Manuscript version: Author’s Accepted Manuscript
The version presented in WRAP is the author’s accepted manuscript and may differ from the
published version or Version of Record.

Persistent WRAP URL:
http://wrap.warwick.ac.uk/141135

How to cite:

Please refer to published version for the most recent bibliographic citation information.
If a published version is known of, the repository item page linked to above, will contain
details on accessing it.

Copyright and reuse:
The Warwick Research Archive Portal (WRAP) makes this work by researchers of the
University of Warwick available open access under the following conditions.

Copyright © and all moral rights to the version of the paper presented here belong to the
individual author(s) and/or other copyright owners. To the extent reasonable and
practicable the material made available in WRAP has been checked for eligibility before
being made available.

Copies of full items can be used for personal research or study, educational, or not-for-profit
purposes without prior permission or charge. Provided that the authors, title and full
bibliographic details are credited, a hyperlink and/or URL is given for the original metadata
page and the content is not changed in any way.

Publisher’s statement:
Please refer to the repository item page, publisher’s statement section, for further

information.

For more information, please contact the WRAP Team at: wrap@warwick.ac.uk.

warwick.ac.uk/lib-publications


http://go.warwick.ac.uk/lib-publications
http://go.warwick.ac.uk/lib-publications
http://wrap.warwick.ac.uk/141135
mailto:wrap@warwick.ac.uk

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. XX, NO. XX, XXX 2020 1

UAV-Enabled Wireless Power Transfer with Base
Station Charging and UAV Power Consumption

Hua Yan, Student Member, IEEE, Yunfei Chen, Shuang-Hua Yang, Senior Member, IEEE

Abstract—Wireless power transfer (WPT) is a promising charg-
ing technology for battery-limited sensors. In this paper, we study
the use of an unmanned aerial vehicle (UAV) as a charger for
WPT. Unlike the previous works, our study takes into account
the power consumption of the UAV (power consumption during
hovering and flight), the charging process from a base station (BS)
to the UAV and the conversion loss of the energy harvester. Both
one-dimensional (1D) and two-dimensional (2D) WPT systems are
considered. The sum-energy received by all sensors is maximized
to find the optimal strategy for UAV deployment. Two different
charging schemes are proposed. Numerical results show that the
sum-energy received by all sensors is determined by sensors’
topology, the flight speed of the UAV and the transmit power.
They also show that, when the BS charging process and the UAV
power consumption are considered in the optimization, the optimal
location of the UAV in the 1D and 2D WPT systems is closer to
the BS than in the previous works that ignore these two practical
factors.

Index Terms—Energy efficiency, energy harvesting, radio fre-
quency, sensor, unmanned aerial vehicle, wireless power transfer.

I. INTRODUCTION

N recent years, unmanned aerial vehicles (UAVs) have found

a significant number of applications in wireless communica-
tion and transportation systems due to their decreasing expense
and increasing functionality [1] — [2]. From the viewpoint
of communications, the UAV can be used as an aerial base
station (BS) for wireless coverage, or as a mobile relay to
provide reliable communication links for distant users [3] —
[4]. For example, in remote areas when the communication
infrastructure is damaged by natural disasters, UAVs can serve
as an aerial BS to provide wireless services [5]. Other UAV
applications include UAV-assisted wireless networking [6] —
[8], future intelligent and secure UAV networks for 6G [9].
This paper mainly focuses on the application where a UAV
employs radio frequency (RF) wireless power transfer (WPT)
to charge a set of ground sensors in a remote area, that is,
UAV-enabled WPT.

Wireless charging [10] — [11] has been recognized as a
promising technique to provide energy supply for battery-
limited nodes, such as Internet of Things (IoT) devices and
sensors. There have been quite a few works on the use of
UAVs for WPT. For instance, UAV-enabled WPT systems were
proposed in [12] — [20], where the UAV was used to broadcast
wireless energy to ground receivers. Due to the line-of-sight
(LoS) links between the UAV and ground sensors, UAV-
enabled WPT system can improve the energy transfer efficiency
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greatly by deploying UAV as a mobile energy transmitter in
these works. Specifically, reference [12] studied the achievable
energy region of a basic two-user UAV-enabled WPT system by
optimizing the UAV’s trajectory with constraints on the UAV’s
maximum speed. Reference [13] extended the work in [12] to
the multi-user scenario and maximized the minimum energy
received by all energy receivers to optimize the trajectory
design. In [14], both UAV’s optimal hovering location for
maximum sum-energy and UAV’s optimal hovering time to
maximize the minimum received energy among all energy
receivers were investigated by trajectory optimization. In [15], a
one-dimensional (1D) UAV trajectory was designed for a multi-
user WPT system, where all ground nodes stay on a line, such
as a motorway or river. Reference [16] considered a two-user
scenario, but the UAV was equipped with a directional antenna.
In [17], a new UAV-enabled wireless powered communication
network was studied, where a UAV is deployed as a mobile
access point to charge the ground users in the air-to-ground
(A2G) link and collect information from ground users in the
ground-to-air (G2A) link. The uplink minimum throughput
was maximized by optimizing both the UAV trajectory and
other resources. In [18], the maximum network throughput was
discussed in a UAV-enabled relaying system where the UAV
receives both energy and information from a BS, and then
forwards the information to the ground user. The authors in [19]
studied the use of a rotary-wing UAV as an energy transmitter
to charge a set of energy receivers (ERs) taking into account
the UAV’s flight altitude and coverage performance. The energy
harvested by all ERs was maximized via jointly optimizing the
UAV’s placement, beam pattern and charging time. Finally, in
[20], a UAV-Aided Air-to-Ground cooperative non-orthogonal
multiple access system for cellular users was studied, where
the energy efficiency and spectrum efficiency were improved
by jointly scheduling cellular users and the UAV.

All the above works have provided very valuable guidance
on the use of UAV-enabled WPT system. However, several
challenges in this field remain. Firstly, the power consumption
of the UAV (i.e., power consumption from its hovering for
charging and discharging, and from its propulsion for flight)
is very important in these applications, but this issue has been
largely overlooked in the existing works. Secondly, the UAV
is an energy-limited node itself. Thus, it has to be charged
by a BS wirelessly without landing [21] before transferring
power to remote nodes. Most works only consider the power
transfer from the UAV to the remote sensors but do not consider
the power transfer from the BS to the UAV. In [22], the
energy transfer efficiency from BS to sensors by employing
UAV as a mobile energy transmitter has been analysed without
optimizing the location of UAV in multiple sensors case.
Thirdly, many of the previous works (i.e., [14] — [16] and [18])
have ignored the radio frequency to direct current (RF-to-DC)
energy conversion efficiency by assuming perfect discharging
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Fig. 1: 1D and 2D topologies

at the energy receiver. Due to the increased use of UAVs in
communication systems [23] — [25], these issues require urgent
attention. To the best of the authors’ knowledge, the UAV-
enabled WPT problem considering all these three issues has
not been studied yet.

Motivated by these observations, in this paper, we study the
use of the UAV in a UAV-enabled WPT system, where the
UAV is deployed to charge the ground sensors after being
charged by the BS. In the study, we take into account the
power consumption at the UAV, the power transfer from the BS
to UAV and the practical conversion efficiency at the energy
receiver. To do this, we will first derive the optimal location
of the UAV when the ground sensors are deployed in a 1D
topology, as the case in [15]. Then, we will investigate the
more complicated case when the ground sensors are deployed
in a two-dimensional (2D) topology. For both cases, the optimal
locations of UAVs will be derived by maximizing the sum-
energy received by all ground sensors. Numerical results will
be presented to show that the optimal locations have to be
closer to the BS than what was reported in previous works that
did not consider the power consumption of the UAV. The main
contributions of this work can be summarized as follows:

o Two different charging schemes for both 1D and 2D
topologies in UAV-enabled WPT systems are studied by
considering the BS charging process and the UAV power
consumption.

o The optimal locations of the UAV in WPT system in these
two different cases are derived analytically.

o The effects of different system parameters on the energy
transfer performance are examined to give useful guidance
for system designs.

