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 a b s t r a c t

We consider a multi-area user (MAU) communication system assisted by an integrated uncrewed aerial vehicle 
(UAV) and reconfigurable intelligent surface (RIS). In this RIS-UAV assisted MAU communication system, it 
is essential to collaboratively optimize the base station (BS)’s power allocation and active beamforming, the 
RIS’s passive beamforming, and the RIS-UAV’s trajectory to maximize the achievable system weighted sum rate 
(WSR). To tackle this challenging joint optimization problem, we design a phase-wise alternating convergent 
algorithm framework that decomposes it into two main phases: the first phase jointly optimizes the BS power 
allocation, the BS active beamforming and the RIS passive beamforming, while the second phase optimizes the 
RIS-UAV trajectory. Adopting the same alternating convergent principle to the first phase, we further break 
down it into two sub-phases, one for optimizing BS power allocation and the other for jointly optimizing the 
BS active beamforming and the RIS passive beamforming. The two sub-phases are alternately solved by using 
a convex optimization method and a manifold optimization algorithm based on fractional programming (FP), 
respectively. For the second phase, a FP-based successive convex approximation (FP-SCA) trajectory optimization 
algorithm is proposed, which incorporates distance-based user weights to address the issue of communication 
service fairness among user areas in the MAU system. Simulation results confirm that our distance-based weighted 
FP-SCA scheme achieves low complexity, significantly enhances the system WSR performance, and ensures the 
fairness of communication services.

1.  Introduction

Uncrewed aerial vehicles (UAVs) have diverse and significant ap-
plication scenarios in the field of communication, such as restoring 
emergency communication in disaster areas where communication in-
frastructure is damaged, alleviating communication congestion in high-
traffic areas, and facilitating periodic data distribution or collection in 
large-scale Internet of Things networks. Also UAVs can offer coverage 
and connectivity in remote areas where communication infrastructure 
is lacking, such as mountains and borders, and establish reliable com-
munication links in complex environments where communication links 
are obstructed, such as in high mountains and cities. Compared to tra-
ditional terrestrial communication networks and satellite communica-
tion networks, UAV-assisted communication networks possess the ad-
vantages of low cost, strong deployability, and high controllability. Con-
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sequently, UAV-assisted communication has become one of the indis-
pensable and potential technologies in 6G mobile communication net-
works [1,2].

The UAV-enabled mobile relay is one of the typical scenarios in UAV-
assisted communication. As mobile relays, UAVs offer enhanced flexibil-
ity, high cost-effectiveness, and superior mobility in task deployment. 
Compared to traditional fixed relays, they possess superior potential 
for optimizing 3D positioning and flight paths, significantly improving 
communication efficiency. In [3], the authors studied the static UAV 
and optimized UAV deployment to improve the performance of wireless 
networks. In [4], the authors extended the static UAV case of [3] to the 
dynamic UAV case where a UAV flies along fixed trajectory, circling at 
a constant speed and height. The work [5] studied a scenario where a 
UAV flies along a circular trajectory at a fixed height, and jointly de-
signed beamforming, circle radius, flight speed and base station (BS) 
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$\mathbf {h}_{k_u}^\textrm {H}[n] \mathbf {\Phi }[n] \mathbf {G}[n]$
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$\bm {\varphi }[n]\! =\! {\big [\varphi _1[n],\ldots ,\varphi _R[n]\big ]}^\textrm {H}$


$(\textrm {P}5)$


\begin {align}&\hspace {-3mm}\min \limits _{\bm {\varphi }[n]}\, \!\frac {1}{N}\underset {n=1}{\overset {N}{\mathop \sum }} \underset {u=1}{\overset {U}{\mathop \sum }} \underset {{k_u}=1}{\overset {K_u}{\mathop \sum }}\,\!f_4(\bm {\varphi }[n]) = \!\varpi _{k_u}\Big (\bm {\varphi }^\textrm {H}[n] \mathbf {A}[n] \bm {\varphi }[n] \nonumber \\ &\hspace {10mm} - 2\sqrt {\overline {\chi }_{k_u}[n] p_{k_u}[n]}\Re \big \{\!\bm {\varphi }^\textrm {H}[n] \mathbf {b}[n] \!\big \}\Big ) , \label {eq25a}\\ & \textrm {s.t.} ~\eqref {eq9d}, \label {eq25b}\end {align}


$\mathbf {A}[n]\! =\! \big (|\rho _{k_u}[n]|^2 \sum \nolimits _{{\tilde {u}}=1}^{U}\sum \nolimits _{{\tilde {k}}=1}^{K_{\tilde {u}}}\mathbf {z}_{{k_u},{\tilde {k}}_{\tilde {u}}}[n] \mathbf {z}_{{k_u},{\tilde {k}}_{\tilde {u}}}^{\textrm {H}}[n] p_{{\tilde {k}}_{\tilde {u}}}[n] \big )$
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$\mathbf {b}[n]\! =\! \rho _{k_u}^*[n]\mathbf {z}_{{k_u},{k_u}}[n]\! \in \! \mathbb {C}^{R\times 1}$


$f_4(\bm {\varphi }[n])$
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\begin {align}\label {eq26} &\hspace {-2mm}\textrm {grad}f(\bm {\varphi }^{(j)}[n])\! =\! \nabla f_4(\bm {\varphi }^{(j)}[n])\! \nonumber \\ &\hspace {19mm} -\! \Re \{\nabla f_4(\bm {\varphi }^{(j)}[n])\! \circ \! {(\bm {\varphi }^{(j)}[n])}^*\}\! \circ \! \bm {\varphi }^{(j)}[n],\end {align}
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$f_4(\bm {\varphi }^{(j)}[n])$


\begin {align}\label {eq27} \nabla f_4(\bm {\varphi }^{(j)}[n]) = \varpi _{k_u}\big (\mathbf {A}[n] \bm {\varphi }^{(j)}[n] - \Re \{\mathbf {b}[n]\}\big ).\end {align}
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\begin {align}& (\textrm {P}6): ~\max \limits _{\mathcal {Q}, \mathcal {X}, \mathcal {B} } {f_3}( \mathcal {Q}, \mathcal {X}, \mathcal {B} ) , \label {eq31a}\\ & \qquad \qquad \textrm {s.t.} ~\eqref {eq9e}, ~\eqref {eq9f}. \label {eq31b}\end {align}


