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ABSTRACT This paper investigates a reconfigurable intelligent surface (RIS)-assisted unmanned aerial
vehicle (UAV)-enabled wireless powered communication network (WPCN). In the system, a UAV acts as a
hybrid access point (HAP) to charge users in the downlink (DL) and receive messages in the uplink (UL).
In particular, the RIS is exploited to significantly enhance the efficiency of both the DL and UL transmission.
Our objective is to enhance the minimum throughput among all ground users by jointly optimizing
the horizontal location of UAVs, the transmit power of users, transmission time allocation, and passive
beamforming vectors at the RIS. To address this problem, we present an alternating optimization-based
algorithm with low complexity to decompose the problem into four subproblems and solve them sequentially.
In particular, we derive a lower bound of the composite channel gain to tighten the constraints and employ
successive convex approximation (SCA) to optimize the horizontal location of the UAV. The transmit
power closed-form optimum solutions are then obtained, and the problem of time allocation is reformulated
as a linear programming problem. Finally, we optimize the passive beamforming vectors by adopting
semi-definite relaxation (SDR). The effectiveness of the algorithm is supported by numerical results, which
also demonstrate that the RIS-assisted UAV-enabled WPCN outperforms the traditional WPCN in terms of
the minimum throughput.

INDEX TERMS Wireless powered communication network (WPCN), unmanned aerial vehicle (UAV),
reconfigurable intelligent surface (RIS), optimal placement, resource allocation.

I. INTRODUCTION reliability, which will pose a big pressure on wireless commu-

With the arrival of fifth-generation (5G) mobile communica-
tion technology, the applications of Internet of Things (IoT)
are growing exponentially, including wearable computing,
remote health care, smart cities, and intelligent transportation
systems [1], [2]. Due to the proliferation of wireless
devices using 5G networks, the volume of data is increasing
rapidly [3], [4], leading to the degradation of communication
quality. Additionally, it is anticipated that future wireless
networks will offer many other requirements, including
extremely high throughput, minimal delay, and ultra-high
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nication networks [5]. Besides, the compactness and mobility
of wireless terminal devices result in the issue of limited
battery life [6], which requires periodic battery replacement
or recharging. However, frequent battery replacements incur
significant maintenance costs and go against the need for
green communications. Therefore, ensuring communication
quality while enhancing the lifespan of wireless devices has
become a critical concern for both academia and industry.
The problem of limited battery lifetime in mobile
devices has been resolved by using wireless power transfer
(WPT) [7]. In particular, receivers collect energy sent by
the transmitters using the far-field radiative characteristics
of electromagnetic waves. There are several benefits to
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radio frequency (RF)-enabled wireless power transmission,
including large operational range, low-cost manufacture,
and effective energy transfer [8]. Wireless powered com-
munication network (WPCN), which combines WPT with
wireless information transfer (WIT), is one of the numerous
uses that the development of WPT have brought about for
communication networks [9]. In particular, a hybrid access
point (HAP) uses RF waves in the downlink (DL) to provide
energy to ground users, who then utilize the collected energy
to broadcast data in the uplink (UL) [10]. As such, terminal
devices can transmit information while ensuring a stable
energy source; thus avoiding the maintenance cost of regular
battery replacement or charging.

On the other hand, numerous technologies have been
developed to reconfigure the wireless propagation environ-
ments and increase the communication quality, including
unmanned aerial vehicle (UAV) communication and recon-
figurable intelligent surfaces (RISs). UAVs have gained
significant attention by the industry and the academia because
of the strengths of high flexibility, independent operations
and fast deployment [11]. For example, the locations of
HAPs in traditional wireless communication networks are
fixed. This leads to a near-far fairness problem, which can
be solved by UAVs deployed in the cell edge [12]. Moreover,
UAVs can offer fast deployment for special scenarios such
as natural disasters and emergency maintenance with low
cost [11]. Therefore, UAVs are gradually used in wireless
communication scenarios. However, the line-of-sight (LoS)
link between the UAV and ground users could be hindered,
especially in an urban environment, that can be mitigated
by RISs. RIS can modify the wireless channel environments
and improve the communication quality [13]. Unlike other
technologies applied to wireless networks, RISs do not
need energy sources and can be quickly deployed [14].
The deployment of RISs provides wireless communication
systems with the ability to reshape the channels. Particularly,
wireless transmission environments can be intelligently
manipulated by designing the RIS reflective coefficients,
which solves challenges such as blind coverage and channel
environment deterioration [15].

The combination of UAV and RIS will further enhance the
propagation environment and communication quality [16],
[17]. It is proven that installing multiple antennas on wireless
transceivers significantly improves the communication per-
formance by exploiting the multiplexing gain [18]. However,
several antennas may not be suitable to be implemented in
UAVs on account of the restrictions of size, weight, and
power. Moreover, if we apply multiple antennas to UAVs,
the hovering place design of the UAV will couple with
the precoding design of multi-antennas, leading to highly
non-convex optimization problems [19]. In contrast, RIS
can simulate multiple-input multiple-output (MIMO) gain,
providing a promising resolution to this challenge [20].

