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Abstract: In recent years, UAV-enabled wireless energy transfer (WET) has attracted significant attention for
its ability to provide ground devices with efficient and stable power by flexibly navigating three-dimensional
(8D) space and utilizing favorable line-of-sight (LoS) channels. At the same time, energy beamforming utilizing
multiple antennas, in which energy beams are focused toward devices in desirable directions, has been highlighted
as a key technology for substantially enhancing radio frequency (RF)-based WET efficiency. Despite its significant
utility, energy beamforming has not been studied in the context of UAV-enabled WET system design. In this paper,
we propose the joint design of UAV altitude and channel statistics based energy beamforming to minimize the
overall charging time required for all energy-harvesting devices (EHDs) to meet their energy demands while
reducing the additional resources and costs associated with channel estimation. Unlike previous works, in which
only the LoS dominant channel without small-scale fading was considered, we adopt a more general air-to-ground
(A2G) Rician fading channel, where the LoS probability as well as the Rician factor is dependent on the UAV
altitude. To tackle this highly non-convex and non-linear design problem, we first examine the scenario of a single
EHD, drawing insights by deriving an optimal energy beamforming solution in closed form. We then devise
efficient methods for jointly designing altitude and energy beamforming in scenarios with multiple EHDs. Our
numerical results demonstrate that the proposed joint design considerably reduces the overall charging time

while significantly lowering the computational complexity compared to conventional methods.

Keywords: wireless energy transfer; UAV; altitude; energy beamforming; channel statistics; charging time; optimization

1. Introduction

Radio frequency (RF)-based wireless energy transfer (WET) is a key enabling technology for
developing intelligent and self-sustaining Internet of Everything (IoE) networks in the 6G era [1-7]. It
enables the continuous supply of power to wireless devices over the air, such as wearable electronic
devices, extended reality devices, and robotics, without the need for frequent battery replacements or
wired power lines. Moreover, compared to traditional power systems, RF-based WET can significantly
enhance the quality of service for powering devices by adapting to different physical conditions and
service requirements while also improving throughput and robustness [1-3].

In recent years, unmanned aerial vehicles (UAVs) have gained significant attention in various
scenarios due to their deployment flexibility, mobility, and cost-effectiveness, leading to widespread
adoption across various applications, including military operations, cargo delivery, disaster manage-
ment, and communication platforms [8-15]. They provide greater flexibility in system design and
operation within wireless networks by allowing adjustments to the deployment position and path of
UAVs, yielding significant advantages such as coverage enhancements [8-15].

Thanks to its potential advantages, UAV-enabled wireless energy transfer (WET) has received great
attention for providing ground devices with more efficient and stable power compared to conventional
WET systems, which use fixed-location energy transmitters [15-24]. In particular, UAVs are able to
move flexibly in three-dimensional (3D) space, utilizing favorable line-of-sight (LoS) channels with
ground devices. As such, UAVs can serve as a new type of aerial energy transmitter, reducing the
transmission distances for powering devices while avoiding obstacles and shadow fading, even in
remote areas where conventional fixed-location energy transmitters are not available. Accordingly,
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UAV-enabled WET is able to overcome energy bottlenecks as well as meet urgent energy demands,
thereby extending the operational lifespan of energy-constrained devices, especially in dynamic or
hard-to-reach environments such as smart cities, wireless sensor networks, and maritime networks,
among others [15-18]. However, effective UAV trajectory design is required to reap potential gains
from UAV-enabled WET.

In practical UAV-enabled WET scenarios, a UAV may move closer to a device in order to reduce
the transmission distance for improved power efficiency. This may result in the UAV moving farther
away from another device, thereby decreasing the overall energy transfer efficiency. To address
this challenge, UAV trajectory design has been extensively studied to improve the energy transfer
performance for multiple devices [15-21]. Specifically, in a single UAV-enabled WET system, an optimal
one-dimensional (1D) trajectory design at a fixed altitude was proposed to maximize the minimum
received energy among all devices during a given charging period [16]. For a more general context, the
design of a two-dimensional (2D) UAV trajectory at a fixed altitude was studied to optimize the energy
transferred to all devices during a given charging period [17], with further investigations in a more
practical scenario [18]. Moreover, the design of a 3D UAV trajectory within a specified altitude range
was explored to maximize the total received energy across all devices for a given charging period [19].
The joint design of 2D UAV trajectory and orientation of 1D directional antenna array at the UAV with
a fixed altitude was also studied [20] and further extended to a structure that includes a 3D directional
antenna array at the UAV [21]. Moreover, a multi-UAV-enabled WET system capable of covering a
large area was proposed, and effective trajectory designs for multiple UAVs were studied to enhance
energy transfer performance across various scenarios [15,22-24].

Meanwhile, energy beamforming has been recognized as a promising technology for significantly
increasing the energy transfer efficiency of RF-based WET systems, particularly compared to single-
antenna omni-directional transmission [2-4]. An energy transmitter with multiple antennas can
simultaneously focus energy beams toward devices in the desired directions, thereby overcoming
high propagation path loss without increasing transmit power or bandwidth. In this regard, various
energy beamforming techniques have been proposed for use in terrestrial wireless networks with
perfect channel state information (CSI) as well as with imperfect CSI [3-7]. Moreover, due to the
advantage of having LoS channels, beamforming techniques combined with resource allocation
and optimization have been widely considered to enhance power transfer performance in various
UAV-enabled systems [25]. Beamforming combined with optimization of placement and resource
allocation has been studied to maximize energy efficiency in wireless-powered UAV communication
systems with non-orthogonal multiple access (NOMA) [26]. Additionally, hybrid beamforming with
resource allocation has been explored in UAV-enabled wireless-powered mobile edge computing
networks [27]. Furthermore, the joint optimization of beamforming, transmit power, power-splitting
ratio, and UAV trajectory was proposed to enhance communication performance in UAV-enabled
relay networks with wireless power transfer [28]. For UAV-enabled wireless-powered communication
networks (WPCNs), beamforming techniques have also been explored using a backscattering scheme
[29] and reconfigurable intelligent surfaces (RIS) [30], by jointly optimizing time allocation. Various
beamforming techniques for UAV-enabled systems have been proposed in conjunction with resource
allocation and optimization. However, existing studies have primarily focused on wireless-powered
communication systems (WPCNs) or simultaneous wireless information and power transfer (SWIPT)
systems, with an emphasis on optimizing communication performance. To the best of our knowledge,
despite its significant utility, an energy beamforming technique that focuses solely on increasing
energy transfer efficiency to simultaneously charge multiple devices, rather than on communication
performance, has not been fully studied to realize its potential gains in UAV-enabled WET systems.

Motivated by the aforementioned observations, we focus on energy beamforming design to
optimize energy transfer efficiency for UAV-enabled WET systems. In practical WET networks, multiple
devices have different energy requirements, and their charging times vary based on the amount of
energy needed. Therefore, UAV altitude and energy beamforming must be optimized accordingly. To
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this end, this paper investigates a joint design of UAV altitude and energy beamforming to minimize
the overall charging time required for all energy-harvesting devices (EHDs) to meet their energy
requirements. Thus, a large number of EHDs are efficiently served simultaneously while avoiding
unnecessary energy transfer from the UAV. Our main contributions are summarized as follows:

*  We propose the joint design of UAV altitude- and channel statistics-based energy beamforming,
where the EHDs’ energy demands are considered in efficiently and simultaneously serving the
EHDs while reducing the additional resources and costs associated with obtaining perfect channel
state information. In contrast to existing works on UAV-enabled WET, which consider only the
LoS dominant channel without small-scale fading, we adopt the more general air-to-ground
(A2G) Rician fading channel while also taking into account the characteristic nature of the aerial
channel in practical UAV scenarios, where the channel statistics depend on the altitude of the
UAV.