$\mathcal {X}$


$\mathcal {B}$


$\text {UE}_{k_u}$


\begin {equation}\label {eq32} \mathbf {G}[n]=\frac {\mathbf {\hat {G}}[n]}{d_{\text {BR}}^{\frac {\kappa }{2}}[n]}, ~{\mathbf {h}_{k_u}}[n] = \frac {{\mathbf {\hat {h}}_{k_u}}[n]} {d_{\text {RU,}{k_u}}^{\frac {\tau }2}[n] },\end {equation}


\begin {equation}\label {eq33} \mathbf {\hat {G}}[n] = \sqrt {\beta }{\mathbf {a}_{\textrm {RIS}}}(\mu [n])\mathbf {a}_\textrm {BS}^\textrm {H}(\psi [n]) ,\!\end {equation}


\begin {equation}\label {eq34} \mathbf {\hat {h}}_{k_u}[n] = \sqrt {\beta }\mathbf {a}_\textrm {RIS}(\omega _{k_u}[n]).\end {equation}


$(\textrm {P}6)$


\begin {align}&(\textrm {P}7): ~\max \limits _{\mathcal {Q}} \frac {1}{N} \sum _{n=1}^{N} \sum _{u=1}^{U} \sum _{k_u=1}^{K_u} \varpi _{k_u} \Bigg ( \frac {E_{{k_u}}^{(1)}[n]}{d_{\text {RU,}{k_u}}^{\frac {\tau }{2}}[n]d_{\text {BR}}^{\frac {\kappa }{2}}[n]} \notag \\ & \qquad \quad - \frac {E_{k_u}^{(2)}[n]}{d_{\text {RU,}{k_u}}^{\tau }[n]d_{\text {BR}}^{\kappa }[n]}\Bigg ), \label {eq35a} \\ &\quad \textrm {s.t.} ~\eqref {eq9e}, ~\eqref {eq9f}, \label {eq35b}\end {align}
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\begin {align}& (\textrm {P}8): \max \limits _{\mathcal {Q}, \mathcal {X}_{\text {RU}},\mathcal {X}_{\text {BR}}} \frac {1}{N} \sum _{n=1}^{N} \sum _{u=1}^{U} \sum _{k_u=1}^{K_u} \varpi _{k_u}\Bigg ( \frac {E_{{k_u}}^{(1)}[n]}{x_{\text {RU,}{k_u}}^{\frac {\tau }{2}}[n]x_{\text {BR}}^{\frac {\kappa }{2}}[n]} - \frac {E_{{k_u}}^{(2)}[n]}{x_{\text {RU,}{k_u}}^{\tau }[n]x_{\text {BR}}^{\kappa }[n]}\Bigg ) , \label {eq38a}\\ & \quad \textrm {s.t.} ~{{x}_{\text {RU,}{k_u}}}[n]\ge {{d}_{\text {RU,}{k_u}}}[n],\text { }\forall {k_u},n, \label {eq38b}\\ & \qquad ~~ {{x}_{\text {BR}}}[n]\ge {{d}_{\text {BR}}}[n],\text { }\forall n, \label {eq38c}\\ & \qquad ~~\eqref {eq9e}, ~\eqref {eq9f}, \label {eq38d}\end {align}
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$\eqref {eq41}$


\begin {align}\label {eq41} &{{f}_5(\mathcal {Q}, \mathcal {X}_{\text {RU}}, \mathcal {X}_{\text {BR}})} \ge \frac {1}{N}\underset {n=1}{\overset {N}{\mathop \sum }} \underset {u=1}{\overset {U}{\mathop \sum }} \underset {k_u=1}{\overset {K_u}{\mathop \sum }}\,\varpi _{k_u}\big ( Z_{k_u,0}^{(1)}[n]+Z_{k_u,0}^{(2)}[n]({{x}_{\text {RU,}k_u}}[n]\notag \\&\qquad \qquad \qquad \qquad -{{x}_{\text {RU,}k_u,0}}[n]) + Z_{k_u,0}^{(3)}[n]({{x}_{\text {BR}}}[n]-{{x}_{\text {BR},0}}[n]) \big ) ,\\ \label {eq42} &Z_{{k_u},0}^{(1)}[n]=\frac {E_{{k_u}}^{(1)}[n]}{x_{\text {RU,}{k_u},0}^{\frac {\tau }{2}}[n]x_{\text {BR,0}}^{\frac {\kappa }{2}}[n]}-\frac {E_{{k_u}}^{(2)}[n]}{x_{\text {RU,}{k_u},0}^{\tau }[n]x_{\text {BR,0}}^{\kappa }[n]},\\ \label {eq43} & Z_{{k_u},0}^{(2)}[n]=\frac {\partial Z_{{k_u},0}^{(1)}[n]}{\partial {{x}_{\text {RU,}{k_u},0}}[n]}=-\frac {\tau }{2}x_{\text {RU,}{k_u},0}^{-\frac {\tau }{2}-1}[n]x_{\text {BR,0}}^{-\frac {\kappa }{2}}[n]E_{{k_u}}^{(1)}[n] \nonumber \\ &\hspace {13mm} + \tau x_{\text {RU,}{k_u},0}^{-\tau -1}[n]x_{\text {BR,0}}^{-\kappa }[n]E_{{k_u}}^{(2)}[n],\\ \label {eq44} &Z_{{k_u},0}^{(3)}[n]=\frac {\partial Z_{{k_u},0}^{(1)}[n]}{\partial {{x}_{\text {BR},0}}[n]}=-\frac {\kappa }{2}x_{\text {BR,0}}^{-\frac {\kappa }{2}-1}[n]x_{\text {RU,}{k_u},0}^{-\frac {\tau }{2}}[n]E_{{k_u}}^{(1)}[n] \nonumber \\ &\hspace {13mm} +\kappa x_{\text {BR,0}}^{-\kappa -1}[n]x_{\text {RU,}{k_u},0}^{-\tau }[n]E_{{k_u}}^{(2)}[n].\end {align}
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\begin {align}& (\textrm {P}9): \max \limits _{\mathcal {Q}, \mathcal {X}_{\text {RU}}, \mathcal {X}_{\text {BR}}} \frac {1}{N}\sum _{n=1}^{N} \sum _{u=1}^{U} \sum _{k_u=1}^{K_u} \varpi _{k_u}\Big (Z_{{k_u},0}^{(2)}[n]{{x}_{\text {RU,}{k_u}}}[n] \notag \\ & \qquad \qquad + Z_{{k_u},0}^{(3)}[n]{{x}_{\text {BR}}}[n]\Big ), \label {eq45a} \\ & \quad \textrm {s.t.} ~\eqref {eq39}, ~\eqref {eq40}, ~\eqref {eq9e}, ~\eqref {eq9f}. \label {eq45b}\end {align}
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power allocation, to maximize energy efficiency (EE). The first study 
on UAV networks using orthogonal frequency division multiple access 
technology was conducted in [6].