Motivated by the several benefits of the mentioned
technologies, researchers have explored ways to integrate
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RIS, UAV and WPCN. The placement of UAVs and resource
allocation are major problems in RIS-assisted UAV-enabled
WPCNs. Some previous works have investigated the
UAV-enabled WPCNs and RIS-assisted WPCNs under dif-
ferent scenarios. For instance, the authors in [21] aimed to
maximize the minimum throughput in UAV-enabled WPCNss,
which was transferred into a traveling salesman problem and
was solved by the Lagrange dual approach. Furthermore,
to increase the stability and dependability of wireless sensor
networks in emergency scenarios, the authors in [22] studied
the UAV hovering strategy and employed a greedy algorithm
to obtain the optimal hovering location of UAVs. Besides,
the author in [23] explored two different energy harvesting
models, including the linear and the non-linear, and solved
the problems by using the concave-convex procedure and
successive convex approximation (SCA) respectively. For the
case of multiple UAVs, the authors in [24], [25], and [26]
studied a multiple UAVs WPCN system, by considering the
inference from the non-target cluster.

Unlike the UAV-enabled WPCN, the phase shift matrix
design is the crucial problem in a RIS-assisted WPCN.
In [27], the authors optimized the resource allocation
of a RIS-aided WPCN, in which the triangle inequality
is applied to simplify the composite channel gain and
a semi-definite program (SDP) is employed to address
the phase shifts optimization problem. A self-sustainable
RIS-powered WPCN system was examined by the authors
in [28] by incorporating the energy consumption of the RIS
into the analysis. The authors in [29] studied the RIS-aided
WPCN and proposed that dynamic RIS is not needed for the
RIS-aided WPCN, simplifying the algorithm. Furthermore,
the authors in [30] and [31] studied RIS-aided half-duplex and
full-duplex WPCN under three types of RIS beamforming
configurations.

A. MAIN CONTRIBUTIONS

The prior works focused on investigating UAV-enabled
WPCN or RIS-assisted WPCN to extend the lifespan of
devices while ensuring the quality of communication. How-
ever, most works investigating UAV-enabled WPCN consider
the LoS path channel between the UAV and devices [21],
[22], [23], [24], [25], [26], which ignore the impact of the
high building in the LoS link. On the other hand, previous
works focused on RIS-assisted WPCN consider the users in
signal cell and near-far fairness problem will exist [27], [28],
[29], [30], [31]. In contrast to [21], [22], [23], [24], [25],
[26], [27], [28], [29], [30], and [31], this paper integrates
the UAV and RIS in the context of WPCN, in which non-
light-of-sight (NLoS) link between the UAV and devices is
taken into account. Moreover, fairness problem of devices
is solved by employing UAV flying around the cell and
maximizing the minimum throughput of all the users instead
of the overall system throughput. Particularly, a UAV sends
out energy signals to ground users in the DL while users use
the collected energy to transmit data to the UAV in the UL.
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FIGURE 1. A RIS-assisted UAV-enabled WPCN.

A RIS is installed at the tower to enhance the communication
efficiency. The following list summarizes the key points of
our paper.

o To satisfy the high data rate demand and solve the
network lifetime problem, we propose a RIS-assisted
UAV-enabled WPCN. Based on this framework, we for-
mulate a minimum throughput maximization problem
by jointly optimizing the 2D hovering location of the
UAV, the transmit power of users, transmission time
allocation and RIS passive beamforming subject to an
energy constraint. However, the minimum throughput
maximization problem, with its non-convexity, is diffi-
cult to solve because of the coupled 2D position of the
UAV and passive beamforming of the RIS.

To tackle this problem, we develop a low-complexity
algorithm based on alternating optimization in which
the primary issue is divided into four subproblems and
solved alternatively. First, we establish the minimum
boundary of the composite channels and tighten the
constraints of the formulated problem. Then, in order
to determine the optimal 2D hovering location of UAYV,
we provide a method based on SCA. We obtain the
closed-form solution of the transmit power and convert
the time allocation problem into a linear programming
problem after obtaining the horizontal placement of the
UAV. Finally, we optimize the reflective coefficients of
RIS by using semi-definite relaxation (SDR) method.
Numerical results support that the effectiveness of
our proposed algorithm for the RIS-assisted UAV-
enabled WPCN. We also conduct a comparative analysis
between our proposed algorithm and several bench-
mark algorithms to demonstrate the advantages of our
approach.
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Il. SYSTEM MODEL AND PROBLEM FORMULATION