The rest of the paper is organized as follows. In Section II,
the system model is explained. Section III and IV derive the
optimal location of UAVs in WPT system in 1D and 2D cases,
respectively. Section V presents numerical results. Finally, the
work is concluded in Section VI.

II. SYSTEM MODEL

Consider two typical scenarios, where the ground sensors are
distributed either in a 1D or 2D topology, as shown in Fig. 1.
A rotary-wing UAV is first charged by a BS wirelessly in its
close proximity, then flies to K > 2 remote ground sensors to
charge them wirelessly for sustained operations. Let & index the
sensors with 1 < k < K. In our study, only the locations of the
sensors are needed. The structure and topology of the ground
sensor network will not affect the derivation. In Fig. 1(a), all

ground sensors are located on a straight line, as the case in [15].
In Fig. 1(b), they are assumed to be located on a 2D surface.
Let (0,0, Hps) denote the location of the BS with a height of
Hys, and the k' ground sensor is located at (2, yi, Hs,) with
a common antenna height of Hy,, i.e., (zx, 0, Hg,) for 1D and
(2k, yx, Hsr) for 2D. The UAV is assumed to fly at a fixed
height H above the ground [12] — [17]. Thus, its location can
be denoted as (x,y, H). Also, it is assumed that all sensors
have enough battery capacity for charging.

In this work, we assume wireless charging by the BS to the
UAV. This is the case when there is no dedicated landing dock
at the BS for wired charging, as in conventional BSs. This is
also the case when it is not convenient or safe for the UAV
to land due to the complicated environment surrounding the
BS. In the case when wired charging is available at the BS,
the following results are still valid by ignoring the Load stage
of the BS charging or assuming zero loss from the BS to the
UAV. In order to quantify the energy consumption of the UAV
during the WPT from the UAV to ground sensors, the energy
consumption in different phases of the process will be analysed.
The energy consumption mainly comes from the transmission
loss from the BS to the UAV, and from the UAV to the ground
sensors, the conversion loss from RF to DC at both the UAV
and ground sensors, and the UAV power consumption due to the
UAV manoeuvring, such as hovering, acceleration, deceleration
and flying at a constant speed. These will be discussed in the
following.

A. Transmission Loss

As the UAV hovers above the BS in its close proximity to be
charged, a LoS link can be established between the BS and the
UAV L, Similarly, we assume a LoS link between the UAV and
ground sensors, as in [12] — [18]. According to the free-space
path loss (FSPL) model, the transmission loss in these links
can be expressed as

PLps =201g{f} +201lg{d} — 14755 dB, (1)

where d (d > 1) is the distance between the transmitter and
the receiver, and f is the carrier frequency. Note that in FSPL
model d > 1, because the received power per unit area starts
at a reference distance of 1 m [27].

As the channel between the BS and the UAV is dominated
by LoS, the transmission loss from the BS to the UAV in both
Fig. 1(a) and Fig. 1(b) can be expressed as

PLys—uay = 201g (f) + 201g (H — Hy,) — 147.55 dB, (2)

where H — Hp, > 1 m is the distance between the BS and the
UAV.

Also, since the wireless channel between the UAV and each
ground sensor is dominated by LoS, similar to [12] — [18], the
transmission loss from the UAV to the k" sensor in Fig. 1(a)
can be expressed by adopting the FSPL model in (1) as

PLD . =201g(f)+20lg (d.2,_,,, ) — 147.55 dB, (3)

"Note that fading or probability of LoS may exist when H is large [3] —
[26]. When H is small, as in works [12] — [18], fading and probability of LoS
can be ignored. We use the same system model as [12] — [18] by ignoring
fading and LoS probability. However, the result of this paper can be easily
extended to the scenario considering fading or LoS probability.
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and in Fig. 1(b) as
PL2D, . =201g(f) +201g (d20, ., ) — 147.55 dB, (4)

wav—gsn \/(x - xk)2 + (H — HST)2 is the dis-
tance between the UAV and the k" sensor in the 1D case,

dﬁg;—gSk - \/(z - Ik)Q +(y - yk)2 + (H - HST)Q in the 2D

case, and H — H,,. > 1.

where d'P =

B. UAV Power Consumption

In addition to the energy transferred to the ground sensors,
the UAV also requires energy for various manoeuvres (i.e.
hovering, acceleration, deceleration and flying to fly to the
sensors). For example, the authors in [28] studied the trade-
off between power consumption and flight performance of fixed
wing UAV. In [29], the authors derived an analytical propulsion
power consumption model for rotary-wing UAVs flying at a
speed of V as

2 )

1
PWV)=R (1+ 3 )+P (1+ 5 - 32) +
tip
(%)

where Py and P; are two constants related to the physical
properties of UAV and the flight environment, such as weight,
rotor radius and air density, Uy, denotes the tip speed of
the rotor blade, vy is the mean rotor induced velocity during
hovering, dy and s are the fuselage drag ratio and rotor
solidity, respectively, and p and A denote the air density and
rotor disc area, respectively. Details and discussions on this
model can be found in [29]. We will calculate the internal
energy consumption of UAV using the above model. Denote
the energy consumption during hovering, flying, acceleration
and deceleration as Ejoper, Ev, Eace and Epe., respectively.
By substituting V' = 0 into (5), the power consumption for
hovering can be obtained as P(0) = Py + P;. Thus, the energy
required for hovering can be calculated as

Eho’uer = P(O) . Thover» (6)

where Thoper 1S the hovering time at a speed of 0. For flying
at a speed of V, one has

Ey =P (V) . Tflyinga @)

dopsAV3

where T'tying is the flying time. For linear acceleration or
deceleration, the relationship between velocity and time can
be expressed as

V= Vo + at, (8)

where vy is the initial velocity, a is the acceleration and ¢ is
the time. In this study, we consider the process when the UAV
accelerates from an initial velocity of 0 to V' and continues
to fly to the sensors at the speed of V, and finally decelerates
from V to O to hover over the sensors for charging. Hence, the
energy consumed by the UAV during the acceleration can be
calculated as

v
Epce :/ P(t) dta )
0
where % is the acceleration time, as vg = 0, P(t) =
1
2 g 2N\ /2
Po (142525 ) + P (14 59 = 595) 7 + LdopsA(at)®

by substitutfiinpg (8) into (5). Since acceleration and deceleration

in this study are symmetric, the energy consumed during
deceleration is the same as that during acceleration, i.e., Fa.. =
EDec~

For both the 1D case in Fig. 1(a) and the 2D case in Fig. 1(b),
the UAV hovers above the BS to be charged wirelessly, then
accelerates to a constant speed of V' and flies to the sensors.
When it approaches the ground sensors, it decelerates from
V to 0 and then hovers above the sensors to charge them
before flying back to the BS in the same way. Thus, hovering,
acceleration, deceleration, and flying are the four operations
that need to be considered in our study.

C. RF-to-DC Conversion Loss

In [30] and [31], linear and non-linear models for the RF-
to-DC conversion efficiency have been obtained. From the
simulation results in [30], it was found that the conversion
efficiency depends on the input power. When the input power is
below a threshold, the output power increases linearly with the
input power. Thus, we assume that the energy harvester works
in this linear region and the linear model is used in this case,
similar to [12] — [13], [17] and [22]. One has the relationship
between the input and output of the energy harvester as

Ppc =n- Prr, (10)

where Prp is the received RF power, 7 is the constant RF-to-
DC conversion efficiency and Pp¢ is the converted DC power
at the harvester.