In practical applications, UAV-enabled mobile relay communication 
systems encounter a variety of challenges. First, UAVs require substan-
tial energy for flight control and face even higher energy demands dur-
ing signal transmission and data processing. Their limited on-board en-
ergy supply makes flight endurance a primary constraint on their devel-
opment and application [7]. The study [8] analyzed the various factors 
affecting UAV energy consumption and established a relationship be-
tween energy consumption and relevant parameters. Second, ensuring 
reliable UAV relay communication in complex wireless environments, 
such as under adverse weather conditions, is particularly challenging. 
This affects long-term communication, complex computing tasks, and 
communication in intricate environments [9]. Notably, these challenges 
in UAV relay communication systems are expected to be alleviated by 
the application of reconfigurable intelligent surface (RIS) technology, 
which can further accelerate the development of 6G networks.

RIS is a technology with programmable electromagnetic properties 
that dynamically adjusts the amplitude, phase, and polarization of in-
coming electromagnetic waves to optimize wireless propagation envi-
ronment and increase transmission efficiency [10–14]. A robust beam-
forming was designed in [15] for RIS-assisted multi-user equipment 
(UE) millimeter-wave systems with imperfect channel state information. 
Research on RIS-assisted secure communications in multi-UE multiple-
input multiple-output (MIMO) systems was conducted in [16–18]. The 
work [19] studied an RIS-aided wireless network, where an RIS with 
only a finite number of phase shifts at each element is deployed to assist 
the communication from a multi-antenna access point (AP) to multiple 
single-antenna users. In [20], a distributed RIS scheme achieved 33%
and 68% EE improvements over traditional RIS and amplify-and-forward 
relay schemes in single-UE and multi-UE scenarios, respectively.

1.1.  Related works and motivation

Integrating UAV with RIS leads to RIS-UAV systems. As shown in 
[21], RIS-UAV systems consume less power and therefore offer higher 
EE compared with using UAV without RIS. The study [22] investigated 
the communication quality optimization problem in RIS-UAV systems 
and validated the feasibility of installing RIS on UAVs for the first time 
through prototypes. The work [23] studied the maximization of EE in 
the RIS-UAV based uplink, where the proposed design can increase EE 
by 38% compared with the traditional UAV scheme without RIS. In [24], 
a joint RIS passive beamforming and UAV trajectory optimization was 
addressed, and a successive convex approximation (SCA) scheme was 
adopted to attain sub-optimal trajectory solutions. The work [25] pro-
posed a security transmission algorithm for RIS-UAV assisted communi-
cation networks in the presence of eavesdroppers. Through joint active 
beamforming and UAV trajectory optimization, the study [26] maxi-
mized the spectral efficiency (SE) and EE for RIS-UAV assisted MIMO 
communication systems. The authors of [27] proposed an active and 
hybrid RIS-aided UAV relay communication system and demonstrated 
that the proposed system achieves higher EE than the existing passive 
RIS and traditional UAV relay systems. Most existing studies on RIS-
UAV trajectory optimization focus on single-UE scenarios, neglecting 
the challenges in multi-UE systems[24–28], resulting in limited appli-
cability of the proposed algorithms.

To further address the aforementioned limitations and explore more 
advanced optimization strategies in multi-UE environments, recent re-
search has focused on extending RIS-UAV systems to multi-UE scenarios 
with more complex optimization objectives and constraints. An energy 
harvesting scheme was proposed in [29] for the RIS-UAV aided multi-
UE communication system to enhance the EE of the system. This scheme 
enables the system to transmit information and harvest energy simulta-
neously by dividing the passive reflection arrays in geometric space. 
In order to maximize the weighted sum rate (WSR) of a RIS-UAV as-

sisted multi-UE communication system, the authors of [30] jointly op-
timized BS active beamforming, RIS passive beamforming and UAV de-
ployment location using the block coordinate descent (BCD) and SCA 
method. Furthermore, under limited backhaul capacity constraints, the 
study [31] considered a joint optimization of active/passive beamform-
ing, RIS-UAV trajectory and UE scheduling to maximize the average 
weighted total rate of the wireless MIMO downlink. By jointly optimiz-
ing the passive beamforming and UAV position, the study [32] maxi-
mized the system WSR for a RIS-UAV assisted multi-UE cell-free mas-
sive MIMO system. It also analyzed the optimal position of RIS-UAV un-
der uniform and non-uniform UE distributions. Notably, existing stud-
ies often assume that multi-UE are distributed within a concentrated 
area [29–33]. This assumption deviates from real-world user deploy-
ments in multiple dispersed areas and limits the design of trajectory 
optimization. Furthermore, the integration of RIS with emerging tech-
niques such as non-orthogonal multiple access (NOMA) and ambient 
backscatter communications has also attracted considerable attention. 
For instance, the physical-layer authentication and hardware impair-
ment issues in ambient backscatter-aided NOMA systems were inves-
tigated in [34] and [35], respectively, highlighting the importance of 
secure and reliable RIS-assisted transmissions in resource-constrained 
scenarios. In this work, we focus on the active-strategy RIS-UAV (ARIS-
UAV) paradigm, where the RIS-UAV trajectory is actively optimized, 
while the passive-strategy RIS-UAV (PRIS-UAV) case with fixed trajec-
tory is used as a performance baseline for comparison.