We consider a RIS-assisted UAV-enabled WPCN with K
users, as depicted in Figure 1, in which a RIS is mounted at
the top of a towering building to aid wireless communication
systems. The entire region is split into S service areas
according to the distribution of ground users. Both the UAV
and ground users are equipped with a single-antenna. The
RIS is made up of M > 1 reflective units. The total number
of ground users is denoted as K. We assume that users in
each service is relatively fixed and the position of the «k-th
ground user can be represented as g, = (X, V¢, 0),k € K £
{1, ..., K}, while the horizontal coordinate of the x-th user is
specified as w, = (x¢, y¢). The UAVins € S £ {1, ..., S}
service area is fixed at & to ensure that the coverage of
UAV remains unchanged. The horizontal location of UAV
is given by ws, = (Xsu, Ys.u), the adjustment of which
has less requirement on flight stability compared with the
height. The RIS is mounted on a building’s wall at height
H and its horizontal placement is given by wg (xR, YR)-

Consequently, d/¢ = \/||ws,,, —we||®> + h? denotes the
distance between the UAV and user k € K, and dUR

\/ lws.u — wrll> + (h — H)? indicates the distance between

the UAV and the RIS. Moreover, df¢ = \/|\wg — w,||*> + H?
is the distance between the RIS and user « € K and is constant
during the whole flying time.

As shown in Figure 2, we employ the time division multiple
access (TDMA) protocol [32]. Specifically, the total flight
time, denoted as T, is divided into S + K time slots. The time
slots 71 to t5 are designated for DL WPT. The remaining time
slots are designated for UL WIT. For ease of notation, g
represents the s-th WPT time slot and 1,; represents the «-th
WIT time slot. The constraint of transmission time allocation
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FIGURE 2. The transmission protocol for the RIS-assisted UAV-enabled
WPCN.

can be given by

g >0,Vs €S, ey
T > 0,Vk € K, @)

S K
ZTSE + ZTKI =T. 3
s=1 k=1

In time slot 7yg, the UAV hovers at a fixed place in s service
area and transmits power to all the users in that service area
at the same time. We define P; as the transmit power of UAV
in the DL WPT. Due to the payload and power consumption
constraints on the UAV, it might be unfeasible to dynamically
adjust the transmit power, so we set it as a constant. Despite
the fact that the idealistic linear energy harvesting model can
only be applied when the energy conversion efficiency is
constant throughout an endlessly large range of input power
levels, it is shown that the linear energy harvesting model
can be reached by concatenating multiple non-linear energy
harvesting circuits in parallel [33]. Therefore, the power
harvested by the «-th user in the s-th service area can be
expressed as

2
n ‘(h/c)H ®l,shs + &s.x Pz, ! )

where (k)" O shs + g5 is the composite channel from
UAV to ground users [34], n is the energy conversion
efficiency and is required to satisfy 0 < n < 1, @1 =
diag(eia‘~1«1, o, etam ) is a diagonal reflection coefficient
matrix at the RIS in the downlink, where the reflection
amplitude is fixed at 1. The variable 6,1 ; denotes the phase
shift of the i-th reflective element. The variables h, €
CM*1 hy € CM*1 and g, denote the channel between the
RIS and the ground user ¥ € /C, the channel between the UAV
serving as HAP in the s € S service area and the RIS, and
the channel between the UAV serving as HAP inthe s € S
service area and the ground user ¥ € /C, respectively. Since
both the UAV and users are equipped with a single antenna,
the downlink and uplink channel can be represented by the
same expression.

Then in each time slot 7,7, the user « sends information
signals to the UAV. Because each time slot is separated, there
is no interference. We define Py, as the transmit power of

IWe note that our proposed algorithm might not be applicable to the non-
linear model, we will leave it for future work.

VOLUME 12, 2024

user k € K using for the UL WIT. Subsequently, the data rate
from user k € K to the UAV can be expressed as follows.

2
Py | () @4 kg +
R,(:TLTllogz(l—F 2 [ == g ),2 )

where @y, = diag (eje'“l' S, e/GKv2~M) represents the
reflection coefficient matrix at the RIS, and o2 is the noise
power.

To ensure the self-sustainability of the WPCN, the amount
of energy used by the user for the UL WIT cannot go above
the amount of energy obtained from the DL WPT. Therefore,
the energy constraint is given by

2
1| ()" O shs + gs.c| Pitse > Pacter, Vs € S, Vi € K.
(6)

Since the RIS is always placed on top of a building and
the UAV flies at high altitude, there is little obstruction
or reflection occurring during the transmission between the
UAV and the RIS [11]. Therefore, we use a LoS model to
represent the channel vector between the UAV and the RIS
hy that can be given by [35]

T
[ Bo _jom 408 M —1) 49
hS: W l,e]”Ac,...,e]ﬂ( ))‘C 7(7)
S

where S represents the channel power gain at the reference
distance dy = 1 m, pUR = %, d represents the distance
between antennas, A denotes the wavelength of the carrier
signal.

