .
013 3 Qunlsi) < X ([P I+ e ) ¥ € 1D

C14: |lgj[n] = gjln — 1||> < S3ax Y € N, j € {1,2}

max?

C15: |lqa[n] — g2[n]|* > diyn, ¥ € N

Since the constraints of C'12, 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. 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, UAV trajectory can be obtained by updating it in an iterative
manner.

Assuming the initial trajectory of UAV ¢ is denoted as q§0> [n] = (ml(.o) [n], y§0) [n]), and the trajectory of
UAV i after k-th iteration is denoted as qi(k) [n] = (xl(k) [n], ygk) [n]) Any convex function can be globally
lower bounded with its first-order Taylor expansion. Thus, with any given UAVSs’ trajectories {qgk) [n]},
we can obtain

_ biln] BQi[n]
el = s (14 (e )
> 21 (o, (] — il + 12)0 + BQuln]) — 7ua ] (19)
where
ogy(e ] — wil |2 = ||g¥[n] — w;
"A’i,l[n] é 10g2 ((qu[n] 7wi||2 +1‘_‘]-2)0_2) + 1 g2( )(qu[ ] z”z ||qz[ ] z||2) (20)

(llgF[n] — wil|* + H?)
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Sp[njnppP + (0p[n] —d1[n]) nPp

toretl) = P E T gyl — il + 2
2plnnp  OelnInPB (H 4 lailn] — wil)
"l —wlP e (gt — w12’
29Pp nPB(H? + |lg;[n] — will*)
+ (8p[n] — d1[n)) — - ;
g =l (gt — o+ 12)
= (21)
llafn] = a2[nll1? = —llg¥[n] — ¢ n]l|? + 2(¢¥[n) — g5 ()T (aa[n] — goln)) (22)
Denote z = ||g;[n] — w;||? and 2y = ||gF[n] — w;||?, (20) can be written as

log,(e)(z — z0)

R A
7:.1[n] = logy ((zo + HQ)O'Q) + oy

(23)

The equality holds for (19) when z = zg. Thus, inequality (19) is tight for ¢;[n] = ql(k) [n] [23]. Denote

2" = |lgj[n] — wil|* and zj = [|gF[n] — w;l|?, (21) can be written as

26 [nnBP B Sg[n)nPpB (2+H2)
zo + H? (20 + H2)?

+ (0g[n] — dr[n]) ( 2nPB nPﬁ(z’+H2)>

zotal [TL] =

o+ H? (2 + H?)
= Liotal [’I’L] (24)

where the equality holds for (24) when z = zp and 2z’ = 2. Thus, the inequality in (21) is tight
for g¢;[n] = qik) [n] and g¢;[n] = qj(.k) [n]. Similarly, equality holds for (22) when ¢1[n] = qgk) [n] and
ga[n] = qék) [n]. Thus, (22) is tight for ¢;[n] = qgk) [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 {qng)} is updated as

0" Vln] = arg max R.¥i € {1,2} (25)
subject to
. (k)
. 112 2\ 2 ) _ qlk .

C16 - NZ (10g2 (llgiln] = will® + H2)0* + BQifn]) — 7Y n]) > R, ¥i € {1,2}

. ( )

1b,(k

Cl7T: > Qi ZEtOml

n=1
018 ¢ — ¢~ 1]||2 S WneN,je{1,2}
C19: ~[|g®[n] = ¢Vl + 20t ] — &7 ) (1[n) - galn)) > d2y, Y0 € N

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



, et al. Sci China Inf Sci 8

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 qgkfl) [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 B, the transmit power allocation optimization
problem is formulated as

(P2.4): {Hcli)éR (26)
subject to
N

) BQ;[n] .

o 2 hows (1 (L e ) > o€ 1)
N N

| SelnnbP  (Sull = i) nBPY

c21: ) Qi Z(qu[ = wiP + I |qj[n]—wi||2+H2>’We{“}

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

In summary, subproblems (P2.2), (P2.3) and (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 (P2.1) will be converged through the proposed algorithm.

3.2 Solution of Case 2

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

_ 1 K bgln) Qi[n]B
(P3): o, iy, 2 =5 low: (1 Gapr= i r )
N Qi[n|B
1 0[] — dg[n] |lgi[n] — wil[* + H?
+5 ; s logy | 1+ 0,11p T (27)
llgi[n] — w;|* + H?
subject to
N N
. , dg[n|npP .
022 ;Ql[n]él[n] < Z Tl = wil? Vi € {1,2}
C2-C5

It is easy to find that constraint (C22), (C4), (C5) are non-convex. Thus, 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
P31 s P )

subject to

Lol Qulnlp
C23: 5> =5 1g2(”<||qz-[n]—wi||2+H2>02)

n=1
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Qq[n]p

N
1 s[n] |lgi[n] — wi||* + H? .
— log, | 1+ > R,Vie{1,2
Nz:: 52 Qj[nlB o2 1.2}
llgs[n] — wj||* + H?