Remark 1: Note that many factors could affect the optimal
location of the UAV that maximizes the sum-energy received
by all sensors, such as the number of sensors, the trajectory
and the velocity of the UAV, etc. The UAV has to fly back to
the BS after charging the sensors but needs to maximize the
energy delivered to sensors. Firstly, the actual topology of the
1D and 2D WPT systems may be less important, as long as they
are within the coverage area of the UAV WPT. If the area is
too large, although the sum-energy is maximized, it may lead to
unfairness among the sensors, especially those at the edge of the
cell. Secondly, placing the UAV at different optimal locations
for different sensors by exploiting the UAV’s trajectory designs,
such as [13] and [14], will inevitably consume much more
energy because of the extra propulsion power. This is not
energy-efficient compared with our scheme that fixes the UAV
at some point during charging and discharging to only consume
hovering power.

III. OPTIMAL LOCATION OF UAV MAXIMIZING
SUM-ENERGY IN 1D CASE

In this section, in order to study the optimal location of UAV
that maximizes the sum-energy received by all sensors, the 1D
case is considered first. As mentioned before, the UAV hovers
above the BS to be charged, and then accelerates to a constant
speed of V' to fly to the destination. When it approaches the
ground sensors, it decelerates and finally hovers above these
sensors to charge them. Two schemes are considered, as shown
in Fig. 2. In Scheme 1, the UAV only charges the sensors
when it arrives and hovers at their top. This minimizes the
transmission loss by having the shortest distance but limits
the charging time. In Scheme 2, the UAV starts to charge the
sensors before it arrives at their top, that is, the UAV starts
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Fig. 2: Schemes 1 and 2 of 1D case

charging while it is flying close to the sensors. This increases
the charging time but suffers from possible larger transmission
loss for each sensor.

A. ID Scheme 1

This scheme can be divided into three stages: load, fly, and
charge. In the first stage, the UAV is charged by the BS. This is
the load stage. In the second stage, the UAV carries the stored
energy and flies towards the ground sensors. This is the fly
stage. Finally, the UAV hovers above these sensors to charge
them by transferring wireless power. This is the charge stage.

1) Load: In the first stage, the received RF power in dB by
the UAV can be derived as [22]

plDsl

uav—r

:Pt+Gt+Guav _PLbsfuava (11)

where P; is the transmitted power in dBW, G, is the gain of
the transmitting antenna at the BS in dBi, G, is the receiving
antenna gain at the UAV in dBi (assumed to be the same as
the transmitting antenna gain later), P Lys_yq, 1S the path loss
between the BS and the UAV in dB, as defined in (2). Then,
the received DC energy can be calculated by applying the RF-
to-DC conversion model in (10) as

1Ds1

uwav—r

Eyyty =m0 10 Ti05h, (12)
where T}1Ds1 , is the loading time. Note that, during the load

stage, the UAV also consumes energy as it needs energy to keep
aloft above the BS. This energy consumption can be calculated

as
1Ds1

ETloading — P (0) .

hover

1Ds1
loading*

13)

Also, to ensure that the UAV does not fall and is being charged,
the received DC power must be greater than the hovering power
1Ds1

P(0). ie, nl0 " 10 > P(0).

2) Fly: Then, an acceleration — fly(v) — and — deceleration
operation will be performed by the UAV to carry the charged
energy to the sensors. We denote the final hovering position
of the UAV as (xp,0, H) since the BS and all sensors are
located in a straight line. The energy required during the second
stage can be calculated according to the propulsion power
consumption model in (5) as

1Dsl1 __ 1Ds1 1Ds1 1Ds1

Efly—to - EAcc + EV + EDec
o V2 (14)
a

v
:2/0 P() di+ P(V) o

Algorithm 1: Optimization of (20)

Input: Sensors’ location array S = [z1, -+ ,Zk, ", Tk],
P, Gt, Guav, Ggs, Puav—t, V, a, H, X = min(S):
Step-size: max(S) and TLZ5}

Output: Optimal location z*.

1 for i=1: length(X) do

Initialize ELDst

Calculate ELD5) (1) using (15)

if EclL'UDa‘ii%able (7‘) > 0 then

for k=1: length(S) do
L Calculate Q1P°} (k) using (16) — (19)

oading*

gs—k
EL0N(0) = Blaon! (6) + Qg% (k)

DS - N I T )

else
L break;

Result: ©* = X (i*) < i* = argmax E1D51 (i)

where V' is the final constant flight speed, a is the acceleration,
and P (t) is the power consumption at time ¢. Note that, in
order to ensure that the UAV has enough energy to fly back to
the BS after charging the sensors, the energy for flying back
should be considered and must not be less than that in the fly
stage. Thus, the minimum energy required for flying back is
Efer = B, assuming that the flying back operation
is symmetric to the flying to operation.

3) Charge: After the UAV decelerates to a speed of 0 and
hovers at (z5,,0, H), it starts to transfer wireless power to the
ground sensors. In this case, the amount of energy available for
transfer can be derived as

TlDb’l
— ElDSl _ E loading __ 2E1D81

1Ds1
E wav—r hover fly—to-

available

15)

During this stage, the received RF power at the k*" sensor can
be expressed as

Pgls[iskl = Puavft + Guav + Ggs - PLlD

uav—gsg’

(16)

where P, 4, is the transmission power of the UAV in dBW,
Guav 1s the transmitting antenna gain, the same as the receiving
antenna gain Glq, in (11), Gy is the receiving antenna gain
at each sensor in dBi, assumed to be the same for all sensors,
PLLE, ., is the path loss between the UAV and the k" sensor
in dB, defined in (3). Note that, during this stage, the UAV also
consumes energy with a power of P (0) in watt to stay aloft,
similar to the load stage. As a result, the charging time can be
obtained as

1Ds1 ElDS',ll bl
Tcha'rging - Pu?;(ita < (17)
10 10  +P(0)

Consequently, the DC energy received by the k*" sensor when
the UAV hovers at (2,0, H) can be derived as

1Ds1

s—k
1Dsl H) — —L== 1Ds1
gs—k (.’E}“ 0, ) - 7710 10 Tcharging'

(18)

The sum-energy received by all sensors can be calculated as

K
BLDS (2n, 0, H) = > Q5P% (wn,0,H).  (19)
k=1
The optimization problem can be formulated as
(z*,0,H) =argmax E1Ps! (;,,0, H), (20a)
Th
st BIDs1 >0, (20b)
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where x* in (20a) is the optimal UAV location which maxi-
mizes the sum-energy function E1D5! (2,0, H), (20b) is the

constraint on available energy to ensure the UAV can fly back.

4) Optimization: The solution to (20) is summarized in
Algorithm 1, as it is challenging to derive its closed-form
solution when K is large. The step-size setting in the algorithm
determines the accuracy of x*, and it can be changed according
to the accuracy requirement.

B. 1D Scheme 2

The main difference between Scheme 1 and Scheme 2 is
that in Scheme 2 the UAV starts to charge the sensors before
it arrives at the top of sensors. Hence, in both deceleration
and hovering operations, the sensors can receive power from
the UAV. We denote the charging time in these two phases
as Tcl,gf%el and Tcl,gf?d, and the energy received by sensors
as E1Ds2  and ELDs?2 . respectively. Since the energy
harvester has an activation energy, a minimum power of P
dB needs to be ensured at the closest sensor. This leads to
a threshold value of x4, at which the UAV starts energy
transfer, as

Puavft + Guav + Ggs - PLlD

uav—gsi

>P dB, (I

where PLLD is defined in (3),

and the first sensor

the distance be-

uav—gsy
tween the UAV is A, .. =

\/(Il — Istm"t)Q —+ AHQ, AH = H — HST'7 and

Pyav—t+Guav+Ggs—201g{f}+147.55— P¢

Tstart 2 r1 — \/10 10

— AH?2.