On the other hand, in the links from UAV to ground users
and from RIS to ground users, we apply the Rician fading
channel model taking into account the scattering near ground
users [16], [36]. Therefore, the channel g, and h, can be
given by

Gk = Po KI(?JG + 1 LS
V@ \V K VRO

®)

Bo KRG o 1 NLoS
h. = hre + | —re—he kG |-
(dﬁG)OtRG 1 + K]1§G K, KRBG + 1 s

)
CN (0,1)

NLoS ., NLoS .
where 55 CN (0, 1), h7G
represent the random scattering component, hﬁ";gG =
. d¢RG

UG

dgRC
he :| denotes the LoS com-

M=
ponent. «Y¢, oRY denote the path loss exponent, which can
reflect the difference in path loss caused by the gap in
propagation distance [36], [37]. Ké’G,KgG are the Rician
factor controlling the proportion of LoS and NLoS.

2The data rate obtained through the Shannon formula serves as a
theoretical upper limit. Actual performance is expected to be lower than this
limit but can approach it infinitely.
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In this paper, in order to guarantee the fairness, we max-
imize the minimum throughput of all the users. Here, the
optimization problem can be formulated as follows.

max min R,
WS,uvPZ)(stSEvtl(lael,S!®2,K kel

(10a)

sy () @1yt g | Prre = Pacrir. VseS,
Vic € K, (10b)
Py > 0, Vi € K, (10¢)
(1) - 3. (10d)

By introducing an auxiliary variable ¢, we reformulate the
problem (10) as the equivalent problem.

max t (11a)
ws,uaPZI(wTsEsTKIvGI,Sa@Z,/(,t

s.t. Re >t,Vk € I, (11b)

(10b) — (10d). (11¢)

Since the reflection coefficient matrix is highly coupled
with the location of the UAV, the minimum throughput
maximization problem is non-convex and nonlinear. To tackle
this problem, we propose a method that jointly optimizes the
horizontal location of UAV, transmit power, transmission time
allocation and passive beamforming in sequence.

lll. THE ALTERNATING OPTIMIZATION-BASED

LOW-COMPLEXITY ALGORITHM
In this part, our algorithm deals with the minimum throughput

maximization problem by dividing the primary one into four
sub-problems. Since the composite channel gain is contingent
upon the placement of the UAV, we obtain the UAV’s
optimal horizontal location by using SCA to further optimize
other variables. Moreover, we determine the optimal transmit
power and time allocation with the acquisition of UAV’s 2D
location. Finally, we optimize the passive beamforming based
on the achieved UAV’s horizontal location, transmit power
and time allocation by applying SDR.

A. OPTIMAL UAV HORIZONTAL LOCATION
Firstly, we optimize wy , for any given Py, Tsg, Tcr, ©1,5,
©3 ., and the problem can be expressed as

max ¢ (12a)
Ws,ust
2
Py |(h)? O, chy +
s.t. ﬂlogz 1+ 2k |( «) 2,kMs gs,,(| -
T o2
VseS,Vk e K, (12b)

2
Pitg > Py 71, Vs€S5, Ve e K.
(12¢)

n ‘ (hK)H ®1,shs+gs,/<

To facilitate the solution, the channel &, can be expressed
as h, = [|h,<,1| LN hK,M| ei“’M]T, where |h,<,,~| is the
amplitude of the i-th element of k, and ¢; € [0, 27) is its
phase shift. By introducing the new expression of h,, the
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composite channel is given by

VB S, [y ] S ime2n i)

UR
ds

(h) @3 by =

13)

Similarly, g , can be expressed as below

KUG NLoS
s, = (dUG)ozUG 1+ KUG KUG +1 K UG

(d” )T

Using the equations (13) and (14), the composite channel
power gain between the UAV and users is given by

2
‘(h/c)H GZ,Khx + &s.k
2
_ [ |Gsu]
=|—%
dYo) =
(\/_ZI 1 |hK ’|)
JUR
\/_|Gsk|z, ]|hKl|
dUR(dUG)

X cos (e)z,,-—ga,-—znu SUR—;). (15)

Ae

The minimum boundary of the composite channel
power gain is used to tighten the constraints. There-
fore, considering properties of the cosine function and
Bo |G5,k] Zfi { ]h,(,,-| > 0, the composite channel power
gain will be minimized in the following condition.

di—1)
02— @i — 27 )L—¢UR—§+7T
C

+ 2mr,m=0,1,2,...,
(16)
The minimum boundary of the composite channel power gain
is given by

2
| Gs,k |

UG
@Y=

(«/_Z, 1|hm|)
dUR

\/_‘Gsk‘zl 1|h/(z’
dUR(dUG)
Vs € S,Vk € K. a7

2
(hK)H 92,Khs + hs,lc

e
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By adopting the lower bound of the throughput in (12b)
and the minimum composite channel power gain mentioned
above, we transform (12b) into the following expression

|G| VB 3 e Y L
UG — ur ) = 2t —1
(dUG)L ds P2K

L VPG| X 1|hm|
dUR(dUG)

,Vs e S, Vk e K. (18)

However, (18) remains non-convex with respect to w, , due
to the nonlinearity of dY¢ and dUR. Therefore, py,. and g,
are employed as slack variables to solve the non-convexity
of (18) where d/C < py, and d’F < g,. In this case, (18)
can be reformulated as

ATV I
p‘é‘ZG & s
h
\/_|Gvk|aZU:G, 1 [ Vs e S, Vk € K,
qsps,/(
(19)

we denote X, = !Gék} Yo = («/_Zz 1’}‘“‘) L =
2J/B0 |Gk | 20 |-

We restructure (19) into a convex optimization problem by
using the disciplined convex programming (DCP) [38]. It is

2 . .
evident that the expression UT (2 Tl — 1) is convex with

2
Gl | (VA ZHlheil)
UG + 2

respect to the variable 7. Moreover, — 7
Ps.« s

M .
and 2 %|G.r,k Io%(,';] |hk,l|

are convex according to Lemma 1.