1.2.  Contribution and organization

This paper considers a multi-area user (MAU) communication system 
assisted by a RIS-UAV, where UEs are distributed across multiple geo-
graphically separated user areas (UAs). In order to maximize the system 
WSR while ensuring service fairness between UAs, we jointly optimize 
the BS power allocation, active/passive beamforming and RIS-UAV tra-
jectory. Our key contributions are summarized as follows.

1) A RIS-UAV aided MAU system is studied, where UEs are distributed 
across multiple dispersed UAs. The RIS-UAV flies between prede-
fined starting and ending positions while maintaining service fair-
ness among UAs. In order to maximize the system WSR, a joint 
optimization framework is developed for BS power allocation, ac-
tive/passive beamforming and RIS-UAV trajectory. The resulting op-
timization is non-convex owing to the unit-modulus constraints on 
beamformings and the coupling of optimization variables.

2) A phase-wise alternating convergent (PAC) algorithm framework 
is proposed, which decouples this challenging problem into two 
phases, specifically, the joint optimization phase for the BS power 
allocation and active/passive beamforming, and the RIS-UAV trajec-
tory optimization phase. We further decompose the BS power alloca-
tion and active/passive beamforming joint optimization phase into 
two sub-phases, namely, the BS power allocation optimization sub-
phase and the active/passive beamforming joint optimization sub-
phase. For the BS power allocation optimization sub-phase, a con-
vex optimization method is used. For the active/passive beamform-
ing joint optimization sub-phase, a manifold optimization algorithm 
based on fractional programming (FP) is employed.

3) For the RIS-UAV trajectory optimization phase, the SCA algorithm is 
widely used due to its ability to convert non-convex problems into 
convex ones [24,26,28,36]. However, this conversion often leads to 
a complex objective function and imposes high computational load. 
To overcome this difficulty, we propose a distance-weighted (DW) 
FP-SCA algorithm based on the distance information from the UEs 
to the starting point of the trajectory. This algorithm simplifies the 
optimization process, reduces complexity, and improves communi-
cation fairness in the MAU system by assigning higher weights to 
users farther from the starting point, thereby enhancing overall net-
work performance.
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Fig. 1. RIS-UAV aided MAU communication system.

4) Simulations demonstrate that the proposed DW FP-SCA algorithm 
significantly improves system performance and fairness. Compared 
with the average weighted (AW) FP-SCA and traditional SCA 
schemes, our algorithm achieves a higher WSR while ensuring more 
balanced communication services across all UAs. Specifically, our 
DW FP-SCA algorithm effectively mitigates the problem of insuffi-
cient service time at the far-end UAs by dynamically adjusting the 
RIS-UAV trajectory and resource allocation based on the designed UE 
weights. In addition, we conducted simulations to evaluate the con-
vergence time of our proposed algorithm using the traditional SCA 
algorithm as a benchmark. We also investigated the effects of RIS-
UAV deployment altitude, BS transmit power, the number of BS an-
tennas, and the number of RIS units on the achievable system WSR.

The remainder of this paper is structured as follows. The system 
model and problem formulation are presented in Section 2. Our pro-
posed optimization framework is detailed in Section 3. Complexity anal-
ysis of the proposed algorithm is given in Section 4, and the simulation 
results are provided in Sections 5. Our concluding remarks are offered 
in Section 6.

Notation: We use italic letters to represent scalars, and lower-case and 
capital bold-face letters to denote vectors and matrices, respectively. 
The conjugate, transpose, conjugate transpose and inverse operations 
are denoted by [⋅]*, [⋅]T, [⋅]H and [⋅]-1, respectively. ℂ𝐾×𝑁  represents 
the 𝐾 ×𝑀-dimensional complex space, ‖⋅‖ denotes the Euclidean norm, 
and ℜ{⋅} strands for the real part of a complex-valued number. The 
circularly symmetric complex Gaussian (CSCG) distribution with zero-
mean and variance 𝜎2 is denoted by  (0, 𝜎2). 𝐈𝐾×𝐾 stands for the 𝐾 ×
𝐾 identity matrix and the operator ◦ signifies element-wise product.

2.  System model and problem formulation

2.1.  System model

Fig. 1 depicts the RIS-UAV aided MAU communication system con-
ceived. In this system, the BS is assumed to deploys 𝑀 antennas ar-
ranged in a uniform linear array array, while a UAV is integrated with 
a RIS that has 𝑅 elements of a uniform planar array. There exist no di-
rect links between the BS and UEs, and signal transmitted by the BS 
can only be reflected by the RIS to UEs. Each UE is assumed to equip 
with a single antenna. The RIS-UAV acts as relay to serve 𝑈 UAs. Let 
𝐾𝑢 be the number of users in the 𝑢-th UA, 𝑢∈{1, 2,… , 𝑈}, and the 
number of total users is 𝐾=

∑𝑈
𝑢=1 𝐾𝑢. This clustered distribution im-

poses unique constraints on the UAV trajectory, as the UAV must serve 
a group of users within a finite area rather than isolated points. The 
RIS-UAV commences its journey at the starting point and proceeds to 

the ending point, navigating along a designated trajectory. Through-
out this voyage, it maintains a consistent altitude of 𝐻 and adheres 
to a speed of 𝑉max. The mission period 𝑇  is partitioned into 𝑁 equal-
length time slots, and the duration of a time slot is ∇𝑡, i.e., 𝑇 =𝑁 ∇𝑡. 
Denote the horizontal coordinate of the RIS-UAV in the 𝑛-th time slot 
by 𝐥RIS[𝑛]=

[

𝑥RIS[𝑛], 𝑦RIS[𝑛]
]

, 𝑛∈ ={1, 2,… , 𝑁}. Furthermore, the start-
ing point and ending point coordinates of the RIS-UAV are given by 
𝐥RIS[1]= 𝐥I and 𝐥RIS[𝑁]= 𝐥F. During the entire flight period, the trajectory 
of the RIS-UAV satisfies ‖𝐥RIS[𝑛 + 1] − 𝐥RIS[𝑛]‖2 ≤

(

𝑉max∇𝑡
)2, ∀𝑛.