(22)
Denote the final static hovering position of the UAV as
(xn,0, H). Two sub-cases needs to be discussed, as shown in
Fig. 3.

1) Case a): In Fig. 3(a), when xj, — Tgpqrt < AXpee, the
UAV is in the deceleration when it arrives at Zg¢q,¢. Thus,
the velocity of the UAV when it starts energy transfer can be
calculated as

V;tart = \/_2a(mh - mstart); (23)
where a (a < 0) is the deceleration. In the special case when
Th—Zstart = AXpee, We have Vi = V. Then, the charging
time during deceleration is

TleQ _ 0— Vstart

- 3 1 _—
charge a ’

a <0. (24)
Since deceleration from Vy;,,+ to 0 is symmetric to the accel-
eration from O to Vyqrt, the received RF power by the Eth
sensor in 7752 | period can be calculated as

PP =Q—201g (d5,_,s.)

g uav—gsy

(25)

where Q = Pyoy—t + Guaw + Ggs — 201g (f) + 147.55,

1D _ 1 2 2 1Ds2
dua’u—gsk - \/(th o §at2 B Z‘k) +AH®, 0<t< Tchaf“gel’
and a in d}P is the acceleration when the UAV accelerates

uav—gsg
from xj, t0 T4t With the velocity from 0 to Viiqre, Which

is the same as deceleration from Vi:,,+ to 0 when the UAV

0 v \i v 0
o e >
Ax_Acc Ax_Dec
i i 1 & §f
Base station o “Sensors
(a) Xh-Xstart < AX_Dec
9 ___________ \A )\ v Q
Ax_Acc Ax_Dec
i i i
. Xstart X1 Xh Xk
Base station Sensors

(b) Xh-Xstart > AX_Dec

Fig. 3: Two cases in 1D Scheme 2

decelerates from xgtqr+ to zp. As a result, the total energy
received by the k*" sensor can be obtained as

T1D52

charger  PLDS2
LDs2 =n/ 1070 dt
0

gs—k
77101%
©4C 3 sina
77101%
2C1¢3 sin

R 72+2q‘r cos %+q2
sin¢ln ——2——
2 T2 -2qT cos §+q2

2 2

cos § (arctanT 4w +7/2]),
SIn
2

2qTs
(26)

chargel? q= \ %’ A1 =
(xp — xk)2 +AH? B, = —a (xp, — ), Ch = iaz, and we
have used the integral in [32, eq. (2.161.1)]. Finally, the total
energy received by all sensors in this case can be calculated as

where o = arccos(—z\/%—c), T =TLDs2
1“1

K
1Ds2 _
Ereceivedl - E
k=1

1Ds2

1bs2. Q7

2) Case b): In Fig. 3(b), when zp — Ts1qrt > AXpee, the
UAV has to fly at the constant speed of V' for some time before
decelerating, although it has already started energy transfer.
Denote the time flying at a constant speed of V' and decelerating

1Ds2—1 1Ds2-2 :
as Tipopger and To0 0 7, respectively. Then, one has

1Ds2—1 Th — Tstart — AAXrDec
chargel — vV ’

1Ds2—2_O_V a<0
chargel — a ’ ’

T1D52

__ mlDs2-1 1Ds2—2
chargel — T +T

chargel chargel * (28)
1Ds2—1
Tchargel and

are denoted by P;sD_ *2=1 and Pglf_ 5272 respectively.

If the received RF power at the k*" sensor during

T1Ds2—2
chargel

one has

PPt = —201g (d)2s2) 1)

P1D5272 =0—-920 ].g (d1D8272 ) ,

gs—k uav—gsg

(29)

where

dyan 2 gs, = \/(xstm +VE—2)? + AH?,
0 < t < TlDSQ*l

chargel ?

1 2
A2 2 = \/ (xh - iatQ - xk> + AHZ?,

1Ds2—2
a>0,0<t< Tchaigel :

(30)
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Denote the total energy received by the k*" sensor during
1Ds2—1 1Ds2—2 1Ds2—1 1Ds2—2 :

T parger and T 000 7 as Q" and Q"7 respectively.

Then, one has

1Ds2—1

TC arge Pl?_S2_1
gﬁ”=n/hglm¢%%dt
0
21075 By +2C,T 502}
_ 2m0%etan D2 S chargel (34,
VA4,C, — B2 VA45C, — B2
201015 B
I SN arctan 2

\/4A,Cy — B3 V/4A,Cy — BZ'

where Ay = (xstart - xk)z + AHQ? By = Zv(xstart - J)k),
Cy = V2, and the integral in [32, eq. (2.172)] is used here (or

gy . 1Ds2-2
[32, eq. (2.103.4)]). Similarly, during Tchwge1 , one has
T1}DS2—2 plDs2-2
_ chargel gs—k
QgﬁQ:n/ 107~ 10— dt
0
5L 2 a, 2
. n101o sin @ In T?+2qT cos 5 +q
4C @3 sina . 2 T2-2qTcos G+q?
Q
1010 2 2
7737. cos § | arctan qug +7/2],
2C1¢3 sin 2¢T sin 5
(32)
_ (__ B _ plDs2-2 1AL
where a = arccos(—5725==), T = T harger \/ e

Ay = (zp, — xk)Q—l—AHQ, By = —a(zp — x), C1 = %aQ, and
the integral in [32, eq. (2.161.1)] has been used here. Hence,
the total energy received by the k** sensor during Tcl,gf%el can
be calculated as

1Ds2 __
gs—k —

1Ds2—-1 + Q1D82_2, (33)

gs—k gs—
and the sum-energy received by all sensors in this case can be

calculated as
K

1Ds2 _
Erecei'uedl - E
k=1

1Ds2
gs—k-*

(34)
After the UAV decelerates to the speed of 0, the energy
available for transfer can be calculated as

1Ds2

E;stz%able :EllLaDvSET - E}YL})‘Z:?TWQ - QE}gs—zto (35)
S0 TR
Tle?
where E D52 By eome ELP? 0 can be calculated using
the method in Scheme 1, Puav—iT 050, is the total energy

delivered by the UAV from x;4.+ to x5,. The received RF power
at the k" sensor can be expressed as

Pyl = Q= 201g (dugy—gs,) (36)
where d}0, . = \/(xh —a3)> + AH?. The delivery time
can be derived as

T (37)

107 10 +P(0)

Hence, the DC energy received by k** sensor in this time can
be calculated as

1Ds2
Pgs—k

{1JsDjl2c(xhﬂ 0, H) =nl0—

1Ds2
charge2>

(38)

Algorithm 2: Optimization of (41)

Input: Sensors’ location array S = [z1, - ,Zk, -, Tk, Pt, Gt,
Guav, Ggs, Puav—t, V, a, H, P, X = min(S): Step-size

: max(S) and TAD (jfng which is equal to T}1P j}ng.