2
qsPs.k
Lemma 1: Given K; > 0,K; > 0, K3 > 0, F(m,n) =

Kl + K2 and G(m, n) = are convex with respect to m >
0, n> 0.

Proof: See the Appendix A. |

It should be noted that the first-order Taylor approximation
of the convex function is a global under-estimator. We define
slack variables as p(l) and q(l) where [ > 0 is the iteration
number. p(o) and q§°> denote the initial variables Hence the
first-order Taylor approximation of X o + 2 , ps P qs at the

given points pgl p D and q(l D can be expressed as (20), shown

at the bottom of the next page, and (21) - (22):

m2n

SK

Pri = ( §’K”) +2p! " (p p§’K1>) Vs €S, Vi e K,
2n

2
4> (q§"“) + 240D (qs — qgl—“) VseS. (22)

Therefore, (19) can be reformulated as (23), shown at the
bottom of the next page, by applying (20) and the energy
constraint (12¢) can be reformulated as (24), shown at the
bottom of the next page.
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Consequently, the UAV 2D
problem (12) can be represented as

location optimization

max ¢t (25a)
Ws,usPs, i+ qs»T
.t (23) — (24), (25b)

2
dY0 — 2 Vp e+ (p0 V) 20, Vs, Vi ek,
(25¢)

2
dUR® _ 240Dy, + (qg’*”) <0,VseS. (25d)

Since problem (25) is a convex optimization problem,
an optimization toolbox like the MOSEK can be used to solve
it [39].

B. OPTIMAL TRANSMIT POWER
In this part, the transmit power optimization problem can be
provided by

max ¢
Pyt
2
Poc |(h)® ©5 chy +
ot T;—Ilogz(l—i— 2% |( ) 22,;( s gS,K| )ZI,VSGS,
o
Vi e, (26a)
n |(hK)H O, sh; + 8s K|2PITSE
: : > Py > Oa
Tl
Vs € §,Vk € K. (26b)

Since energy conversion efficiency 7, transmission time
allocation t4g and 7., transmit power of the UAV P are all
non-negative, we obtain the composite channel which holds

hK H Ths SK2P Y
1|()" ©1. st Prrse > 0,Vs € S,Vk € K. Note that

Ticl

2
Poc|(h)? @2 chs+ . . .
L log, (1 + 2 (1) 022"‘ s*+8sel” ) i monotonic increasing

. hot @,k :
with respect to Py, when %L > 0 and M > 0.

Thus, the optimal solution of problem (26) can be given by

2
_ n |(hK)H ®1,shs + gS,K} Pt

P;, -~ ,Vs € S,Vk € K,
4

27

2

. Ticl Pz,( |(hK)H 92,Khs + gs,K|
tt = —1 1 ,
R (B =

Vs € S,Vk € K. (28)

C. OPTIMAL TRANSMISSION TIME ALLOCATION
Based on the obtained 2D location of the UAV wy, and
optimal transmit power Py, we fix the passive beamforming
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vector @1 5, @2, and rewrite the problem as

max t (29a)

TsE > Tl >t
2
Py |(h) @4 chy +
s. t. Elogz 1+ 2K|( ) U gS’K} -
T o2

Vs e S,Vk € I,

(29b)

2
>PoTer, Vs€S, Vi €,
(29¢)

(29d)

nP17TE (hK)H ®1,shs+g5,f(

1 —=0).

Since problem (29) is a linear programming problem,
solvers like the CVX can be used to solve it [40].

D. OPTIMAL PASSIVE BEAMFORMING VECTOR

With the variables that have been resolved above, we finally
optimize the passive beamforming ®1 ; and ®; .. The prob-
lem of optimizing passive beamforming can be simplified
as

max ¢ (30a)
®1.S’®2,K5t
H 2 0'2 T
s.t. ’(hk) O s+ 85| = — (2T"1 — 1) ,Vs eSS,
Py
Vi € K, (30b)

2
P17 > Poyter, Vs€S, Ve e K.
(30¢)

77‘ (hK)Hgl,shs'i'gs,K

. ; ; H
Letting v;; = [¢%11,..., &%1%]" denote the pas-
sive beamforming in the DL, we can reformulate the
composite channel gain from UAV to user k € K as

()" O shy = vl &, where & = diag(h”)h,.