The channel linking the BS to the RIS-UAV in the 𝑛-th time slot, 
denoted by 𝐆[𝑛]∈ℂ𝑅×𝑀 , can be expressed as

𝐆[𝑛]=
√

𝛽𝑑−𝜅BR [𝑛]𝐚RIS(𝜇[𝑛])𝐚
H
BS(𝜓[𝑛]), (1)

in which 𝛽 denotes the channel power gain at unit distance, 𝜅 is the path 
loss exponent, and 𝑑BR[𝑛]=

√

𝐻2+‖𝐥RIS[𝑛]−𝐥BS‖2 represents the distance 
from the BS to the RIS-UAV in which 𝐥BS=[𝑥BS, 𝑦BS] is the horizontal 
coordinate of the BS. In (1), 𝐚RIS(𝜇[𝑛]) is the RIS receive array response 
vector and 𝐚BS(𝜓[𝑛]) is the BS transmit array response vector, where 𝜇[𝑛]
and 𝜓[𝑛] indicate the RIS-UAV’s angle of arrival and the BS’s angle of 
departure information respectively, as elaborated in [37].

Denote the 𝑘𝑢-th UE in the 𝑢-th UA by UE𝑘𝑢 , where 𝑘𝑢∈𝑢 =
{1,… , 𝐾𝑢} with 𝑢∈ = {1,… , 𝑈}. Similarly, in the 𝑛-th time slot, the 
channel linking the RIS-UAV to UE𝑘𝑢 , denoted by 𝐡𝑘𝑢 [𝑛], can be ex-
pressed as

𝐡𝑘𝑢 [𝑛] =
√

𝛽𝑑−𝜏RU,𝑘𝑢 [𝑛]𝐚RIS(𝜔𝑘𝑢 [𝑛]), (2)

where 𝜏 is the link’s path loss exponent, 𝑑RU,𝑘𝑢 [𝑛]=
√

𝐻2+‖𝐥RIS[𝑛]−𝐥UE,𝑘𝑢‖
2 is the distance from the RIS-UAV to UE𝑘𝑢 , and 

𝐥UE,𝑘𝑢 =[𝑥UE,𝑘𝑢 , 𝑦UE,𝑘𝑢 ] is the horizontal coordinate of UE𝑘𝑢 . The RIS 
transmit array response vector 𝐚RIS(𝜔𝑘𝑢 [𝑛]) in (2) with 𝜔𝑘𝑢 [𝑛] being the 
RIS-UAV’s angle of departure information to UE𝑘𝑢 , is also referenced in 
[37].

The complex baseband signal transmitted by the BS in the 𝑛-th time 
slot can be written as

𝐱[𝑛] =
𝑈
∑

𝑢=1

𝐾𝑢
∑

𝑘𝑢=1
𝐰𝑘𝑢 [𝑛]

√

𝑝𝑘𝑢 [𝑛]𝑠𝑘𝑢 [𝑛], (3)

where 𝑠𝑘𝑢 [𝑛] denotes the transmitted data to UE𝑘𝑢 , 𝑝𝑘𝑢 [𝑛] repre-
sents the power allocated for UE𝑘𝑢 , and 𝐰𝑘𝑢 [𝑛]∈ℂ𝑀×1 is the BS’s 
transmit beamforming vector for UE𝑘𝑢 . In the time slot 𝑛, we 
will define 𝐖[𝑛]=

[

𝐰11 [𝑛],… ,𝐰𝐾1
[𝑛],… ,𝐰1𝑈 [𝑛],… ,𝐰𝐾𝑈 [𝑛]

]H∈
ℂ𝐾×𝑀  as the BS’s active beamforming matrix, and 𝐩[𝑛]=
[

𝑝11 [𝑛],… , 𝑝𝐾1
[𝑛],… , 𝑝1𝑈 [𝑛],… , 𝑝𝐾𝑈 [𝑛]

]T∈ℂ𝐾×1 as the BS power 
allocation vector.

2.2.  Optimization problem formulation

Our aim is to maximize the achievable system’s WSR by jointly 
optimizing the BS power allocation, active/passive beamforming and 
RIS-UAV trajectory subject to all the system constraints. To this re-
gard, we first present the signal-to-interference-plus-noise ratio (SINR) 
of UE𝑘𝑢  in the 𝑛-th time slot, denoted by 𝛾𝑘𝑢 [𝑛]. Define the RIS’s phase-
shift matrix by 𝚽[𝑛]=diag{𝜑1[𝑛],… , 𝜑𝑅[𝑛]}∈ℂ𝑅×𝑅, where 𝜑𝑟[𝑛]=𝑒𝑗𝜃𝑟[𝑛], 
𝜃𝑟[𝑛] ∈ [0, 2𝜋) and 𝑟∈={1,… , 𝑅}. Then 𝛾𝑘𝑢 [𝑛] is calculated according 
to

𝛾𝑘𝑢 [𝑛]=
|

|

|

𝐡H𝑘𝑢 [𝑛]𝚽[𝑛]𝐆[𝑛]𝐰𝑘𝑢 [𝑛]
|

|

|

2
𝑝𝑘𝑢 [𝑛]

𝑈
∑

𝑢̃=1

𝐾𝑢̃
∑

𝑘̃𝑢̃=1,𝑘̃𝑢̃≠𝑘𝑢

|

|

|

𝐡H𝑘𝑢 [𝑛]𝚽[𝑛]𝐆[𝑛]𝐰𝑘̃𝑢̃ [𝑛]
|

|

|

2
𝑝𝑘̃𝑢̃ [𝑛]+𝜎

2
𝛿

, (4)

where 𝜎2𝛿  represents the noise power.
Over all the time slots, define the transmission power of the BS as 

≜{𝐩[𝑛],∀𝑛}, the active beamformings at the BS as ≜{𝐖[𝑛],∀[𝑛]}, the 
passive beamformings at the RIS as ≜{𝚽[𝑛],∀𝑛}, and the trajectory of 
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Fig. 2. The PAC algorithm framework.