Output: Optimal location z*.
1 for i=1: length(X) do

2 Tstart, AX pec < calculate Tstqrt using min(S), V, a and P
3 Initialize Eglq%sfz, Bt vear and BLD%2 oo

4 Calculate E 23 . (4) using (35)

5 it E1Ds2 (i) > 0 then

6 if X(2) — Zstart < AXpec then

7 for j=1: length(S) do

8 | Calculate E}DS2, . (i) using (25) - (27)
9 else

10 for j=1: length(S) do

1 | Calculate ELD32 . (i) using (28) — (34)
12 for k=1: length(S) do

13 | Calculate E}D32 (i) using (36) — (39)

14 L E‘sluDTrsl2 7‘) = EieDcan'Uedl (Z) + EieDcij'ued2(i)
15 else

16 L break;

Sk 1Ds2(;
17 " = argmax Egq, ()

Result: z* = X (¢*)

and the energy received by all sensors in Tcl}{?zf«?;w can be
derived as
K
B vear = ) Qg R (wn, 0. H). (39)
k=1
Finally, the sum-energy can be expressed as
E;anfLQ = 71‘€D0212U6d1 + Eigzzgved% (40)
which leads to the optimization problem
(z*,0, H) =arg max E1P%% (z;,,0, H) (41a)
Th
st Eglsd e >0, (41b)

where =* in (41a) is the optimal UAV location that maximizes
the sum-energy function E!DP52. (41b) is the constraint on
the available energy to ensure the UAV can fly back to the
BS. The objective function is determined by the delivery time
allocation, velocity V, acceleration a (@ > 0 or a < 0), and
the number and distribution of sensors. It is too complicated
to be solved analytically. We will solve it numerically. Details
on the numerical solution to (41) is summarized in Algorithm
2. Note that, x4+ in our work is calculated by using (22) to
satisfy the minimum power P.. However, s+ can also be
jointly optimized with xj. This will be a future work.

C. Further Discussion

The above results assume the RF-to-DC conversion effi-
ciency is a constant that is linear and independent of the input
power whether the input power is large or small. Nevertheless,
it has been revealed that the RF-to-DC conversion efficiency
actually depends on the input power [31] when the input power
is relatively small, which means the RF-to-DC conversion
efficiency is non-linear. One has the relationship between the
input RF power = and output DC power f(x) of the energy
harvester as [31]

agx + b() bo

42
i (42)

fz) =
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where ag, by and ¢ are constants derived by standard curve-
fitting. As a result, the non-linear RF-to-DC conversion effi-
ciency at the k*" sensor can be expressed as

Ppc

- : 43
Prr (43)

Tk

where Prr is the received RF power at the k" sensor, and
Ppe = f(Pgrr) is the output DC power changed non-linearly
by Prr.

According to [31], it is found that the 7, keeps unchanged
when the Pgrp is below a threshold and thus, the conversion
efficiency in (12) in Load stage can be seen as a constant
when P, at the BS is chosen carefully. For the 1D Scheme
1, the UAV only charges sensors when hovering at the top of

sensors. Hence, using (42) and (43), the RF-to-DC conversion
plDs2 1Ds2
gs—k gs—k

efficiency in (18) is g, = (10~ 10 )/10 10
For the 1D Scheme 2, as the UAV charges sensors before
it arrives at the top of the sensors. Therefore, the RF-to-DC
conversion efficiency changes with the time in both deceleration
and flying operation. In C'ase a, using (42) and (43), the total
energy received by the k*" sensor in (26) can be obtained as

plDs2

T1Ds2 95—k
1ps2 [ hereet [agx 10710 +bg  bo it
gs—k — 0 plDs2 - a

10757 + ¢

Q
- (a()CO — bo)lo 10 ; 7-2+2q7'cos %+q2

(0%
- n¢lhn——3%—
4F1 g3 sina 277 r2-2g7 cos § +¢2
Q
(CL()C() — b())].oﬁ 72_g2
WCOS% arctan oL + /2 ),
1¢% sin qTsin 5

(44)

_ E, __ m1Ds2 _ a4/ Dy —
where o = arccos(—ﬁ), T =Toharger» 4= \/ 7o D1 =

colen —xx)? + coAH? + 0107, By = —a(x), —2x) o2,
Fi = Ya%c?, and the integral in [32, eq. (2.161.1)] is used.
In Case b, since the calculation during the deceleration is the
same as that in Case a, we only calculate the energy received
by the k*" sensor during Tcl,flizgll at constant speed. Using
(42) and (43), the energy received by the k'" sensor in (31)
can be obtained as

1Ds2—1
1Ds2—1 P,

T gs—k
1Ds2-1 _ chargel [ gg* 10~ 10 + bo b£ dt
- plDs2—1 -
0 Co

—k
gs gs—k

107 ™

+CO

_ 2(@000 — bo)lOl% Ey + 2F2T01£i?]211

4D, F, — E2 V/AD,F, — E2

2(&060 - bo)lo% E2

arctan

where Dy = co?(Tspart — :rk)z + cp?AH? + 00101%, Ey =
2¢0%V (T start — Tk)> Fo = co?V'?, and the integral in [32, eq.
(2.172)] is used here. Finally, considering the non-linear RF-
to-DC conversion efficiency, the DC energy received by k'
sensor during hovering in (38) can be calculated as
1Ds2
T,

1Ds2 (0,0, H) = £(10

1Ds2 (46)

Base station 2D Scheme 1 Xmin

E i

S S =

4
(Xstart, Ystat, H) /

((.
2D Scheme 2 Xmin

A?

Base station Sensors Xmax

Fig. 4: Schemes 1 and 2 of 2D case.

IV. OPTIMAL LOCATION OF UAV MAXIMIZING
SUM-ENERGY IN 2D CASE

In this section, we extend the result from 1D to 2D. Two
schemes are depicted in Fig. 4.

A. 2D Scheme 1

The charging process is similar to the 1D case in Scheme 1.
1) Load: The received RF power in dB during the load stage
can be expressed as

P2Dsl — Pt + Gt + Guav — PLbs—ua'w

uav—r

47

where the symbols are defined the same as before. Thus, the
received DC energy can be calculated as

p2Dsl1

uav—r

— 10—t T2Dsl

loading>

2Dsl
Euav—r

(48)

where T72031 is the loading time. Since the UAV also con-

sumes energy during hovering with a power of P(0) in watt,
this can be calculated as
2Ds1l

ETlou.ding _ P(O) .

hover

l%gjiln g (49)
p2Ds1

Again, to ensure that the UAV does not fall, 1710% > P (0)
needs to be satisfied.

2) Fly: Denote the energy required for carrying the obtained

energy to the destination as E]%gs_lto. In the fly stage, one has

2Dsl __ 72Dsl 2Ds1 2Ds1
Eflyfto - EACC + EV + EDec

A% 2
xh_L 22

« (50)
0

4z > —.
a

Since the UAV also needs energy to fly back after each
charging, we let EF[%Y, = B0, .