As for the reflective channel, we introduce the notations
. . H

vae = [e%21, L etem]T (h)H @, kg = VE &,

Consequently, we have

2 2
‘(hK)H ®jhs + 8| = V;IQKV]‘ + 2Re {V;IDK} + ’gs‘/c >

J=1,9), 2, x), (31)

where Q, = <I>,(<I>f ,D, = <I>Kg§,<. Then the equivalent
problem is given by

max ¢t (32a)
V1,5:V2k5t
s.t vl =1Lj=(,9.@2,%). (32b)

H H 2 0 ([
VZ’KQKVZ,K + 2Re {Vz’KDK}+|gs,K| > E (2"(1 —1) s
K

Vse S, Ve € K, (32¢)
2

nP17E (vllr{SQKvl,s+2Re {v{{SDK}+|gS,K| )EPZK‘CKlv

Vs € §S,Vk e, (32d)

Problem (32) is still non-convex. Inspired by [41],
we apply SDR to solve problem (32). We first define

2 _ _ 2 .
(B ©jhs + gsic|” = VIR + |85 ) = (1,9), (2, k),

where
_ | Qe De| - _ |V
R"_|:Df O]’v/_[l]’ (33)

X, Y, - X, Y, aUCx (p p(l_l)) 2Y, (q q(l_l))
UG 2= QUG w2 | «UG1] s,k T Ps,k - ﬁ s T Yy )
Dy qs (pgl,,?l)) (qE’ 1)) (pg;l)) ( ¢ 1))
Vs € §,Vk € K, (20)
X, Y, aVoXx, -1 2Y, -1
+ - Psac —P )——(qs—q )
ol I\ 2 NN ( , 5,K —1\3 s
G @) ) (@)
2
o T Z
2})—(2%1 —1)+ :UG,VseS,VKelC. (23)
2 =
qsPs,ic
X Y, Yoy, i 2Y, i
nP1tsE n e + 2 — " T (Ps,x — Ps.i ) _W (qs—qs )
(Ps,/c ) (C]s ) (pS,K ) (CIs )
Zy
> nPq TE— 5 + Pcter, Vs € S,Vk € K. (24)
CIsPsT
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Consequently, problem (32) can be transformed as

max ¢ (34a)
Vi,5:V2,51
s.t |5 =17 =(,5), @2 x), (34b)
- H - 2 2 L
V2 Reva + |gs,,c| > 2% —1),Vs e S, Ve € K,
2k
(34c)
- - 2
nP1TE (vl,sHRkvl,s + |gs,K| ) > Py Te1, Vs € S, Vk € K,
(34d)
Note that the constraints of problem (34) are linear
with the matrix vw;f1,j = (1,5), (2, k). Thus, we define
V, = wwfj = (1,5,2,k) with V; > 0 and
rank(V;) = 1. We use the SDR approach to relax the

rank-one restriction [41]. Therefore, the problem is expressed
as

max t (35a)
Vl,ssVZ,Kst
S. t. Vj >0,j=0,9), 2, k), (35b)
Vi, ,,=lm=1....M+1,
j: (I,S),(Z, K), (35C)
2 02 1T
Tr (RKVZ,K)+|gs,K| EP (2T’<’—1),VS€S, Vk elC,
2k
(35d)
2
nP1tsE (Trwkvl,s)+|gs,f<| )EPZK'CKI» VseS,Vk e,
(35e)

It is apparent that problem (35) is a convex SDP and can be
easily resolved by CVX [40].

However, problem (35) may not guarantee a rank-one
solution. Therefore, the Gaussian randomization procedure
should be employed when rank(V}") > 1. Firstly, we apply
the eigenvalue decomposition to V7, where V7 = PjAjP]H .
Then we set v; = P;jA;rj, where r ~ CN (0, I). Therefore,
the feasible solution to problem (34) can be denoted as v}, and
Wily = e/2e@ih/Ujlve) n = 1,... M + 1. A significant
number of randomization processes must be used to ensure

accuracy. We define v;.k as the best solution and the final

solution of problem (35) is v;f‘v;*H. Therefore, based on (33),
we obtain the optimal passive beamforming of the RIS.

The following Algorithm 1 summarizes the overall
algorithm.

IV. NUMERICAL RESULTS

In this part of the paper, we offer numerical findings to
assess the effectiveness of our suggested method for solving
the problem of minimum throughput maximization. The
simulation fixes the altitude of UAV at & = 60 m and the
RIS is positioned at (0, 0, 40 m) [42]. The transmit power of
UAV is set as P; = 30 dBm. The total duration of flight T
is equal to 1s. The quantity of reflective elements M is equal
to 8. The path-loss exponents aVC and a®¢ are equal to 2.5.