¢ Due to the highly non-convex and non-linear nature of our design problem, we first jointly
optimize UAV altitude and energy beamforming in a single-EHD scenario to draw insights. We
derive a solution for optimal energy beamforming in closed form, thereby developing an efficient
algorithm with low complexity in obtaining the optimal solution.

*  We devise an efficient algorithm to jointly optimize the UAV altitude and energy beamforming
in a scenario with multiple EHDs by investigating the optimal conditions as well as the dual
problem. Motivated by insights from the design for a single-EHD scenario, we also develop an
efficient low-complexity method for determining near-optimal altitude and energy beamforming.
Moreover, we explore a sub-optimal design by leveraging weighted-sum energy beamforming in
closed form with considerably reduced computational complexity.

¢  The numerical results demonstrate that compared to conventional methods, the proposed meth-
ods can significantly reduce the overall charging time while also decreasing the computational
complexity.

The rest of this paper is organized as follows. In Section 2, we introduce the system model and
formulate our design problem. In Section 3, we jointly optimize UAV altitude and energy beamforming
for a single-EHD scenario. In Section 4, we propose the methods for jointly optimizing UAV altitude
and energy beamforming in a multiple-EHD scenario. We evaluate our proposed methods in Section 5
and conclude our paper in Section 6.

2. System Model and Problem Formulation

2.1. System Model

As depicted in Figure 1, we consider a UAV-enabled RF-based wireless energy transfer (WET)
system where one UAV simultaneously transfers power to U energy-harvesting devices (EHDs) on the
ground, such as IoT devices and sensors. The UAV is equipped with N transmitting antennas, and the
EHDs are equipped with a single antenna. The UAV hovers over the central EHDs with an altitude
h € [Hmin, Hmax| in order to conserve power for flight, where Hp,in and Hmax denote the minimum
and maximum altitude of the UAYV, respectively. In addition, the maximum WPT coverage of the UAV
on the ground is denoted as rmax. The horizontal distance between the UAV and u-th EHD, where
u€eU ={1,..,U},is denoted by r, < rmax.

Let w;, € CN be the b-th energy beamforming vector transmitted from the UAV to the EHDs
where b € B £ {1,.., B} and B (< N) is the number of energy beams to be determined. Then, the
transmitted signal vector at the UAV for the power transfer, denoted by x € CV, is given as

B
X = Z WSy (1)
b=1


https://doi.org/10.20944/preprints202410.2109.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 October 2024 d0i:10.20944/preprints202410.2109.v1

4 0f 25

where s, is the energy-bearing signal with zero mean and unit variance, i.e., E[[s;|?] = 1, which can
have an arbitrary distribution, since s, does not carry any information [1-3]. In this case, the transmit
covariance matrix at the UAV, denoted by X € HV, becomes

B
X:

wywil =0 )

b=1

where HN represents the set of N-by-N Hermitian matrices. It is assumed that the UAV has a transmit
sum power constraint of P; then, the transmit covariance matrix of (2) must satisfy Tr(X) < P.

<4 Energy

beamforming

Wireless energy transfer
w =l
s & o
Figure 1. [llustration of our system model.

2.2. Aerial Channel Model

In this paper, we adopt an air-to-ground (A2G) Rician fading channel by considering the char-
acteristic nature of the aerial channel in practical scenarios, where the channel statistics depend on
the UAV altitude [11-14,31]. A Rician fading channel consists of a deterministic line-of-sight (LoS)
component as well as a random multipath component, i.e., Rayleigh-distributed non-LoS (NLoS).
Thus, the A2G Rician fading channel model characterizes the aerial channel by taking into account the
dominant LoS channel and the multiplicative effect of both large- and small-scale fading. The channel
vector between the UAV and u-th EHD, denoted by h,, € CN*1 is modeled by [14,31].

[ [ K [ 1
_ oy u NLoS
hu o ﬁOdu ( ’Cu + 1 aH + ICu + 1hu ) (3)

where By is the path loss at the reference distance; 4, and «, denote the distance and path loss
exponent between the UAV and u-th EHD, respectively. a, € CN*! is the deterministic LoS component;
hLoS ¢ CN*1 is the NLoS component distributed with hY-°S ~ CA(0,Iy); K, denotes the Rician
factor which reflects the power ratio of the LoS component and NLoS component. Assuming there is a
uniform linear array (ULA) at the UAV, the LoS component is represented by

a, = [1, o2 sin(gu) o2 (N=1) 42 sin((pu)} T @)
where A, is the carrier wavelength, d, is the space between adjacent antennas, and ¢, is the angle of
departure (AoD) [14,31].

Since the propagation characteristics of the A2G channel, such as obstacle density and link quality,
are affected by the altitude of the UAV [8-14], we model not only the probability of a link having a
LoS component but also the values of the path loss exponent and Rician factor as a function of UAV
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altitude, as follows. First, the distance and elevation angle (in radians) between the UAV and u-th EHD

are respectively given by
dy =12+ 12, (5)

0, = arctan (E> (6)

Ty
Then, the LoS probability can be modeled as a function of the elevation angle: [11-14]
1
1+ajexp ( — by (182, — ul))

Pros (6u> = )

where a7 and by are positive parameters that are determined by environmental characteristics, i.e.,
Suburban, Urban, Dense Urban, and Highrise Urban [8-10]. The value of the path loss exponent is
typically proportional to the LoS probability, so &, can be modeled as [11-14]

Xy = aZPLOS(Gu) + bo. (8)

In (8), the coefficients of a; and b; are given by

B ~\1+ajexp(aih)

2= ([X% D‘O) aq exp(albl) (9)
.

bz = Xy 1+ a exp(albl) (10)

where &g and az are the path loss exponents of ground and aerial links, which are determined
through measurement [10-12]. Here, 2 < 0 and bp > 0, and ap = az — g and by, = ag, where the
approximations come from Pjs(0) — 0 and P (%) — 1. In addition, with respect to 8, a; is a
monotonic function decreasing from ag to az.