the RIS-UAV as ≜{𝐥RIS[𝑛],∀𝑛}. Then our proposed WSR maximization 
problem can be formulated as 
(P1) ∶ max

 , ,,
𝑓1( , ,,)

= 1
𝑁

𝑁
∑

𝑛=1

𝑈
∑

𝑢=1

𝐾𝑢
∑

𝑘𝑢=1
𝜛𝑘𝑢 log2

(

1 + 𝛾𝑘𝑢 [𝑛]
)

, (5a)

s.t.
𝑈
∑

𝑢=1

𝐾𝑢
∑

𝑘𝑢=1
𝑝𝑘𝑢 [𝑛] ≤ 𝑃max, 𝑝𝑘𝑢 [𝑛] > 0,∀𝑘𝑢, 𝑛, (5b)

‖𝐰𝑘𝑢 [𝑛]‖
2 = 1,∀𝑘𝑢, 𝑛, (5c)

|𝜑𝑟[𝑛]|2 = 1,∀𝑟, 𝑛, (5d)

‖𝐥RIS[𝑛 + 1] − 𝐥RIS[𝑛]‖2 ≤ (𝑉max∇𝑡)2,∀𝑛, (5e)

𝐥RIS[1] = 𝐥I, 𝐥RIS[𝑁] = 𝐥F, (5f)

where 𝜛𝑘𝑢  is the weight for UE𝑘𝑢 . In this optimization, the constraint
(5b) ensures that the BS’s total transmission power is within the power 
limit 𝑃max, the constraint (5c) imposes the unit modulus on the BS’s 
active beamforming vectors, and the constraint (5d) ensures the unit 
modulus for the all RIS’s passive beamforming elements, while the con-
straints (5e) and (5f) ensure the physical feasibility and boundary con-
ditions in the RIS-UAV dynamic adjustment process.

3.  Algorithm design for joint optimization

In order to effectively solve the challenging non-convex optimiza-
tion problem (P1), we design a PAC algorithm framework as shown in 
Fig. 2. First, the objective function 𝑓1 is converted into a more man-
ageable equivalent form by utilizing the FP technique. Then, the recon-
structed problem is decomposed into two optimization phases, with the 
first phase performing the joint optimization of the BS power allocation 
and active/passive beamforming, and the second phase carrying out the 
RIS-UAV trajectory optimization.

The first phase, which involves the joint optimization of BS power 
allocation and active/passive beamforming, is further divided into the 
BS power allocation sub-phase and the active/passive beamforming sub-
phase, which are iteratively optimized. Each iteration begins with the 
results from the previous iteration. The process involves optimizing the 
first sub-phase until convergence, followed by optimizing the second 
sub-phase until convergence. This sequence continues until the entire 
first phase converges. The second phase involves the RIS-UAV trajec-
tory optimization, which is addressed using the DW FP-SCA trajectory 

optimization algorithm proposed in this paper and iterated until con-
vergence.

3.1.  Equivalent transformation of optimization (𝑃 1)

The FP algorithm [38] is utilized to equivalently transform the opti-
mization problem (P1). This equivalent transformation involves apply-
ing the Lagrangian dual transformation and the quadratic transforma-
tion method.

In order to apply the Lagrangian dual transformation, an auxiliary 
variable 𝝌[𝑛]=[

𝜒11 [𝑛],… , 𝜒𝐾1
[𝑛],… , 𝜒1𝑈 [𝑛],… , 𝜒𝐾𝑈 [𝑛]

]T is introduced 
for the time slot 𝑛. By defining ≜{𝝌[𝑛],∀𝑛}, the objective function 𝑓1
is equivalent to

𝑓2( , ,,,)= 1
𝑁

𝑁
∑

𝑛=1

𝑈
∑

𝑢=1

𝐾𝑢
∑

𝑘𝑢=1
𝜛𝑘𝑢

(

log2
(

𝜒̄𝑘𝑢 [𝑛]
)

− 𝜒𝑘𝑢 [𝑛]+
𝜒̄𝑘𝑢 [𝑛]|𝑣𝑘𝑢 ,𝑘𝑢 [𝑛]|

2𝑝𝑘𝑢 [𝑛]
∑𝑈
𝑢̃=1

∑𝐾𝑢̃
𝑘̃𝑢̃=1

|𝑣𝑘𝑢 ,𝑘̃𝑢̃ [𝑛]|
2𝑝𝑘̃𝑢̃ [𝑛]+𝜎

2
𝛿

)

, (6)

where 𝑣𝑘𝑢 ,𝑘̃𝑢̃ [𝑛]=𝐡H𝑘𝑢 [𝑛]𝚽[𝑛]𝐆[𝑛]𝐰𝑘̃𝑢̃ [𝑛] and 𝜒̄𝑘𝑢 [𝑛]=1+𝜒𝑘𝑢 [𝑛]. To apply 
the quadratic transformation method, an auxiliary variable 𝝆[𝑛]=
[

𝜌11 [𝑛],… , 𝜌𝐾1
[𝑛],… , 𝜌1𝑈 [𝑛],… , 𝜌𝐾𝑈 [𝑛]

]T is introduced for the 𝑛-th time 
slot. By defining ≜{𝝆[𝑛],∀𝑛}, the function 𝑓2 can be equivalently trans-
formed into the function 𝑓3 written as (7), shown at the top of next page.