3) Charge: In the final stage, the amount of energy available
for transmission is

TZDSI
— E2Dsl o E loading 2E2DSI

2Ds1
E wav—r hover fly—to*

available

(S

Then, the received RF power at the k*" sensor can be expressed
as
P;s[iskl = Puavft + Guav + Ggs - PL2D

uav—gsg

(52)

where (G4, is the transmitting antenna gain at the UAV in
dBi, G5 is the receiving antenna gain at the sensors in dBi,
PL2P is the path loss between the UAV and the k%" sensor

uav—gsy
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Algorithm 3: Optimization of (56)
Input: Sensors’ location array
S = [($11y1)1 ) ('Tkvyk)v B (xKvyK)]’ Py, Gy,
Guav, Ggs, Puav—t. V, a, H, X = min(S — x):
Step-size : max(S — z), Y = min(S — y): Step-size
: max(S — y) and TZDs1
Output: Optimal location z* and y*.
1 for i=1: length(X) do

2 for j=1: length(Y) do
3 Initialize E2Ds1 index(i,j) =

(X () — min(X)) * length(Y) + Y (5) — min(Y) + 1
4 Calculate E2Dsl - (index(i, j)) using (47) - (51)
5 it E2Dsl o (index(i,5)) > O then
6 for k=1: length(S) do
7 Calculate Q2D%} (k) using (52) - (54)
8 B2 (index(i, §)) =

E2Ds (index (i, 5)) + Q2024 (k)

9 else
10 L break;

1 index*(i,§) = arg max E2Ps1 (index (3, 7))
12 4,5 <+ index* (1, 5)
Result: z* = X (i), y* = Y (¢)

in dB, which is defined in (4). Due to the extra energy for
hovering, the charging time can be calculated as

2Ds1 B ilabl
Tchaf‘ging = Puu(ziia;l 4 . (53)
10710 + P(0)
Consequently, the DC energy received by the k** sensor during
Tf}gjlgm , period can be obtained as
G
527?—511(17% Yhs H) =n10 “io Tfh%i;ingv (54)

and the sum-energy received by all sensors is
K

B2 anyn, H) =)
k=1

2D81(xh7yh7 H)

2Ds1 (55)

Then, the optimization becomes

(x5, iy, H) = arg max E20Y(wp, yn, H), (56a)
ZTh,Yh
st BIDs2 >0, (56b)

where (z},y;, H) in (56a) is the optimal location of the UAV
that maximizes the sum-energy received by all sensors, and
(56b) is the constraint on the energy to ensure the UAV can fly
back to the BS.

4) Optimization: The solution to (56) is summarized in
Algorithm 3.

B. 2D Scheme 2

Compared with Scheme 1, the UAV in Scheme 2 can fly
at any directions as long as its destination is within the box

: : e 2Ds2 2Ds2
mentioned earlier, as shown in Fig. 5. Let T;,;7 ., and %hgr ge2
S

denote the delivery time of these two phases, and EZ°% ..,
E2Ds2 . denote the energy received by sensors, respectively.

Since the received RF power by sensors is expressed as

P23813 = Puavfr + Guav + Ggs - PLQD

g uav—gsg’

(57)

P, can be calculated through P?P? > P., where k depends
on the flying direction. Denote the final hovering location of
the UAV as (xp, ypn, H).

vV Ax_De 0
B i 7
! i [ i
| | “ ! [ |
B e e e
(Xstart yotart) xh,vn{ i “
. | S Yrin
Xmin Xmax
(a) sqrt ((xv-xstart) "2+ (yh-ystart) "2) SAX Dec Sensors
\i Vv AX_Dec 0

(b) sqrt ((xh-xstart) "2+ (yh-ystart) "2) DAX dec Sensors

Base station

Fig. 5: Sub-cases (a) and (b) of 2D Scheme 2.

1) Case a): In Fig. 5(a), when
\/(l’h - xstart)2 + (yh - ystart)2 < A)(Deca the UAV
is in deceleration when it passes over point (Zsiqrt,Ystart)-
Hence, the velocity of the UAV when it starts to broadcast
wireless power can be expressed as

V:start = \/_204\/(37}1 - mstart)g + (yh - ystart)Qa (58)

where a (a < 0) is deceleration. ~When
\/(l'h - l'start)Q + (yh - ystart)2 - AXDeC, we have
Vstart = V. As a result, the delivery time in this case can be
expressed as

0— V; ar
Targer = — " a <0. (59)
The received RF power by the k** sensor in 3052 | is
P2 = Q= 201g(v/(w(t) — 2x)? + (y(t) — i) + AH?),
(60)

where @ = Puoy—t + Guaw + Ggs — 201g(f) + 147.55,
z(t) = xp — %ath, y(t) = yn — %ath, 0<t< Tc%if"?]el’
a; = acosarctan(£*) and a, = asinarctan(Z*). Herein, a,
and a, are the projected acceleration to x and y coordinates,
as shown in Fig. 6, a (a > 0) is acceleration when the UAV
accelerates from (zp,yn, H) to (Tstart, Ystart, H). Note that,
although the UAV can fly in any direction, its trajectory is still
a straight line to save flying time and internal power consump-
tion. Thus its direction can be given by 6 = arctan() as
shown in Fig. 6. Then, the total energy received by the k'"

H 2Ds2
sensor during T75,:7° ; can be calculated as

Q
2Ds2 _ n101o ol 7242qT cos %-"—qz
957k 7 4C4¢3 sin 27 72-2g7 cos 5 +q2
Q
1010 2 2
7737, cos § | arctan —9 4+ 7/2 |,
2C3¢3 sin 2¢7sin 5
(61)
— ___Bs _ 2Ds2 _
where o = arccos( 2\/m), T = chargels 4 =

V &A= (zn — ) + (yn — w)® + AH?, By =

—lag (zn, — zx) + ay(yn — yi)], C3 = % (ag,;2 + ayQ), and we

have used the integral in [32, eq. (2.161.1)]. Finally, the sum-
energy received by all sensors in 7222 can be calculated

charge
as
K
2Ds2 _ E 2Ds2
Ereceivedl - gs—k- (62)
k=1
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ax (Xha’h)

2 2>0) ay

a Ka<0\ -7

(Xstart, Ystart)

W e e
yI le Vstart

-7 Vx

00)_--"""
Base station

Fig. 6: Symmetrical process of 2D Scheme 2.

2) Case b): In Fig. 5(b), when
\/(l’h - xstart)2 + (yh - ysta’rt)2 > AXD&Cs the UAV
starts to transfer wireless power at a the speed of V' before
deceleration. Denote the time flying at a constant speed of V'
and decelerating as 72021 and T2P52~2 respectively. Then,

chargel chargel °
one has
(o1~ otard* T (o~ gar)? = AX

2Ds2—1 __ Th — Tstart Yn — Ystart Dec
chargel — v ’
2Ds2—2 __ 0-Vv

Tchargel - y a< 07
2Ds2 _ m2Ds2—1 2Ds2—2

Tchm“gel ~ “chargel + Tchargel . (63)

If we denote the received RF power by the k" sensor as

P;SD_ *2=1 and P;:i 272 respectively, we have
2Ds2—1 2Ds2—1
Pgs—k =0-20 lg (duavfgsk) ’
2Ds2—2 2Ds2—2
Pgs—k =0-20 Ig (duav—gsk) : (64)
Herein,
d2Ds200 = a2+ 2+ AH?,
Ao s, = VX2 + 72? + AH?, (65)

where X1 = Tgpart + Vili — Thy 1 = Ystart + Vytl — Yk

2Ds2—1 .
? <t £ Tcha:gel, V, = Ycos@, Vy = Vsinb, xo Q:Dx; ;
2 2 —
Faata” — T, Yo = Yn — 3ayla® — Yk, 0 < to < TG 0007,

az; = acosb, a, = asinf, § = arctan(z—:). Thus, the total
T2Ds2—1

chargel can be

energy received by the k' sensor during the
expressed as

Q2 2Ds2—1
QibD_sz—l _ 27710 10 arctan B4 + 2C4Tchargel
V4A,Cy — B,? V4A,Cy — B,?
201016 B
S — arctan —4,
VA4A4Cy — B4? VAA4Cy — B4?
(66)

where A4 = (xstart - xk)Z + (ystart - yk)2 + AHz, B4 =
Q(xstart - ij)Vl + Z(ystm‘t - yk)Vy, 04 - Vx2 + VyQ, and
the integral in [32, eq. (2.172)] is used here. For T3.,5> "7, the
total energy received by k" sensor can be expressed as

gl

Q2D32_2 7710 10 al T2+2chos %+q2

= —  sin%ln—n——2—

gs—k 4Cs@3sina . 27 T2—2qT cos 5+q>

Q

nlOﬁ 2 2

fcos% arctan ——L +7/2 ),
2C3¢3 sin 2¢T sin 5

(67)
_ B _ g2Ds2-2 _
where o = arccos( 2\/m), T = Thurgel =

v %2’ Az = (xh—mk)z + (yn — yr)® + AH?, By =

— laz (z, — k) + ay(yn — y)), C3 = 1 (az® + a,?), and we
have used the integral in [32, eq. (2.161.1)].