In addition, the Rician factor depends on the LoS probability and is thus characterized by the
elevation angle of the UAV. In this regard, K, can be modeled in dB units using an exponential function
of 6, [11,13,32], as follows:

K38 = a3 exp (b364) (11)
where a3 and b3 are environment- and frequency-dependent constant parameters that are given by
[11,13,32]

JCdB
2 n
__ 1~dB _ “ 2
a3 = K¢ ,b3—n1n(KgB). (12)

In (12), ICSB and K9P are the Rician factors in dB units when the elevation angles are 0 rad and 7
2

rad, respectively, which are obtained from measurements [32]. In addition, with respect to 6,,, ICgB is
monotonic function increasing from KC§B to 4B
2

2.3. Formulation of the Energy Harvesting Optimization Problem

By denoting T, as the charging time of the u-th EHD, the energy harvested at the u-th EHD is
given by [1-5]

Qu = {utu Tr (hyh/X), Vu e U (13)
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where (i (€ (0,1]) is the energy-harvesting efficiency, which is determined by the circuit. Without loss
of generality, we set {1 = - - - = {y = 1 for simplicity. However, any constant efficiency values can be
integrated into our energy-harvesting optimization problem.

e

When the energy requirement from the u-th EHD is represented by QE 9> 0, the required charg-

Req

ing time at the u-th EHD to meet the energy requirements is given by 7, = m On the other
hand, obtaining perfect channel state information (CSI) at the UAV for energy beaumforming design
requires additional resources and cost for channel estimation, which is not expected to be feasible
in practice due to the high energy consumption and computational complexity [2,4,5,15]. Therefore,
we explore only channel statistics in the joint design of UAV altitude and energy beamforming. In
the context of optimization for energy harvesting, we focus on the long-term channel statistics, i.e.,
E [huhf ] , rather than the perfect CSI of huhf [4,5,7]. To this end, we consider the expected required
charging time at the u-th EHD, which is represented as

Req

S —— ) 14
W= L(EhaE) Y (14)

In consideration of the different energy requirements across all EHDs, i.e., [Q{feq]y:l, the overall
charging time required for all EHDs to meet their energy demands becomes max (1, ..., ty) [3,6,7].
Our design objective is to jointly optimize UAV altitude and energy beamforming to minimize the
overall charging time required to meet the energy demands of all EHDs by leveraging only on channel
statistics. Consequently, our design problem is formulated as

P mixn max(t, ..., Ty)

7z

Req
t=—t————, Yucel, 15
ST T (B hHX) (15)
Tr(X) < P, (16)
X =0, (17)
Hmin < h < Hmax- (18)

In the problem Pj, the constraints (16) and (17) follow from the transmit sum power constraint
and (2), respectively, and the constraint (18) indicates the UAV altitude range with & € [Hpin, Hmax]-
In practical UAV operations, altitude adjustments should consider regulatory constraints such as
maximum allowable altitude, no-fly zones, and airspace restrictions, as well as practical factors like
energy consumption and safety management [33-35].

Additionally, from (3), E[h,h/!] in (15) is expressed as

K 1
Hy __ —ay u H
]E[huhu] = ﬁodu K, + 1auau + K, +11]\]
~—
LoS NLoS
2 Gu(h), (19)

where d,, a,,, and K, are optimization functions for the variable / as well as the horizontal distance
between the UAV and u-th EHD, i.e., r,,. In (19), %aua{f and ﬁIN indicate the LoS and NLoS
components in the long-term channel statistics, respectively.
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By introducing an auxiliary variable as t £ max(1y,..., 7;) , the problem P; is equivalently
reformulated into the problem P, as follows:

P, : min
hXt
Req
st. Tr (Gu(h)X) > ‘; ,Yuel, (20)
Tr(X) < P, (21)
X =0, (22)
Hmin < h < Hmax- (23)

P, is a non-convex optimization problem, since the constraints of (20) are non-convex with respect
to the UAV’s altitude /. More specifically, in constraint (20), G, (h) is non-linear as well as very complex
with respect to & for all u € U, because d,,, «,, and KC;, in G, (h) are non-linear and complex functions
of h. Therefore, obtaining an optimal solution is, generally, extremely difficult. In order to tackle the
problem P, we first solve the problem in a single-EHD scenario, to draw insights, and then establish
efficient methods for obtaining an optimal solution in a multiple-EHD scenario.

3. Joint Optimization of Altitude and Energy Beamforming for A Single EHD

In this section, we first solve the problem P, in a single-EHD scenario by deriving energy beam-
forming in closed form. We then devise a method to jointly optimize altitude and energy beamforming.
Next, we develop an efficient low-complexity algorithm that yields the near-optimal altitude of the
UAV.

3.1. Optimal Design with a Closed-form Energy Beamforming Solution
Req
For a single-EHD scenario, i.e., U =1, wehave t = 7y = T

W in the problem P;, so it can
be reformulated into the problem P;:

Req
P;:min — —~4
X Tr (Gu(h)X)
st. Tr(X) < P, X >0,

Hmin <h < Hmax-

Since Tr (G (h)X) > 0 must be satisfied at an optimal value, the objective function of the problem Ps
can be recast as

Req

- u _
min — Gulnx) max Tr (Gu(h)X). (24)

From (24), the problem P; is equivalent to the problem Py :
Py max Tr (Gu(h)X)

st. Tr(X) <P, X>0,
Hmin < h < Hmax-
It is also difficult to obtain an optimal solution for  and X by directly solving the problem Py, because

Gy (h) is a non-convex and complex non-linear function of 1. However, an optimal covariance matrix
for X in relation to the problem Py is obtained in closed-form solution via the following lemma.
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Lemma 1. Optimal energy beamforming in the case of a single EHD is
X* = Payal! (25)
where a1 = ”:—UH. In addition, with a fixed h € [Hmin, Hmax], the optimal value of the problem Py is given by
u
2
— 1

Ku+1

where dy;, ay, and Ky depend on h. In (26), K}ék‘ﬁl”Z and ,Cul 7 indicate the impact of the LoS and NLoS
components, respectively.

Proof of Lemma 1. Refer to Appendix A. [

From Lemma 1, it is verified that optimal energy beamforming for a single-EHD case, i.e., X*,
depends only on the LoS component, i.e., aj;, of the EHD and is not affected by the UAV altitude h.
Consequently, by inserting (25) and (26) in Lemma 1 into the problem Py, the optimal UAV altitude
for a single EHD can be obtained by solving the following problem:

—ay Kullau|®+1
Pl : max PBod "V
7 max Phody™ = TS

s.t. Hmin < 7 < Hmax-

To tackle the problem Péq,, we omit PBy, which is a constant term with respect to /1, and we define
the objective function in the problem P:ff, as

_ay Kullayl? +1
_ Xy u u
6u)-+by) Kullaul* + 1

— (42 23— 3 (a2 PLos(
(rU+h) ’ Ku+1

(27)
where (27) is obtained by substituting (5) and (8) into dy; and ay;, respectively. In this case, 6y is
the function of the variable & as well as the EHD’s distance r;, while Ppog(6y;) and Ky are complex
functions with respect to 6;. Therefore, for simplicity of notation, we define the functions ¥;(%) and
Qy (1) such that Ppos(8y) £ —— and Ky = 100158 & Qy(h), as follows:

— 1+Yy((h)
180 h
Yy (h) = ay exp(abr) exp <_nb1 arctan (7’u>) (28)
ds exp (b3 arctan (ﬁ) )

Qu(h) =10 u (29)

where d3 = a3/10. Then, by inserting (28) and (29) into (27), we have

1 ap
)
o2 (T ) laulPoun +1

fu(h) = (r+h%) oum+1 (30)

As represented in (30), the objective function of the problem Pg/ is non-convex, complex, and non-
linear with respect to i, making it generally challenging to obtain a closed-form solution. Fortunately,
the objective function of fi;(h) only has one variable i with the range of & € [Hpin, Hmax|, S0 we adopt
a 1D exhaustive line search method to obtain the optimal 4, i.e., i*. The detailed procedure to obtain
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the optimal altitude of 1* in the case of a single EHD is described in Algorithm 1. In this case, the