𝑓3( , ,,, ,) = 1
𝑁

𝑁
∑

𝑛=1

𝑈
∑

𝑢=1

𝐾𝑢
∑

𝑘𝑢=1
𝜛𝑘𝑢

(

log2
(

𝜒̄𝑘𝑢 [𝑛]
)

− 𝜒𝑘𝑢 [𝑛]

+ 2
√

𝜒̄𝑘𝑢 [𝑛]𝑝𝑘𝑢 [𝑛]ℜ
{

𝜌∗𝑘𝑢 [𝑛]𝑣𝑘𝑢 ,𝑘𝑢 [𝑛]
}

− |𝜌𝑘𝑢 [𝑛]|
2
( 𝑈
∑

𝑢̃=1

𝐾𝑢̃
∑

𝑘̃𝑢̃=1

𝑝𝑘̃𝑢̃ [𝑛]|𝑣𝑘𝑢 ,𝑘̃𝑢̃ [𝑛]|
2 + 𝜎2𝛿

)

)

. (7)

Then the optimization (P1) is equivalently transformed to the follow-
ing optimization problem 
(P2) ∶ max

 , ,,, ,
𝑓3( , ,,, ,), (8a)

s.t. (5b), (5c), (5d), (5e), (5f). (8b)

When the optimization variables  ,  ,  and  are fixed, the opti-
mal 𝜒𝑘𝑢 [𝑛] and 𝜌𝑘𝑢 [𝑛], ∀𝑘𝑢, 𝑛, are given by
⎧

⎪

⎨

⎪

⎩

𝜒̂𝑘𝑢 [𝑛] = 𝛾𝑘𝑢 [𝑛],

𝜌̂𝑘𝑢 [𝑛] =

√

𝜒̄𝑘𝑢 [𝑛]𝑝𝑘𝑢 [𝑛]𝑣𝑘𝑢,𝑘𝑢 [𝑛]
∑𝑈
𝑢̃=1

∑𝐾𝑢̃
𝑘̃𝑢̃=1

𝑝𝑘̃𝑢̃ [𝑛]|𝑣𝑘𝑢,𝑘̃𝑢̃ [𝑛]|
2+𝜎2𝛿

.
(9)

3.2.  First phase: BS power allocation and active/passive beamforming joint 
optimization

Given initial , the optimization problem (P2) becomes 
(P3) ∶ max

 , ,, ,
𝑓3( , ,, ,), (10a)

s.t. (5b), (5c), (5d). (10b)

According to our proposed PAC algorithm framework, the optimization 
(P3) is further partitioned into two sub-phases.

3.2.1.  Sub-phase i BS power allocation optimization
When the optimization variables  and  are given, the optimiza-

tion problem (P3) becomes
(P4) ∶ max

 , ,
𝑓3( , ,), s.t. (5b). (11)

In order to solve (P4), the alternating optimization (AO) algorithm is ap-
plied to alternately update the variables  ,  and  until convergence 
of 𝑓3( , ,) is achieved. More specifically, with  fixed,  and  can 
be derived according to (9). With given  and , the optimization (P4) is 
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a convex problem with respect to  , and this enables us to directly em-
ploy the Karush-Kuhn-Tucker conditions to obtain the optimal solution 
for 𝑝𝑘𝑢 [𝑛] as

𝑝̂𝑘𝑢 [𝑛]=

⎛

⎜

⎜

⎜

⎝

√

𝜒̄𝑘𝑢 [𝑛]ℜ
{

𝜌∗𝑘𝑢 [𝑛]𝑣𝑘𝑢 ,𝑘𝑢 [𝑛]
}

∑𝑈
𝑢̃=1

∑𝐾𝑢̃
𝑘̃𝑢̃=1

(

|𝜌𝑘̃𝑢̃ [𝑛]|
2
|𝑣𝑘𝑢 ,𝑘̃𝑢̃ [𝑛]|

2
)

+𝐿𝑟[𝑛]

⎞

⎟

⎟

⎟

⎠

2

, (12)

where 𝐿𝑟[𝑛] denotes the Lagrange multiplier for the BS’s total trans-
mission power constraint (5b), and it can be determined by using the 
bisection method [39].

3.2.2.  Sub-phase II active/passive beamforming joint optimization
Given the optimization variable  , the problem (P3) becomes

(P5) ∶ max
 ,, ,

𝑓3( ,, ,), s.t. (5c), (5d). (13)

Similarly, the AO algorithm can be utilized to solve the problem (P5), 
which alternately optimizes  , ,  and  until the value 𝑓3( ,, ,)
stops improving. Since given  and , the variables  and  can be 
computed according to (9), the key steps in this alternating optimiza-
tion procedure are the active beamforming optimization and passive 
beamforming optimization.

2.1) Optimization of Active Beamforming: With given ,  and , the 
BS’s active beamforming matrices  are optimized. With the aim of 
facilitating this optimization, the standard Riemannian manifold [40] is 
adopted to transform the constraint (5c), and the optimization (P5) is 
reformulated as
max


𝑓3(), s.t. 𝐈𝐾×𝐾◦
(

𝐖[𝑛]𝐖H[𝑛]
)

= 𝐈𝐾×𝐾 ,∀𝑛. (14)

The Oblique conjugate gradient algorithm [40] is utilized to arrive 
at the steady-state solution of 𝑓3(), with the 𝑗-th iteration summarized 
below.

• Compute Oblique gradient:
grad𝑓

(

𝐖(𝑗)[𝑛]
)

= ∇𝑓3
(

𝐖(𝑗)[𝑛]
)

−
(

𝐈𝐾×𝐾◦ℜ
{

𝐖(𝑗)[𝑛](∇𝑓3(𝐖(𝑗)[𝑛]))H
})

𝐖(𝑗)[𝑛], (15)

where ∇𝑓3(𝐖(𝑗)[𝑛]) denotes the standard Euclidean gradient of 
𝑓3(𝐖(𝑗)[𝑛]). Denote 𝐡̂𝑘𝑢 [𝑛]=𝐡H𝑘𝑢 [𝑛]𝚽[𝑛]𝐆[𝑛]. Then ∇𝑓3(𝐖(𝑗)[𝑛]) is 
given by (16) at the top of this page.
∇𝑓3(𝐖(𝑗)[𝑛]) = 𝜛𝑘𝑢

×

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎣

√

𝜒̄11 [𝑛]𝑝11 [𝑛]𝜌
*
11
[𝑛]𝐡̂11 [𝑛] −

∑𝑈
𝑢=1

∑𝐾𝑢
𝑘𝑢=1

|𝜌𝑘𝑢 [𝑛]|
2𝑝11 [𝑛]𝐰

H
11
[𝑛]𝐡̂H𝑘𝑢 [𝑛]𝐡̂𝑘𝑢 [𝑛]