The total energy received by the k*" sensor during Tf,gf%el
can be calculated as
2Ds2 _ 2Ds2—1 2Ds2-2
gk = Qo1 Q0T (68)

and the sum-energy received by all sensors in this period can
be obtained as

K

D

k=1

2Ds2

2Ds2
E gs—k:'

receivedl — (69)

When the UAV decelerates to the speed of 0, and hovers
above sensors at a location (zp,yn, H), the energy available
for transfer can be calculated as

2Ds2

2Ds2  _ 12Ds2 Tioading 2Ds2
Eavailable - Euav—r - Ehover - 2Efly—to (70)
Puav—t
— 10 10 .T2Ds2
chargel>

2Ds2
E:é‘;“e‘f"g, E]%lgsftoz are calculated using the
same method as in Scheme 1, Pﬁﬁ‘fﬁel is the total energy
delivered by the UAV in the process of from (Zstart, Ystart, H)
to (zn,yn, H). The received RF power at the k' sensor can

be expressed as

2Ds2
where E; .72,

PgQGD—Sk2 =0-20 lg (dig)—gsk) ) (71)
where d25, = \/(xn —x1)? + (yn —yr)? + AH?. As a

result, the charge time is

2Ds2 EQDS% bel
S - avallaobe
Tcharge? - wav—t ’ (72)

1074557 + P(0)

where P(0) is the power for hovering. Hence, the DC energy
received by the k*" sensor in Tfﬁj_%d can be expressed as

ik
ook (nyyn, H) = 10710 TE050,. (73)
and the total energy received by all sensors in Tfﬁjﬁd can be
derived as
K
E?echzzvedZ (xh»yth) = Z gQJSD—Slzc (xhayh’H)' (74)
k=1
Finally, the sum-energy can be derived as
E?uDrrSLz (xhv Yh, H) = EgeDczzzvedl + EgeDczlzvedQﬂ (75)
and the optimization problem is obtained as
(z*,y*, H) = arg max E2D5? (), yp,, H) . (76a)
Th,Yn
st B2Ds2 >0, (76b)

where (z*,y*, H) in the objective function (76a) is the opti-
mal UAV location which maximizes the sum-energy function
E2Ds2(76b) is the constraint on the energy to ensure the
UAV can fly back to the BS. Details on the solution to (76) is
summarized in Algorithm 4. The calculation using non-linear
RF-to-DC model is similar to the 1D case, and they are not

discussed here to make the paper compact.
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Algorithm 4: Optimization of (76)
Input: Sensors’ location array
S = [($1791)7 R} ('rkayk)v ) (QZK,yK)}, Pt’ Gt’
uavs gs» uav—ts V7 a, H, Pe,
X =min(S — z): Step-size : max(S — z),
Y = min(S — y): Step-size : max(S — y) and
Z}%Ejfng which is equal to ﬂ%ﬁ’i}w.
Output: Optimal location =™ and y*.
1 for i=1: length(X) do

2 for j=1: length(Y") do
3 Calculate Zstart, Ystart; AX pec < using min(S), V,
a and P.
4 Initialize E505% E7 0 ear and Brlcas
5 index(i,j) =
(X (%) —min(X))*length(Y)+Y (j) —min(Y)+1
6 Calculate E2D22 . (index(i,7)) using (35)
7 if 2052 . (index(i,5)) > 0 then
8 if \/(X(Z) - xstart)z + (Y(j) — yst(wt)z <
AXpec then
9 for k=1: length(S) do
10 Calculate E2252 . (index(i, §)) <
using (57) — (62) // Case a
11 else
12 for k=1: length(S) do
13 Calculate E2252 .. (index(i, 7)) +
using (63) — (69) // Case b
14 for k=1: length(S) do
15 calculate E2D52 o (index(i,)) < using
(71 - (75)
16 By (index(i, ) = B8 car (index(i, 7)) +
Evge[iz%vedQ (anex(la ]))
17 else
18 | break;

19 index*(i,§) = arg max E2D5%(index (i, §))

2 i,j < index* (i, §)
Result: z* = X (i), y* =Y (4)

V. NUMERICAL RESULTS AND DISCUSSION

In this section, numerical examples are presented to show
the optimal UAV location maximizing the sum-energy received
by all sensors. In the simulation, we set P, = 35.68 dBW,
G¢ = 15 dBi [33], Guaw = 2 dBi, G5 = 5 dBi, Pygy—¢ = 10
dBW, Hys =4.5m, H =5.5m, H;, = 0.5 m, f = 915 MHz,
a=1m/ s2, K = 10 and the RF-to-DC conversion efficiency
n = 0.6, if not stated otherwise. Our expressions are general
enough for all possible values of parameters but these values
are chosen as examples. The time for the UAV to load energy
from the BS is set to 600 s, and the parameters of the UAV
are summarized in Table 1.

Fig. 7 shows the optimal location that maximizes the sum-
energy in 1D Scheme 1, and compares it with the optimal
location derived in [14]. In this figure, V is set to 10 m/s.
In the upper part of the figure, ten sensors with X coordinates
(1005, 1010, 1015, 1020, 1025, 1030, 1035, 1040, 1045, 1050)
are used as a case study. One can see that the curve of the
sum-energy increases first and then decreases when the flight
distance increases, as expected as, when the UAV flies from
the left side of the sensors to the right side, the distance-
dependent path loss decreases first and then increases. The
optimal location derived in [14] marked by five-pointed star

TABLE I: UAV parameters.

Notation | Physical meaning Value
m Airframe mass in kg 0.8
w Aircraft weight in Newton, g = 9.8 m/ 52 7.84
) Air density in kg/m?> 1.225
b Number of blades 4
R Rotor radius in meter m 0.2
A Rotor disc area in m?2, A = mR? 0.1256
c Blade or aerofoil chord length 0.0196
s Rotor solidity, s 2 :—; 0.1248
) Profile drag coefficient 0.012
Q Blade angular velocity in radians/second 400
k Incremental correction factor to induced power | 0.05
Uip Tip speed of the rotor blade, Uy;p 2 0R 80
V0 Mean rotor induced velocity, vo = 4/ ZpiA 5.0463
Srp Fuselage equivalent flat plate area in m? 0.0079
do Fuselage drag ratio, dg = SSF—AP 0.5009
Py Blade power, Py = 3 psAQ®R? 147517
3
P; Induced power, P; = (1 + k) \/MQ/piA 41.5409
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Fig. 7: Optimal location of UAV in 1D Scheme 1.

is * = 1028, which is at the centre position of the sensors.
However, the optimal location in our study is x = 1020, smaller
than that in [14] or closer to the BS. This is because we have
taken the UAV power consumption and BS charging process
into account, while [14] ignored them. When the UAV flies
from x = 1020 to x = 1028, more propulsion energy is
needed, which will reduce the energy harvested by the sensors.
In the lower part of the figure, another ten sensors with X
coordinates (1042, 1047, 1052, 1057, 1062, 1068, 1073, 1078,
1083, 1088) are used. Similar observations can be made. Note
that the optimal locations of our study and [14] are 1052 and
1065, respectively in this case. The gap between these two
optimal locations is 13 m, which is larger than 8 m in the
upper part. This is due to the fact that, when the sensors are
placed further away from the BS, the UAV needs to consume
more extra energy, which in turn leads to less energy that can
be transferred to the sensors, 61.24 mw-s and 72.34 mw-s in
the figure. As a result, the optimal location has to be closer to
the BS.