Req
expected required charging time becomes t* = m

Algorithm 1 Algorithm to find an optimal solution for the problem P3h,

1: Input: Parameters of the channel statistics (a1, by, a2, bo, a3, ¢3), the minimum and
maximum altitude of Hpin, and Hmay, the sample grid accuracy A,

an EHD'’s horizontal distance and LoS component, i.e., ri; and a;

: Set: Hpin < h < Hpax with the sample grid A, the iteration number Iter =1
for h = Huin, Hmin + A, ..., Hmax do

Obtain f;(h) from (30)

Iter < Iter +1
: end for
: Total number of iterations: Iter;y; < Iter
: Obtain h* =arg ~ max  fy(h)
. Output: The optinitit affiflide of h*

© ® N Ul ok W N

3.2. Efficient Near-Optimal Altitude Design with Low complexity

In this subsection, we further explore the problem PSI?, to obtain a near-optimal solution with low
complexity. The first-order derivative of fi;(h) is obtained via

a b
ofu(h) _ (+0) Tt E

on Qu(h) +1 gu(h) (31)

where g(;(h) is given by

, ry exp | bs arctan (:;))Qll(h)
A . .
gu(h) =(llay[|” — 1) In(10)d3bs Ou 1

an 180b ru 11‘1(7’%[ + hz) (||au||20u(h) + 1)‘Yu(h)

2 7! (Fu(h)+1)°

~ (g1 +t2) UlaulPQu() + 1) (32)

As shownin (31), of géh) is also a very complex non-linear function with respect to 1 € [Hpmin, Hmax)
to be optimally solved with a closed-form solution. Nevertheless, we can obtain the necessary con-
ditions for optimal solution of the problem Pg, as follows. The critical point of the problem Pg, must

satisfy afgi}gh) = 0. Additionally, of g;gh) = 0 is equivalent to gi; (1) = 0, because it is readily verified that

a b
. . () Ml 2
the first term in (31) always satisfies SMOES! > 0, Vh € [Hmin, Hmax]- Moreover, the

feasible set of the problem P;’/ is given as a closed range of Hyin < h < Hpax. As a result, the optimal
solution to the problem P_f)l, must satisfy either

(i) gu(h*) =0, or (33)
(ii) h* = Hpin, oOr (34)
(iii) I* = Hmax. (35)

From (i) — (iii) in (33)—(35), we adopt the golden-section (GS)-based line search method to
determine the near-optimal solution of /*, which is known to have less computational complexity than
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the 1D exhaustive line search method. The detailed procedure of the proposed method to obtain a
near-optimal solution for the problem Pg, with low complexity is described in Algorithm 2 in the next
page. Our proposed method is verified in the numerical results, i.e., Section 5.

Algorithm 2 Proposed method to obtain a near-optimal solution for the problem Pél/

1: Input: Parameters of the channel statistics (a1, by, a2, bo, a3, c3), the minimum and

(v5-1)

maximum altitude of Hyjn and Hmax, the error tolerance egs, 6 = ~—5—,

an EHD'’s horizontal distance and LoS component, i.e., r;; and ay
2. Set: hy = Hpin and hy, = Hmax, hsq = ha + (1 —6)(hy — hy) and

hsp = hy — (1 — 0)(hy — hg), the iteration number Iter =1
3: Obtain gsq = gu(hsq) and gs, = gu(hsp) from (32), respectively
4: while |hb — ha| < egs do
5: if g5 > gs,p, then

6 hy hs,br hs,b < hsq, and 8sp < &8s
7: hsq < hg+ (1 —06)(hy — hy)

8: Qs < Qu(hsq) from (32)

9 else

10: ha < hsa, hsq<hsp, and  gsa < gsp
11: l’ls,a <« hb — (1 — (5) (hb — ]/lu)

12: gs,b < Su (hs,b) from (32)

13: end if

14: Iter < Iter +1
15: end while
16: Total number of iterations: Iter;,; < Iter

17: Obtain iy, = (o +hy) /2

18: Output: The proposed near-optimal altitude of

*
Prop

4. Joint Optimization of Altitude and Energy Beamforming for Multiple EHDs

In this section, we devise an efficient algorithm in the joint design of UAV altitude and energy
beamforming by solving the problem P, in a multiple-EHD scenario (i.e., U > 2) based on the
dual problem. Next, we propose an efficient low-complexity algorithm that yields near-optimal
altitude and energy beamforming at the UAV. Finally, we further explore a sub-optimal design by
developing weighted-sum energy beamforming in closed form, where the computational complexity
is considerably reduced by not using an SDP solver.

4.1. Optimal Design with an Efficient Algorithm

As mentioned in Section 2, it is generally very difficult to determine the joint optimal solution by
directly solving the original problem P,. However, the problem P, with a given & € [Hpin, Hmax] is a
convex optimization problem, so an optimal covariance matrix of X can be obtained by solving the
following problem:

PX :min ¢
2R
Req
st. Tr (Gu(h)X) > ”t‘ ,Vuel, (36)
Tr(X) < P, 37)
X > 0.

The problem P is a semidefinite programming (SDP) problem and can therefore be solved using
well-known SDP solvers such as CVX [3,36,37]. Therefore, in order to obtain the optimal energy

d0i:10.20944/preprints202410.2109.v1
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beamforming of X* as well as the optimal UAV altitude h* of the problem P,, we can adopt a 1D
exhaustive line search method for & € [Hpin, Hmax| and iteratively solve the problem P;‘ using a fixed
h.

On the other hand, the SDP problem is commonly solved based on the interior-point method,
so the computational complexity mainly depends on the number and size of variables as well as the
number of constraints [36,37]. By defining the prescribed accuracy of an SDP solver as espp > 0, the
computational complexity to solve PX becomes [37]

O(ln(l/espp)\/N+U+1N2(N4+N2U+U)). (38)

In obtaining X* for a given /, the computational complexity increases exponentially, following an order
of approximately 6% as the number of antennas N increases, which results in a burden on the UAV. To
resolve this challenge, we devise a low-complexity method to obtain X* by solving the dual problem
instead of the primal problem P, as follows.

P is a convex optimization problem that satisfies Slater’s condition [3,36]. Hence, we consider the
Lagrangian function of PX. By denoting v, > 0 (Vu € U) and vp > 0 as the dual variables associated
with the constraints of (36) and (37), respectively, the Lagrangian function is then obtained as [3]

Re
t+ i Vu( u ~Tr (Gu(h)X)) + vp(Tr(X) —P)]
u=1

L({Vu}plf:erP) = Xiff '

’

= inf Tr [(ypl - i quu(h))X} n irtlf(t n Zul”t“QReq) —upP (39)

U Re
=2, Y v Q= vpP (40)
u=1

where (40) follows from the fact that Tr KVPI ~y4  v,Gy (h))X] =0aswellasvpl — YL 1,G, (h) =
0 must be satisfied in (39) to ensure that X > 0 is bounded below, and dL ({Uu}llle, 1/p) /ot =0 gives

t =1/ ZLL,[=1 vy Qgeq in (39). We omit the details, since the derivations are well described in [3].
Consequently, the dual problem associated with PY is formulated as

u
. R
D.P2X : maximize 2 Z v,Qy Y — vpP
{Vu}u:y vp u=1

u
s.t. VPI - Z VuGu (h) t 0,

u=1
v, >0, Yuel, vp>0. (41)
The dual problem D.PX can also be solved using well-known SDP solvers. By denoting {v}; ljzl and

v}, as the optimal dual variables attained from the dual problem D.PJ, the optimal solution * of the
primal problem PX becomes

* d Req
=) v (42)

u=1

Here, we note that the computational complexity to solve the dual problem D.PX approximates to

O(In(1/espp) VN + U+ TU(N* + N2U + UP) ). (43)

d0i:10.20944/preprints202410.2109.v1
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To compare (38) and (43) in terms of their computational complexity, we define the ratio between them
as

In(1/egpp) VN + U + 1U(N® + N?U + U?)
In(1/espp) VN + U + IN2(N* + N2U + U)
U (N3 + N?*U + U?)