C2 - (5,022

Similar to the solution of Case 1, 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
P B )
subject to
024 : izN: Omln] | 1+ Qi[n]B
CNZ S 52 (|lgi[n] — w;||? + H?)o?
N Qi[n]B
L $~ drin] — 9pin] llgi[n] — wil|*> + H? ‘
NZT 5 >
N 7;1 0 s | 1 Q;[n]B e R,Vie{1,2}
llgi[n] — w;||? + H?
N
: njnBP .
C25: ZQ’L ZHQZ 7w||2+H27v 6{1,2}
n=1

C26: dgln|+0r[n] <4,¥ne N
C27: 0<dr[n] <0[n],0< dg[n] <§,Yne N

Problem (P3.2) can be solved by stand optimization techniques because it is a linear program.

3.2.2  Trajectory Optimization

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

lated as
(P3.3) : {IE?,)I(%R (30)
subject to
1 o 85[0 Qi[n)B
Oy 2 T (1 o= e 7m)
N Qi[n]B
*%ZMI% 1+ ||Qi[g]4@]lgi|‘2+H2 > R,Vie {1,2)
" Tl —wlP+ a2 "
3 o~ Opflnp
€29 : ;Qi[n]él[n] < nz:: llgi[n] — wi| 2 +H27W €{1,2}

C30: |lgj[n] —gjln— ]H2 anax,VjE{l,Q},VneN
C31: ||q1[n]—q2[n]||2 d? S Vn €N
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It is easy to find that constraint (C28), (C29) and (C31) are non-convex. Thus, (P3.3) is non-convex,
whose optimal solution is difficult to be obtained. Similar as in (3.1.2), we obtain the solution through
first-order Taylor expansion.

o 9l Qiln]fB
] = 25 g (14 G )
> 25 togy (U] — il + )0 + Qifnl8) — 205,11 (31)
Qi[n]B
it = 91ln] = dg[n] |lgi[n] — wi||* + H?
rion] = 5 logy, | 1+ Q1B o
laaln] = w2+ 12
drln] — dgln] d1[n] — dp[n] Q;[n]B
> Gl - M o (B e ) @)
where
A | logy(€)(llasn] — will* ~ |1af n] — wil )
Pialn] = loga (lafln] —will® + H)o%) + =220 2o e (33)
fialn) 2 ZB’“ ()l = wil? = llgtn] = wl?) (34)
where
2
2
= log, (;m _wl|2+H2+0> (35)
Qu[n]B
log(e)
il = o gkl = wil P+ H?)?
Bl = ST R— )
t {laf ] — wi| P+ H?
i) = nBPéEn|
total ||Qz[n] _ wi||2 + H?
20PBSsln]  nPBSsln)(laln) — wil® + H?)
"l = wlP+E T (gl — wilP + HP?
é Eéotal[ } (37)
lasfn] = qa [l 2 > =lat ] = a5 [nl] ? + 2(abn] — b)) (s [n] - qal) (33)

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

(k+1)rp) — R.Vie{1,2 39
q n] &1%,@{,} (39)

subject to

C32: 1 Z (6]3[”] log, ((qu[ ] — wz||2 + H2)02 + 5Qi[n]) - W)

1 (br[n] = dp[n))Pi2[n] _ orln] —dp[n] | Q[ 2 ;
w2 Z 2 vons (g 7)) 2 B 002
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Z QZ 61 Z Eéotal VZ € {1 2}

O34 : ||qj[n] —gj[n — 1]\|2 S2 . V¥ie{1,2},yne N

035 —llgr[n] — [l + 2(g7 [n] = a3 ()" (q1[n] — ga[n]) > diyi, Y € N
Constraint (C32), (C33), (C34) are convex while constraint (C35) is linear. Thus, the problem (39) is

a convex optimization problem at the k-th iteration, whose solution can be converged through standard
optimization technique under given time allocation {0;[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): R 40
(P34« oy (40)
subject to
36 iZN:‘SE[”] log, ( 1+ Qilnl5
CN 2T BT (gl - wlP+ H2)?
N Qi[n]B
L $~ drin] — dsin] llgi[n] — wil|*> + H? ,
NZT 5 >
+N; g s | 1 Q;[nB 2 > R,¥i e {1,2}
llgi[n] —w;|* + H?
N
n|nBP .
: 1,2
C37 ngl ZHQZ 7w||2+H27VZ€{ R }

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

Qi[n]B
bl = bglh) o] — w7+ 27
1,2[ } 5 10g2 1+ Qj [n]ﬁ o2
llgiln] — w;|* + H?
dr[n] — dg[n] Qi[n]B Q,[n)p 2 N
2 -5 <10g2 (Ilqz'[n] —wi|? + H? + T —]w]'IP I +o ) - n,z[n]) (41)
where
A A HQE 2 logy(e)s K
Pi2n] = log, (Iqi[n] “wolE )t G- w2 + H2)o? 4 Q?[n]ﬁ(Qj[n] - Qj[n))
(42)
With the lower bound in (42), Q(kﬂ) [n] is updated as
QY = max R.vj € {1,2} (43)
subject to
.1 - dgln) Qiln]pB
3§25 e (“ (e —wi||2+H2>a2)

L 5~ filel ~ 3 o Qilnl5 Q,[n]s o) — #ialn
vy 20 PG (o (S e T g o) el
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N
n|nBP .
C39 : Vi€ {1,2
> Qi ZH% _w||2 Vi€ {12}

Constraint (C38) is convex while constraint (C39) is linear. Thus, optimization problem (43) at k-th
iteration is a convex optimization problem whose solution can be obtained through standard optimization
techniques. Similar to casel, subproblems (P3.2), (P3.3) and (P3.4) are solved in an alternating manner.