Fig. 8 examines the effects of the speed and the UAV
transmit power on the sum-energy received by all sensors at
different hovering locations in 1D Scheme 1. Ten sensors with
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Fig. 8: The effects of different system parameters on 1D case.
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Fig. 9: Comparison of total energy received by each sensors in 1D
Scheme 1 when x = 1052 as optimal UAV location in our study and
x = 1065 as optimal UAV location in [14].

X coordinates (1042, 1047, 1052, 1057, 1062, 1068, 1073,
1078, 1083, 1088) are used as a case study. In Fig. 8(a), we fix
P,av—t = 10 dBW to examine the speed. From Fig. 8(a), one
can see that the sum-energy received by all sensors increases
with the speed. This is because the propulsion power of the
UAV decreases when the speed increases [29], and hence this
reduces the UAV power consumption and the gap between the
optimal location in our study and the one in [14]. However, as
seen from Fig. 8(a), the change in energy becomes marginal
when the speed is large. This is because high speed requires
more time to accelerate from and decelerate to the speed
of 0 for hovering and acceleration or deceleration consume
extra energy. Next, we examine the transmit power by fixing
V' = 8 m/s in Fig. 8(b). One can see that the sum-energy
received by all sensors increases with the transmit power. This
is because the time for hovering decreases with the increase of
the transmit power and the power consumption for hovering can
be saved or reduced to transfer more energy to sensors. Note
that there is a valley near the five-pointed star position. This is
because the sensors are not placed equidistant. As shown in the
lower or right part of Fig. 7 and Fig. 8, the distance between
the 5 sensor and the 6" sensor is larger than others and thus,
it leads to a relatively low sum-energy with local peak points.
In this case, the UAV can be dispatched to the two peak points
alternately to charge them in turn to improve fairness.

For the optimal sum-energy shown in Fig. 8, Fig. 9 shows the
energy received by the individual sensors. In this figure, V' is set
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Fig. 10: Simulation results of 1D Scheme 2.

to 10 m/s, and P4, —¢ is set 10 dBW. Firstly, we compare the
optimal location of [14] with the one derived in our study. As
seen from Fig. 9, there is unfairness among different sensors.
In the upper part of the figure, the sensors located closer to
the BS harvest more energy than those further away from the
BS. In the lower part of the figure, the sensors located in the
middle have much more energy than those at the edge. This
is because the optimal location in [14] is the physical centre
of the sensors. Besides, the total energy received by 15,27,
374 and t*" sensor, when z* = 1052, is much higher than
that in [14] when z* = 1065. From the viewpoint of the sum-
energy, the optimal location derived in our study has a higher
WPT efficiency. However, for a fixed spatial distribution, the
unbalanced energy among sensors is a problem. One possible
solution is to use multiple UAVs.

Fig. 10 shows the optimal location that maximizes the
sum-energy in 1D Scheme 2. Ten sensors with X coordinates
(1000, 1008,1011, 1014, 1018, 1022, 1028, 1031, 1038, 1044)
are used in this simulation. In Fig. 10(a), one can see that
the sum-energy received by all sensors increases with the
speed when the transmit power is fixed. The optimal locations
derived in [14] z* = 1018. In our study, when the speed is
set to 9 m/s, 10 m/s and 11 m/s, the optimal location is
z* = 1013. Again, this is because when the speed increases,
the propulsion power reduces and the flight time reduces to
save more energy transferred to the sensors. This was ignored
in [14]. However, the change in energy becomes marginal
when the speed is large, as in Fig. 8(a). Next, we examine the
total energy received by individual sensors for V' = 9 m/s
and P,q,—¢+ = 10 dBW. As seen in Fig. 10(b), the first
four sensors receive more energy when z* = 1013 m than
when z* = 1018 m. As expected, the maximum sum-energy
received by all sensors in our schemes is much more than
that in previous works, and thus it has much higher energy
efficiency. Comparing with Scheme 1 and Scheme 2 of 1D
case, as seen from Fig. 7 and Fig. 10(a), Scheme 2 has much
higher energy efficiency than Scheme 1. Hence, a longer
charging time is more beneficial than a lower transmission
loss in this case.

Fig. 11 shows the optimal location that maximizes the
sum-energy, and compares the energy received by individ-
ual sensors when the UAV hovering at the optimal location
in Scheme 1 of 2D case. In this simulation, ten sensors
with (1003, 13), (1008, 31), (1016, 11), (1018, 33), (1020, 23),
(1022,18), (1029,19), (1055,29), (1060,27), (1065,38) as
2D coordinates are used and we set V' = 9 m/s. As seen
from Fig. 11(a), the optimal location tends to be above the
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Fig. 11: Simulation results of 2D Scheme 1.

area where sensors are denser. In this scheme, the optimal
location is (z* = 1020, y* = 23) with a sum-energy of 200.7
mw-s. Compared with the one (z* = 1030, y* = 24) from the
previous works, it tends to be closer to the BS. In Fig. 11(b),
one can see that the total energy received by individual sensors
decreases as the distance from the UAV increases. In particular,
as the UAV hovers above the 6" sensor, the sum-energy
reaches its maximum, as expected. The 10t" sensor receives
the minimum energy as it is the farthest. Next, we investigate
Scheme 2.

Fig. 12 shows the optimal location that maximizes the sum-
energy in Scheme 2 of 2D case. Similar observations can be
made. Again, the denser the sensors are, the higher the sum-
energy they can receive. As shown in Fig. 12(a), it reaches
the maximum 207.8 mw-s when the UAV hovers at (z* =
1022, y* = 19), and hence (z* = 1022, y* = 19) is the optimal
location in this scheme. In Fig.12(b), the energy received by
individual sensors is presented when the UAV hovering at the
optimal location. The 6" sensor receives more energy than
others, as expected, as it is the closest to the UAV. Comparing
Scheme 1 and Scheme 2 in 2D case, as can be seen from
Fig.11 and Fig. 12, both the maximum sum-energy and the
energy received by individual sensor in Scheme 2 are larger
than Scheme 1. The optimal locations in Scheme 1 and 2 are
the same when V' is not large. Both are close to the BS.

VI. CONCLUSION

In this paper, we have studied the optimal location of UAV-
enabled WPT by taking the UAV power consumption, the
conversion loss and the BS charging process into account. We
have proposed two schemes for UAV-enabled WPT in both 1D
and 2D cases. Algorithms 3 and 4 in the 2D case are similar to
Algorithms 1 and 2 in the 1D case. However, the calculations in
Algorithms 3 and 4 are more complicated, because the velocity
in the 2D case is decomposed to V,, and V,, and so does the
acceleration a. By maximizing the sum-energy received by all
sensors, the optimal locations for the UAV have been derived.
Numerical results have shown that the optimal locations of the
UAV tend to be close to the BS compared with the optimal
locations in previous works that ignore the BS charging process
or the UAV power consumption. In both 1D and 2D cases,
Scheme 2 shows a better energy efficiency than Scheme 1.
Moreover, the higher the speed and transmit power, the higher
the sum-energy will be.

Sum-energy with different UAV locations

Delivered energy (mw's)

Delivered Energy (mw's)
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Fig. 12: Simulation results of 2D Scheme 2.
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