T N (NP E N+ U)

ro =

(44)

Substituting U = N(N — 1) into (44) with some manipulations, we obtain

(N —1)(2N? —2N +1)
rolu=nn-1) = N3+ (N—1)(NZ+1)
- (N—-1)(2N?-2N+1)
M NS —1+(N-1)(N2+1)
_2N?2-2N+1
~ 2N24N+2
<1 (45)

From (44) and (45), it is verified that the computational complexity to solve the dual problem D.P2X
becomes much lower than that of the primal problem PX when U < N(N — 1), where the number of
EHDs, i.e., U, is much smaller than N(N — 1) when considering a practical scenario for UAV-enabled
WET [15-24]. Moreover, the gap in performance increases as U decreases from N(N — 1). For example,
when U = N, we obtain rp|y=-n < % from (44). Hence, the optimal altitude h* is determined using
the proposed method, in which the dual problem D.P) is solved based on applying the 1D exhaustive
line search method within the range of & € [Hpin, Hmax]-

Algorithm 3 Proposed method to obtain an optimal solution for the problem P,

1: Input: Parameters of the channel statistics (a1, b1, a2, bo, a3, c3), the minimum and
maximum altitude of Hpi, and Hmax, the sample grid accuracy A,

the sum power constraint P, all EHDs” horizontal distance, LoS component, and
. . ReqqU

energy requirements, i.e., [ry, ay, Qy 1
Set: Hpin < I < Hpax with the sample grid A, the iteration number [ter =1
for h = Hyin, Hmin + A, ..., Hmax do

Compute [Gy,(h)]'L; from (A5)

Obtain #*(h) from (42) by solving the dual problem D.PX

Iter < Iter +1
end for
: Total number of iterations: Iter;,; < Iter
: Obtain h* = arg " r<r}li£1H t*(h)
. Obtain X* and #* by'solving the primal problem PX with [G,, (1h*)]L,
: Output: The optimal altitude /#* and energy beamforming X*

O 2 N DT oW

_ =
- O

On the other hand, when we solve the dual problem D.PY with a fixed , rather than the primal
problem PX, we cannot obtain an exact solution for X* and only the optimal condition for X* [3],
ie, Tr [(vl*jl -y4, U;Gu(h))X] = 0, which is further equivalent to (v};l -y4, U;Gu(h))x =0.
Although this optimal condition provides the structure for an optimal covariance matrix X* with
its rank profile, obtaining a closed-form solution for X* is generally not available and known to be
NP-hard [3,38]. Therefore, as we determine the optimal value of #* from the dual problem D.PX, the
optimal covariance matrix X* is then obtained by solving the primal problem PX using the given
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optimal #* value. The detailed procedure of the proposed method to obtain the optimal altitude h*
and optimal energy beamforming X* is described in Algorithm 3.

4.2. Efficient Near-Optimal Altitude and Energy Beamforming Design with Low Complexity

In this subsection, we propose a low-complexity method for obtaining a near-optimal solution by
avoiding the 1D exhaustive line search method, which results in high complexity when using an SDP
solver. Motivated by insights from the method to obtain the near-optimal solution for a single-EHD
case in Section 3, we devise the golden-section (GS) line search method with search space reduction,
which determines the solution much faster. The details are as follows.

At the u-th EHD, from Lemma 1, the optimal energy beamforming to minimize the expected
required charging time, denoted by X}, is given by

X5 = Pa,all, vu e U. (46)

*

Moreover, the near-optimal UAV altitude to minimize the required charging time, denoted by hProp w

is obtained from Algorithm 1.
When the UAV adopts its altitude and energy beamforming as the optimal altitude and energy

beamforming, respectively, for the u-th EHD, ie., h = hlﬁrop,u and X = X}, at the UAV, the expected

required charging time at the k-th EHD (k € i), denoted by 7" (hlﬁrop,u, X};), then becomes
QReq
T (ropur Xi) = k , Yk eU. (47)

Tr (G (Ffop,) X))

In this case, the overall charging time required to meet the energy demands of all EHDs (i.e., Vk € U),
denoted by 77, is expressed as
12X = max (Tl* "

X2, o, T (i x;)), Vuel, (48)

*
Prop,u’ Prop,u’

which signifies the overall charging time corresponding to the pair (A, ,,X}) at the UAV.
Among all overall charging times obtained from (48), i.e., t*m,f", tf};x,..., and tf"if‘, we can identify
the lowest time among those achieved by all pairs, i.e., (h;,rop’l, X1), (b3 X3),..., and (hl’;rop,ll’ Xi;),

Prop,2/
as follows:
. max max max
Umin,1 = arg rurng}( i RS Srpy O iy )/ (49)

with its corresponding pair (hﬁrop,umin,ﬂ Xiimin1)
most effectively reduced for hgrop,umm,l compared with the other pairs [h

second lowest time is also obtained using

. From (49), we infer that the overall charging time is

* u
Pmp’k}k Lt Moreover, the

Uminp = arg  min i ROV ey f‘flx) , (50)
ueld \”min,l
I . s N . . .
with its corresponding pair (hPmp,umm,z’ Xumin,z)' From (49) and (50), we determine the effective altitude
N g A
range between hProplumm’1 and hProplumM, which is represented by
: * * * *

[ min (hProp/”min,l ’ hPrOP/”mir\,Z ) ,max (hPrOP/umin,l ’ hPl‘Oprumin,z ) } : (51)

The overall charging time cannot be effectively reduced for altitudes outside this range, which is taken
into account in our proposed method, where the search space [Hmin, Hmax] is reduced.
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Next, in determining the optimal altitude, we adopt the GS line search method within
{mm (b} ), max (h}

Prop,tmin,1” hs Prop,tmin2 Prop,ttmin,1” hProp Umin,2
method, in order to reduce the computational complexity. Similarly to the procedures for Algorithm
3 and Section 4.1, we determine the optimal altitude /7, by solving the dual problem D.PX. The

and energy

)] , rather than the 1D exhaustive line search

detailed procedure for the proposed method to determme near-optimal altitude /3
beamforming XProp is described in Algorithm 4.