VOLUME 12, 2024

Algorithm 1 Alternating Optimization-Based Low-
Complexity Algorithm

0 (0 0 _© 0
Input: pgg @, P (2,27 TéE) and TIEI);

Output: w{ ,, P35, t)p, 15, O] jand ©F ;

1: while the increase of the objective function in (10a) is
smaller than ¢, do

2:  while the increase of the objective function in (10a) is

smaller than € do

3: Update UAV’s horizontal hovering location wy , by
solving problem (25), transmit power P;, based
on (27) and transmission time allocation 7,z and 7,;
by solving problem (29)
4:  end while
5:  Update passive beamforming ®; and ®;, by
solving SDP in (35)

6: end while

The Rician factor K. }(,] Gand K II§G is 0 and 8, respectively [16].

Other parameters are set as follows: d = %, 02 = —90dBm,
Bo = —20dB, n = 0.5. Considering #Y595 and h}%63

are contained in the objective function (10a), we apply their
statistical average values to obtain the following numerical
results.

To show the performance of the proposed WPCN,
we compare with the following benchmark algorithms:

« Optimal Hovering Location with RIS and UAV:
To compare the performance of dynamic RIS and
static RIS, we study “Optimal Hovering Location with
Dynamic RIS and UAV” scheme (referred to as DRIS-
UAV-OH) and “Optimal Hovering Location with Static
RIS and UAV” scheme (referred to as SRIS-UAV-OH).
For “Optimal Hovering Location with Dynamic RIS
and UAV” scheme, the passive beamforming in UL and
DL is different; For “Optimal Hovering Location with
Static RIS and UAV”’ scheme, we optimize the hovering
location of UAV with the same phase-shift in DL and UL
transmissions.

« Fixed HAP with RIS and without UAV: In this scheme,
we investigate resource allocation in the RIS-assisted
WPCN as proposed in [27] to show the contribution
of the UAV. The HAP is deployed at (0, 0, 60 m) and
the minimum throughput is maximized by alternatively
optimizing the transmit power, transmission time allo-
cation and passive beamforming. To consider the effect
of dynamic RIS and static RIS, we study “Fixed HAP
with Dynamic RIS and without UAV”’ scheme (referred
to as DRIS-NUAV) and “Fixed HAP with Static RIS and
Without UAV”’ scheme (referred to as SRIS-NUAV).

« Optimal Hovering Location with UAV and without
RIS: In this scheme, we study the proposed algorithm
for UAV-enabled WPCN in [21] to present the benefit
brought by the RIS (referred to as NRIS-UAV-OH).
The optimization objective and variables are the same
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FIGURE 3. The spatial positioning of members within the system.

as the mentioned problems except for the RIS passive
beamforming.

o Heuristic Hovering Location with RIS and UAV: In
this scheme, we study the heuristic hovering location
algorithm for RIS-assisted UAV-enabled WPCN. In par-
ticular, the hovering location of UAV is fixed to the
center of each service area. Based on the hovering
location of UAV, other variables are optimized according
to the algorithm as proposed [42]. To further investigate
the benefit brought by RIS, we study the ‘“Heuristic
Hovering with Dynamic RIS” (referred to as DRIS-
UAV-HH) and the “Heuristic Hovering without RIS
(referred to as NRIS-UAV-HH).

We first visualize the 2D hovering location of UAV
determined by our low-complexity algorithm. We assume that
K = 8 ground users are arranged at random in a 500 m x
500 m square area, and divide the whole square area into
S = 4 service areas, where the size of each service area
is the same. The RIS is set up in the middle at a height of
40 m. As shown in Figure 3, although there are S = 4 service
areas, the UAV will skip the area without users because the
UAV will follow the optimal hovering location to maximize
the throughput of users, and consequently avoid wasting
energy to travel every service area. However, in the heuristic
hovering algorithm, the UAV will hover at the service area
without user which decreases the throughput of the system.
Besides, due to the high flexibility, the UAV can stop at any
place to deliver wireless communications, which solves the
near-far fairness problem for the users positioned on the cell’s
edge. Therefore, it is found in Figure 3 that the distance from
optimized hovering place of UAV to most users in one service
area nearly keeps equal to ensure that all users are treated
fairly while the heuristic hovering location might be far from
the cluster of users.

To demonstrate the convergence properties of our algo-
rithm, we examine three distinct situations: 1) K = 3 and
Py = 30dBm; 2) K = 3and P{ = 40 dBm; 3) K =
5 and P; = 30 dBm; The number of service areas is set as
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algorithm.
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FIGURE 5. The relationship between the minimum throughput and the
transmission power of the UAV.

S = 1 and the other parameters are configured as described
above. It is observed in Figure 4 that for these three cases, the
value of the minimum throughput increases monotonically
when the quantity of iterations augments, and converges
to a certain value. The effectiveness of the algorithm is
illustrated by the convergence performance of the minimum
throughput. A further indication of rapid convergence of the
low-complexity algorithm is that the minimum throughput
in all circumstances converges within three iterations. This
is because SCA is an efficient algorithm, which accelerates
the convergence rate by approximation approaches, and the
inner layer of the algorithm speeds up finding the suboptimal
solution of the outer layer.