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

Algorithm 1

1: Input: wg, ¢[0], @[N], T, P, Vinaz, dmin

2: Initialize: ¢;[n], Q;[n]

3: Set dg(n] > é;(n].

4: Let S}E[n] = (5E[n],(§}[n] = d7[n], ¢! [n] = ¢:[n], QL n] = Q:[n]

5: Repeat

6:  Solve problem P(2.2) by using CVX for given {4} [n], Q [n]}, and denote the obtained time allocation as {§%[n], 61[n}}.
7:  Solve problem P(2.3) by using CVX for given {5 [n], 6}[n], Q1 [n]}, and denote the obtained UAV trajectory as g} [n].
8:  Solve problem P(2.5) by using CVX for given {d%[n], 61[n} 1[n]}, and denote the obtained power allocation as Q}[n].
9: Calculate minimum uplink throughput R! accordmg to {65 [n] 81in], ¢} [n], Q1 In]}-

10: Update 84 [n] = 8 [n), 61[n] = 8% [n), ¢} n] = a2 [n], @[] = @[]

11: Until the fractlonal increase of the objective value is below a threshold €>0.

12: Set 5E[n]<51[n]

13: Let 5%[71} =dg(n], 52 [n] = 61[n], 42[n] = ¢i[n], Q2 [n] = Qi[n]

14: Repeat

15:  Solve problem P(3.2) by using CVX for given {G2[n], Q2[n]}, and denote the obtained time allocation as {6%[n], 62[n]}.
16:  Solve problem P(3.3) by using CVX for given {6%[n], §?[n], Qf[n}}, and denote the obtained UAV trajectory as ¢Z[n].
17:  Solve problem P(3.5) by using CVX for given {62 [n], §2[n], ¢?[n]}, and denote the obtained power allocation as QZ|[n].
18:  Calculate minimum uplink throughput R? according to {6%[n], 62[n], ¢?[n], @?[n]}.

19: Update 83 n] = 83 [n], 62[n] = 83[n], d2[n] = @lnl, Q2] = Q2[n]
20: Until the fractlonal increase of the objective value is below a threshold €>0.
21: If R' > R?
2. R=RY6pln] = 6 [n],81ln] = 5[], ailn] = gL [n], Qifn] = O} [n]
23: Else
24:  R= R2,8pln] = 53 [n),81[n] = 83[nl, ailn] = a2 [n), Qiln] = O[]
25: Output R, JE[n],él[n} i[n], Qiln ]

4 Simulation Results

In this section, simulation results are presented to valid the performance of our proposed scheme. The
performance comparison between our proposed scheme and 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 = 5m. The minimum safety distance between two UAVs dy,;y, is set to be 1m. Energy conversion
efficiency n = 0.6.

Fig. 3 shows the UAVs trajectory 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 T. GN 1
locates at (—5,0) while GN 2 locates at (5,0). The maximum flying time of UAV is set to be T' = 30s, the
energy transfer power P equals to 10W. As UAV 1 and UAV 2 serves for GN 1 and GN 2, respectively,
we define GN 1 and GN 2 as corresponding node of UAV 1 and UAV 2, respectively.

In Fig. 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
Fig. 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 Fig. 3.
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Figure 3 Trajectory of UAV with symmetric user location
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Figure 4 Trajectory of UAV with asymmetric GN location

Fig. 5 shows the minimum uplink throughput versus the distance between two GNs with different
energy transfer power. In Fig. 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 Fig. 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 then decreases. It is because that the interference in our proposed scheme can be reduced,
however, the received energy at GNs becomes smaller when the distance between two GNs, which can be
illustrated from Fig. 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 the GNs and UAVs becomes worse,
which results the decreasing of the minimum uplink throughput.
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Figure 5 Minimum uplink throughput versus the distance between two GNs

-3
9 x 10 ‘ ‘ ‘
—%— Scheme of [24] P=10
gl —5— New scheme P=10
Scheme of [24] P=5
—>— New scheme P=5

T—o—___ 7
—O0___
\G\\

o [<2)
T T
I I

Received energy(J)
o

l Il Il Il Il Il Il Il Il
2 4 6 8 10 12 14 16 18 20
Distance between users(m)

Figure 6 Received energy of GNs

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

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

Fig.7 shows the minimum uplink throughput versus the UAVs flight time T with different energy
transfer power. In Fig. 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
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Figure 7 Minimum uplink throughput versus time of flight T

to P2 or P3 when T is sufficiently large.
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Figure 8 Convergence process of the proposed algorithm

Fig.8 shows the convergence process of the proposed algorithm, in which 7' = 20s. GN 1 and GN 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.

5 Conclusion
In this paper, we have 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
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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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