Prop

Algorithm 4 Proposed method to obtain a near-optimal solution for the problem P,

1: Input: Parameters of the channel statistics (a1, by, a3, bo, a3, c3), the minimum and
(V5-1)
2 7

maximum altitude of Hy,i, and Hpay, the error tolerance egg, 6 =

the sum power constraint P, all EHDs” horizontal distance, LoS component, and

Req
energy requirements, i.e., [ru, ay, } i1
2. foru=1:Udo
3: Obtain hf)ro ., from the Algorithm 2
4: Compute X* Pa,al! from (46)
5 Compute £ = max (‘L’l (Wb ur Xit) s s *”(hf,rop w ;)) from (48)
6: end for
7: Obtain: Uy, = arg min %7 and then w2 = arg niun £, respectively
ue uel Umin,1
8: Set: h = min (hf’rop Umin,1” h?’rop ummz) and hb max (h?’rop Umin,1” Prop ummz)

hs,a =h, + (1 — )(hb — hg) and hs,h =hy, — (1 — )(hb — hu), Iter =1
9: Obtain: ts, = t*(hs,) and tg ), = t*(hs ), respectively, from (42), by solving
the dual problem D.PYX with [Gy (hsq)]Y_; and [Gy (k)] ,, respectively
10: while |hb — ha| < egs do
11: if t;, < ty}, then

12: hy hs,br hs,b — hs,u; and 8s,b < 8sa

13: hsq < hg+ (1 —06)(hy — hy)

14: tsq < t*(hs,q) from (42) by solving the D.PX with [Gy,(hsq)]Y_;
15: else

16: ha < hsa, hsg<hsp, and  gsa < gsp

17: hs,u — hb — (1 — (5) (hb — ]/lu)

18: tsp < t*(hsp) from (42) by solving the D.PX with [Gu(hs/b)]gzl
19: end if

20: Iter < Iter +1

21: end while

22: Total number of iterations: Iter;y; < Iter

23: Obtain hp,,, = (ha+hy)/2

24: Obtain XPrOp and 5 by solving the primal problem PX with [G,, (hl*’rop)]

Prop
25: Output: The proposed near-optimal altitude hj,  and energy beamforming XProp

Prop

4.3. Sub-Optimal Design with Weighted-Sum Energy Beamforming in A Closed-form Solution

In this subsection, motivated by the insights from Lemma 1, we further devise a solution for
weighted-sum energy beamforming that is obtained in closed form, thereby avoiding the computational
complexity introduced by the SDP solver in Algorithm 4.

Since an optimal energy beam for a single EHD to minimize its required charging time is given
in (46) from Lemma 1, we consider energy beamforming that consists of the weighted-sum of the
optimal beam for each EHD, which has the structure XWs — fozl wuéuﬁuH , where w;, > 0 (u € U)
denotes the energy weight for the u-th EHD. In this case, it is desirable to guarantee a certain fairness
between all EHDs to reduce the overall charging time. Hence, we aim to assign a higher energy
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weight to EHDs for which longer charging times are anticipated such that all charging times are the

same, ie., 7y = --- = 1. For a fixed h € [Hpin, Hmax), by ignoring the amount of energy harvested

from other beams, the expected required charging time of the u-th EHD obtained from X" becomes
Req Req

T, = K _ S . Accordingly, by omitting the common constant term fg, we

v Wy Tr (Gu(h)ﬁuﬁuH) wu,BOfu(h)
set the energy weight for u-th EHD as

QReq
wy, Y Yuel. (52)

 fulh)
As aresult, for a given UAV altitude &, our proposed expression for weighted-sum energy beamforming

that satisfies a transmit sum power constraint, i.e., Tr(X‘ngp) =P,is

u x xH
WS* _ Py, w,a,3a,

Prop —
P (25:1 wuﬁuiuH>

(53)

where Xl‘i\gp > 0 is always ensured considering that w, > 0. In addition, we determine the optimal
UAV altitude for weighted-sum energy beamforming using the golden-section (GS) line search method
together with search space reduction, similarly as for Algorithm 4 in Section 4.2. The detailed procedure
is described in Algorithm 5.

Algorithm 5 Algorithm to find a sub-optimal solution

1: Lines 1-8 in Algorithm 4

2: Obtain: t5, = max ([Tu(hs,a,xggp)]

u

u:l) and f;;, = max ([Tu(hs,brst )Y ),

Prop/Ju=1
respectively, from (52) and (53)

3: while |hb — ha| < €gs do

4 if t;, < ty}, then

5: Same as Lines 12-13 in Algorithm 4

6: ts,a < max ([Tu (hs,u,Xg\gp)] 5:1) from (52) and (53)

7 else

8 Same as Lines 16-17 in Algorithm 4

9 t, ¢ max ([Tu (s, XY )] ”:1) from (52) and (53)

10: end if

11: Iter < Iter +1

12: end while

13: Total number of iterations: Iters,; < Iter

14: Obtain hgﬁg = (hy + hy) /2, and then xf,‘ﬁgg from (52) and (53)

15: Output: The proposed altitude h‘gg? and weighted-sum energy beamforming

u

WS, x
XProp
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5. Numerical Results

In this section, we evaluate the joint design of UAV altitude and energy beamforming along
with our proposed methods. The simulation settings are similar to those in [8-14], and the detailed
parameters used for the numerical results are listed in Table 1. Presented in Sections 5.1 and 5.2 is the
performance evaluation for single- and multiple-EHD scenarios, respectively.

Table 1. Environment for evaluation.

Description Symbol | Value
The transmit sum power p 1W
The path loss at the reference distance Bo 1
The path loss exponents of ground links xQ 3.5
The path loss exponents of aerial links K 2
The Rician factor-related parameters K§B 5dB
kP | 15dB
The minimum altitude of a UAV Hmin 50 m
The maximum altitude of a UAV Hmax 250 m
The number of antennas at a UAV N 16

5.1. Performance Evaluation for a Single-EHD Scenario

In this subsection, we evaluate our proposed method for a single-EHD scenario. For the Rician
fading channel, the EHD’s deterministic LoS component ay; is obtained from (4) with dA—”C = 0.5and an
AoD of oy = 5.

Figure 2 compares the value of the objective function in the problem Pg, with respect to the UAV
altitude (i.e., a variable h) for different horizontal distances of an EHD, i.e., r;; = {50,100,250} m. As
shown in Figure 2, the objective fucntion depends on the UAV altitude as well as the horizontal distance
of an EHD. In specific, when ri; = 50 m and r; = 250 m, the objective function is monotonically
decreasing and increasing, respectively, as the UAV altitude increases. On the other hand, it is increasing
and then decreasing when r;; = 100 m.

103} 3
S, 4
'4310 7 E
C
=)
2 5
'4(:-)10 3
2. r,=50m
o —r,=100m
10-6 U_ 4
—rU=250m
10'7 : : :
50 100 150 200 250

UAV altitude (m)

Figure 2. Comparison of the objective function for different horizontal distances of the EHD.

Figure 3 shows the optimal UAV altitude according to the horizontal distance of the EHD, obtained
from the 1D exhaustive line search method (Algorithm 1) and proposed method with low complexity
(Algorithm 2), respectively. Moreover, Table 2 presents the corresponding average execution time to
obtain an optimal value, where we set the same value for the sample grid accuracy A and the error
tolerance ecg, respectively, i.e., A = egs = 1072, in Algorithms 1 and 2 for performance comparison.
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As expected, the proposed method yields almost identical results to the 1D exhaustive line search
method with considerably reduced execution time. Specifically, it is verified that the optimal UAV
altitude is the minimum altitude for horizontal distances of up to 50 m, and then it increases from 50
m to 250 m for horizontal distances up to 235 m. Beyond than range, it becomes the maximum altitude.
This is because the minimum and maximum altitudes of the UAV are 50 m to 250 m, respectively.