We then investigate the impact of transmit power of the
UAV to the minimum throughput performance. We set K =
3, S = 1 and the rest of parameters are set as above.
As the transmit power of the UAV grows, the minimum
throughput obtained by all schemes rises, as illustrated in
Figure 5. This is explained by the fact that the charging time
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FIGURE 7. The relationship between the minimum throughput and the
number of reflective elements in a RIS.

of the UAV will be shortened when the transmit power of
UAV increases. Therefore, more time will be allocated to
WIT, resulting in the larger minimum throughput. Besides,
the minimum throughput of “DRIS-UAV-OH” scheme and
“SRIS-UAV-OH” scheme outperform the other cases, which
demonstrates that the UAV can establish LoS communication
links by adjusting the position of UAV and the RIS can
achieve the similar performance of MIMO by designing
reflective coefficients. However, in “DRIS-UAV-HH” and
“NRIS-UAV-HH”, there might be fairness problem that
decreases the minimum throughput. Additionally, since the
transmit power of the UAV is large enough to shorten the
DL WPT time, the performance gap between ‘“DRIS-UAV-
OH” and “SRIS-UAV-OH” can be negligible. This reveals
that we could adopt a static RIS to decrease the computational
complexity of the algorithm.

Figure 6 depicts the minimum throughput versus the
number of users in each service area, where we set P; =
35 dBm, M = 8 and other parameters as mentioned above.
It is shown that when the number of ground users in one
service area increases, the minimum throughput becomes
lower. This is as a result of the TDMA protocol’s tendency
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to reduce the available WIT as user’s number rises, which
lowers minimum throughput. In addition, when the number
of users increases, the probability of users located at the
cell edge will increase, leading to the fairness problem
and decrease of minimum throughput. Therefore, when the
number of users increases, more hovering points could be set
to prevent the fairness problem instead of using the heuristic
hovering scheme.

Next, we graph the minimum throughput against the
number of reflective units in the RIS as shown in Figure 7,
where the transmit power of UAV is set as Py =
35 dBm and other parameters remain unchanged. The passive
beamforming gain would grow with more reflecting units,
which would be advantageous to both the DL WET and the
UL WIT. As a result, the minimum throughput in all of the
schemes increases monotonically as the number of reflective
units M rises. Furthermore, our results demonstrate the gap
in performance between dynamic RIS and static RIS in the
same background becomes more pronounced as the number
of reflective units increases. This is expected since a dynamic
RIS is required to optimize additional degrees of phase shift
for the UL WIT.

Finally, we study the throughput performance under
different altitudes of UAV. We assume that there is a single
service area with K = 3 and P; = 35 dBm. It is well-
known that when the distance increases, the distance-based
path loss will be exacerbated. As shown in Figure 8, when
the altitude of UAV increases, the minimum throughput
decreases. However, if the height of UAV is set too low, its
coverage area will not be large enough to serve all ground
users. Therefore, setting a proper value of flight altitude to
balance the path loss and the coverage radius is also a key
issue.

V. CONCLUSION

In this paper, we studied the problem of maximizing the
minimum throughput in a RIS-assisted UAV-enabled WPCN,
in which a UAV serves as a HAP to perform power trans-
mission and data collection. The formulated optimization
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problem for the joint design of the UAV’s horizontal hovering
location and resource allocation is non-convex due to the
high degree of coupling between variables. By exploiting the
SCA and SDR techniques, a low-complexity algorithm has
been developed to achieve a suboptimal solution. Numerical
results demonstrate that the performance of the WPCN will
be substantially improved by combining UAV and RIS.
In the future, dispersed but cooperative RISs and UAVs may
be taken into account to expand the joint UAV’s hovering
location design and resource distribution scheme, which is
more practical yet difficult.

APPENDIX A
PROOF OF LEMMA 1
We obtain the first-order partial derivatives of F(m,n) =

% + 5—22 and G(m, n) = Kg with respect to m and n
m2n
oF _ kK; OF _ 2K,
am  m<tU on w3’
G LKz 3G K
oo o (36)
om m7+1n on m2"

Then, the second-order partial derivatives of F(m,n) and
G(m, n) are given by

’F  k(k+ 1)K 9°F 6Ky

om2 w2 o2 T at
G 5(5+1)Ksy 9°G  2K; an
am> 3t T an? g3
3’F 3’F 3G 3%G 5K3
= =0, = = . (3%
omon  9ndm omdn  Onom a2 tlip2

Therefore, the Hessian of F(m,n) and G(m,n) can be
expressed as

PF  9°F G 9*G
2 9mon 2 om2  Omon
2F 2k | w6 w6 | O
ondm  9n2 ondm  gn2
: 9%F 982G 92F 3°F 92F 9F
Since 75 > 0, 57 > Oand =5 =5 — 5o mom > 0>
326G °G _ 8°G 9°G _ k(5+DK3 : :
SR T T T inim = g > 0, the Hessian matrix

in (39) are positive definite. Therefore, F'(m, n) and G(m, n)
are convex function. The proof of Lemma 1 is complete. W
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