Table 2. Comparison of the average execution time (seconds).

Average execution time (seconds)
1D exhaustive line searching (Algorithm 1) 1
Proposed method (Algorithm 2) 7x107°
250 : : : O—O—=
__1-D exhaustive line search
. (Algorithm 1)
£ Proposed method
o 200| v (Algorithm 2) |
©
=
T
> 150+ ]
<
D
©
E .l ]
= 100
@)
50(/ AN I I I I
0 50 100 150 200 250 300

Horizontal distance (m)

Figure 3. Comparison of the optimal UAV altitude determined from the 1D exhaustive line search
method (Algorithm 1) and the proposed method (Algorithm 2).

5.2. Performance Evaluation for a Multiple-EHD Scenario

In this subsection, we evaluate our proposed methods in a multiple-EHD scenario. For the Rician
fading channel, the u-th EHD’s deterministic LoS component a, is obtained from (4) with %Z = 0.5.
To evaluate the average overall charging time, we take the average of 100 independent realizations,
varying the energy requirements [Qﬁeq]gzl, horizontal distances [r,]Y_;, and AoD [¢,]Y_; for each
realization. For this purpose, the parameters [Qgeq] Y, [ra]Y, , and [¢y]'L , are uniformly sampled
within specified ranges to capture variability. Specifically,the energy requirements [Ql,feq] U are chosen
from [1,10] m], the horizontal distances [r,]'_, are chosen from [0, rmax]'L; where rmax € [100, 150]
m, and the angles of departure (AoD) [¢,]Y_; are chosen from [—7/2, 71/2] radians. Moreover, our
proposed methods are evaluated according to the number of EHDs. For performance comparison, we

consider the following six methods:

* A weighted sum-power maximization energy beamforming (W-sum EB) with optimal altitude
Hopt-

¢  Optimal energy beamforming (EB) for the UAV altitude of Hppn.

*  Optimal EB for the UAV altitude of Hpmax.

*  Proposed method #1—Efficient near-optimal altitude and EB design with low complexity, i.e.,
Algorithm 4.

*  Proposed method #2—Sub-optimal design with weighted-sum EB in a closed-form solution, i.e.,
Algorithm 5.
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e Optimal design: Optimal EB with optimal altitude, i.e., Algorithm 3'.

Notably, we consider the widely adopted W-sum EB for a comparative analysis with other methods in
terms of energy beamforming performance. The W-sum EB was proposed to maximize the weighted
sum-power transferred to the EHDs by an energy beam directed toward the dominant eigenvector of
the composite weighted channel gain matrix of the EHDs [1,2]. The optimal altitude for the W-sum EB
is obtained using a 1D exhaustive line search method.

To examine the robustness of our proposed methods across various practical scenarios, we
consider both Urban and Dense Urban environments for the A2G Rician fading channel model. In this
case, the environment-dependent LoS probability parameters are given by (a1, b;) = (9.61, 0.16) for
the Urban environment and (a1, b;) = (12.08, 0.11) for the Dense Urban environment, respectively
[8,9]. First, we evaluate the proposed methods in an Urban environment, and then consider a Dense
Urban environment.

5.2.1. Performance Evaluation in an Urban Environment

First, we evaluate the various methods when the horizontal distance is 100 m, i.e., ¥max = 100 m.
Figure 4a,b show the average UAV altitude and its standard deviation obtained from proposed method
#1, proposed method #2, and the optimal design. Using proposed method #1, the near-optimal altitude
of the design is obtained considering the entire range. The performance gap between proposed method
#1 and the optimal design is less than 4 m. The performance gap of proposed method #2 is larger than
that of proposed method #1. In addition, the UAV altitude is within [70,80] m, and it increases as the
number of EHDs increases. Moreover, Figure 4b demonstrates that the standard deviation is within
[4,15] m, and it increases as the number of EHDs increases.

©
o

—_
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<-Proposed method #1
©Proposed method #2

<-Proposed method #1
©Proposed method #2

-
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(0] c
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(a) Average UAV altitude. (b) Standard deviation.

Figure 4. Average UAV altitude and its standard deviation of various methods when rmax = 100 m in
an Urban environment.

In Figure 5a,b, the average overall charging times and the average execution times of various
methods are compared with respect to the number of EHDs. In Figure 5a, the charging time perfor-
mance for each method is presented, with values of [279,1062] seconds for W-sum EB with Hopt,
[43,173] seconds for optimal EB with Hpn, [79,267] seconds for optimal EB with Hmay, [14.6,53.5]
seconds for proposed method #1, [17.6, 101.3] seconds for proposed method #2, and [14.2,52.4] seconds
for the optimal design. As expected, proposed method #1 outperforms the other methods and achieves

1 We set the sample grid accuracy A = 0.5 m for the 1D exhaustive line search by considering a practical scenario while

avoiding high execution times that make it impossible to use.
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a near-optimal charging time over the entire range. The performance gap increases as the number
of EHDs increases. Specifically, W-sum EB with Hoy, significantly extends the charging time, as the
energy beam is not optimized for minimizing charging time. On the other hand, the optimal design
yields a large execution time, increasing from 120 seconds to 180 seconds as the number of EHDs
increases. By contrast, the execution times range from 7 seconds to 11 seconds for proposed method #1,
a considerable reduction compared to the optimal design. Meanwhile, proposed method #2, which
leverages the weighted-sum EB solution in closed form, yields the shortest execution time of below
0.02 seconds while yielding lower charging times than the other methods with Hyi, and Hpax.
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Figure 5. Performance comparison of various methods when 7max = 100 m in an Urban environment:
(a) the average overall charging time; (b) the average execution time.

Next, we also evaluate the various methods when the horizontal distance is 150 m, i.e., #max = 150
m. Figure 6a,b show the average UAV altitude and its standard deviation obtained from proposed
method #1, proposed method #2, and the optimal design. Proposed method #1 achieves near-optimal
performance, with the performance gap within 1.5 m. In addition, proposed method #1 performs
comparably to proposed method #2, with the performance gap within 2.5 m. As expected, the UAV
altitude increases as the number of EHDs increases. The UAYV altitude is within [108, 122] m, which
is higher than the average altitude when rmax = 100 m, such as in Figure 4a. In addition, Figure 6b
exhibits that the standard deviation is within [8,25] m, which is larger than the standard deviation
when rmax = 100 m, such as in Figure 4b.

Figure 7a,b show a comparison of the average overall charging time and the average execution
time of various methods with respect to the number of EHDs. In Figure 7a, the charging time perfor-
mance for each method is presented, such as with values of [627,2461] seconds for W-sum EB with
Hopt, [1370,13710] seconds for optimal EB with Hpn, [85,288] seconds for optimal EB with Hmax,
[33.1,120] seconds for proposed method #1, [39.8,229] seconds for proposed method #2, and [32.3,119]
seconds for the optimal design. Proposed method #1 achieves significantly reduced charging time and
near-optimal performance, with a considerable gap compared with other methods as the number of
EHDs increases. In particular, there is a substantial increase in the charging time with Hp,in, which is
much lower than the optimal altitude, as seen in Figure 6. Compared to the charging time performance
when rmax = 100, as seen in Figure 5a, the overall charging time increases when rmax = 150. For
example, the charging time for the optimal design increases from [14.2,52.4] to [32.3,119]. Also, it is
shown that the conventional EB, i.e., W-sum EB, yields substantial performance degradation compared
to the proposed EB. On the other hand, the performance in terms of execution time is similar for
rmax = 150 (Figure 7b) and rmax = 100 (Figure 5b). As expected, proposed method #1 yields a much
shorter execution time compared to the optimal design, and the shortest execution time for all methods
is achieved using proposed method #2.
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Figure 6. Average UAV altitude and its standard deviation of various methods when rmax = 100 m in
an Urban environment.
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Figure 7. Performance comparison of various methods when rmax = 150 m in an Urban environment:
(a) the average overall charging time; (b) the average execution time.

5.2.2. Performance Evaluation in a Dense Urban Environment

Next, we evaluate our proposed methods in a Dense Urban environment with rmax = 100 m and
rmax = 150 m, respectively.

Figure 8a,b exhibit a comparison of the average overall charging time and the average execution
time of various methods when rmax = 100 m. It is shown that proposed method #1 achieves a near-
optimal charging time over the entire range, while significantly reducing the execution time compared
to the optimal design. Moreover, proposed method #2 achieves the shortest execution time among all
methods, while outperforming the conventional methods in terms of overall charging time. However,
it results in a longer charging time than proposed method #1. In comparison to the charging time
performance when #max = 100 in the Urban environment, as shown in Figure 5a, the overall charging
time increases in the Dense Urban environment. The reason is that the LoS probability decreases in the
Dense Urban environment compared to the Urban environment. On the other hand, Figure 8b shows
that the average execution time in the Dense Urban environment demonstrates similar performance
to that in the Urban environment, as depicted in Figure 5b. This result confirms that the proposed
methods reduce computational complexity compared to other methods, even in the Dense Urban
environment.
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Figure 8. Performance comparison of various methods when 7max = 100 m in a Dense Urban environ-

ment: (a) the average overall charging time; (b) the average execution time.

We also evaluate the various methods when rmax = 150 m. Proposed method #1 achieves

significantly reduced charging time and yields a much shorter execution time compared to the optimal
design. Also, the shortest execution time for all methods is achieved using proposed method #2.
However, proposed method #2 is outperformed by the optimal EB with Hpyax in terms of overall
charging time when the number of EHDs exceeds 12. Figure 9a also shows that the overall charging
time increases in the Dense Urban environment compared to the charging time performance when
fmax = 150 in the Urban environment, as depicted in Figure 7a. Notably, Figure 9b shows that the
average execution time in the Dense Urban environment demonstrates similar performance to that in

the Urban environment, that verifies the robustness of the proposed methods in terms of complexity

reduction.
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Figure 9. Performance comparison of various methods when rmax = 150 m in a Dense Urban environ-

ment: (a) the average overall charging time; (b) the average execution time.

These results verify that our proposed methods significantly outperforms conventional methods in

terms of overall charging time, while achieving near-optimal performance and substantially reducing

execution time across various practical scenarios.
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6. Conclusion

In this paper, we propose the joint design of UAV altitude- and channel statistics-based energy
beamforming in order to minimize the overall charging time required for all EHDs by considering
the A2G Rician fading channel. To solve the formulated problem, which is highly non-convex and
non-linear, we first optimized our design for a single EHD by deriving optimal energy beamforming
in closed form, thereby developing the low-complexity algorithm to obtain the optimal altitude. Then,
considering multiple EHDs, we developed efficient algorithms for the joint design of altitude and
energy beamforming based on the dual problem. We further explored two efficient methods with
low complexity, yielding a near-optimal solution driven by insights from the design for a single-EHD
scenario, as well as a sub-optimal solution by leveraging closed-form weighted-sum energy beamform-
ing. The numerical results demonstrate that compared to conventional methods, the proposed joint
design can be used to substantially reduce both the overall charging time as well as the computational
complexity. While the overall charging time increases in the Dense Urban environment compared to
the Urban environment due to a lower LoS probability, the average execution time remains similar,
highlighting the robustness of the proposed methods in terms of complexity reduction.

Although the proposed methods are based on long-term channel statistics, they can be extended
to scenarios with perfect CSI by replacing the long-term channel statistics with instantaneous CSIL.
In addition, the proposed method can be adapted to different channel models, such as Nakagami
fading, by redefining statistical expectations and modifying the algorithm with necessary mathematical
derivations to incorporate new fading characteristics. Extending the proposed methods to provide a
comprehensive analysis of scalability, especially when dealing with large numbers of EHDs in diverse
environmental conditions, remains one of our ongoing research topics. Additionally, the joint design
of altitude and energy beamforming, taking into account practical factors such as the UAV’s energy
consumption, is also part of our ongoing work for future research. Moreover, future work will focus
on enhancing the proposed model to adapt to dynamic environmental changes that may impact the
UAV’s ability to maintain optimal altitude, ensuring robustness in real-world scenarios
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Appendix A. Proof of Lemma 1

For a fixed I € [Hmin, Hmax|, we obtain an optimal solution for X by solving the following SDP
problem:

PX: max Tr (Gu (h)X)
st Te(X) < P, X = 0. (A1)

The problem P;f is the well-known maximum eigenvalue problem. Thus, the optimal value and optimal
solution for X are obtained in closed form as follows [1,2]:

Tr (Gu(h)x*) = PAmax (Gu(h)) (AZ)
X* = PVmax (Gu (1) ) vila (Gu (h)) (A3)

where Amax (G (h)) and Vimax (G (/1)) denote the maximum eigenvalue of G, (h) and its correspond-
ing eigenvector, respectively.
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From (19), Gy (h) can be rewritten by
B Ku 1
Gu(h) = Body"™ i
u(h) = Body Ku+1auaU+IC R
LoS NLoS
= B oy Paal] + fau, Al AT (A9
= K41 ullaul-auay - [au, Ayllau, Ay
LoS NLoS
Body"™ 2 o SH L S AL sl \H
= Kullayl+_ 1 )aua +Za (ag ;) (A5)
Ky +1 &___J ~—~ Ut 4o Wi/
ut e NLoS j=1
| ——

NLoS

where a; = ay/[Jay|| and Aj; € CN*(N=1) are the orthonormal basis of the null space of &7; (A4)
follows from the fact that Iy can be decomposed into Iy = [dy, Afj][dy, A{j]". By denoting Af; =
[iﬁ/].]jugll, (A5) is obtained from (Af;)HAf = Iy_1.

Since [ay;, A;] € CN*N is the orthonormal basis of the N-dimensional complex hypersphere,
such as for [dy, Ajj|[ay, AT = [ay, A§][ay, Af] = Iy and Kyllay|> > 0in (A5), the maximum
eigenvalue of G;(1) and its corresponding eigenvector are obtained as

o K 241
Amax(Gu(h)) = ﬁoduw%’

Vmax (Gu(h)) = ﬁu. (A7)

(A6)

Inserting (A6) and (A7) into (A2) and (A3), respectively, we obtain the optimal solution for the
problem PJ as follows:

vy Kullau > +1
Kuy+1
X* = Payall. (A9)

Tr (Gu(h)X*) = PBody , (A8)

As shown in (A9), the optimal covariance matrix of X* does not depend on the UAV’s altitude /. Thus,
(A9) is the optimal solution for the problem Py, regardless of the value of k. This completes the proof.
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