⋮
√

𝜒̄𝐾1
[𝑛]𝑝𝐾1

[𝑛]𝜌*𝐾1
[𝑛]𝐡̂𝐾1

[𝑛] −
∑𝑈
𝑢=1

∑𝐾𝑢
𝑘𝑢=1

|𝜌𝑘𝑢 [𝑛]|
2𝑝𝐾1

[𝑛]𝐰H𝐾1
[𝑛]𝐡̂H𝑘𝑢 [𝑛]𝐡̂𝑘𝑢 [𝑛]

⋮
√

𝜒̄1𝑈 [𝑛]𝑝1𝑈 [𝑛]𝜌
*
1𝑈
[𝑛]𝐡̂1𝑈 [𝑛] −

∑𝑈
𝑢=1

∑𝐾𝑈
𝑘𝑢=1

|𝜌𝑘𝑢 [𝑛]|
2𝑝1𝑈 [𝑛]𝐰

H
1𝑈
[𝑛]𝐡̂H𝑘𝑢 [𝑛]𝐡̂𝑘𝑢 [𝑛]

⋮
√

𝜒̄𝐾𝑈
[𝑛]𝑝𝐾𝑈

[𝑛]𝜌*𝐾𝑈
[𝑛]𝐡̂𝐾𝑈

[𝑛] −
∑𝑈
𝑢=1

∑𝐾𝑈
𝑘𝑢=1

|𝜌𝑘𝑢 [𝑛]|
2𝑝𝐾𝑈

[𝑛]𝐰H𝐾𝑈
[𝑛]𝐡̂H𝑘𝑢 [𝑛]𝐡̂𝑘𝑢 [𝑛]

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎦

.

(16)

• Determine the search direction:

𝐃(𝑗)
W [𝑛] = −grad𝑓

(

𝐖(𝑗)[𝑛]
)

+ 𝛽(𝑗)W [𝑛]W
(

𝐃(𝑗−1)
W [𝑛]

)

, (17)

where 𝛽(𝑗)W [𝑛] is the Polak-Ribiére conjugate gradient update param-
eter given by 

𝛽(𝑗)W[𝑛]=
∇𝑓H3 (𝐖(𝑗)[𝑛])

(

∇𝑓3(𝐖(𝑗)[𝑛])−W(∇𝑓3(𝐖(𝑗−1)[𝑛]))
)

‖∇𝑓3(𝐖(𝑗−1)[𝑛])‖2
, (18)

and W(𝐃(𝑗−1)
W [𝑛]) is the projection function, which is expressed by

W
(

𝐃(𝑗−1)
W [𝑛]

)

=𝐃(𝑗−1)
W [𝑛]

−
(

𝐈𝐾×𝐾◦ℜ
{

𝐖(𝑗)[𝑛](𝐃(𝑗−1)
W [𝑛])H

})

𝐖(𝑗)[𝑛]. (19)

• Retract back onto Oblique manifold and update:

Apply the Armijo backtracking line search algorithm to determine 
the step size 𝑢1[𝑛], retract back onto Oblique manifold and update 
𝐖(𝑗+1)[𝑛] as given by (20) at the bottom of this page, where 𝑤𝑖𝑚[𝑛] and 
𝑑(𝑗)W,𝑖𝑚[𝑛] denotes the 𝑖-th row and 𝑚-th column elements of 𝐖[𝑛] and 
𝐃(𝑗)
W [𝑛], respectively.

𝐖(𝑗+1)[𝑛]

=

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎣

𝑤(𝑗)111
[𝑛]+𝑢1[𝑛]𝑑

(𝑗)
W,111

[𝑛]
√

∑𝑈
𝑢=1

∑𝐾𝑢
𝑘𝑢=1

|𝑤(𝑗)𝑘𝑢1
[𝑛]+𝑢1[𝑛]𝑑

(𝑗)
W,𝑘𝑢1

[𝑛]|2
⋯

𝑤(𝑗)11𝑀
[𝑛]+𝑢1[𝑛]𝑑

(𝑗)
W,11𝑀

[𝑛]
√

∑𝑈
𝑢=1

∑𝐾𝑢
𝑘𝑢=1

|𝑤(𝑗)𝑘𝑢𝑀
[𝑛]+𝑢1[𝑛]𝑑

(𝑗)
W,𝑘𝑢𝑀

[𝑛]|2

⋮
𝑤(𝑗)𝐾11

[𝑛]+𝑢1[𝑛]𝑑
(𝑗)
W,𝐾11

[𝑛]
√

∑𝑈
𝑢=1

∑𝐾𝑢
𝑘𝑢=1

|𝑤(𝑗)𝑘𝑢1
[𝑛]+𝑢1[𝑛]𝑑

(𝑗)
W,𝑘𝑢1

[𝑛]|2
⋯

𝑤(𝑗)𝐾1𝑀
[𝑛]+𝑢1[𝑛]𝑑

(𝑗)
W,𝐾1𝑀

[𝑛]
√

∑𝑈
𝑢=1

∑𝐾𝑢
𝑘𝑢=1

|𝑤(𝑗)𝑘𝑢𝑀
[𝑛]+𝑢1[𝑛]𝑑

(𝑗)
W,𝑘𝑢𝑀

[𝑛]|2

⋮
𝑤(𝑗)1𝑈 1[𝑛]+𝑢1[𝑛]𝑑

(𝑗)
W,1𝑈 1[𝑛]

√

∑𝑈
𝑢=1

∑𝐾𝑢
𝑘𝑢=1

|𝑤(𝑗)𝑘𝑢1
[𝑛]+𝑢1[𝑛]𝑑

(𝑗)
W,𝑘𝑢1

[𝑛]|2
⋯

𝑤(𝑗)1𝑈𝑀
[𝑛]+𝑢1[𝑛]𝑑

(𝑗)
W,1𝑈𝑀

[𝑛]
√

∑𝑈
𝑢=1

∑𝐾𝑢
𝑘𝑢=1

|𝑤(𝑗)𝑘𝑢𝑀
[𝑛]+𝑢1[𝑛]𝑑

(𝑗)
W,𝑘𝑢𝑀

[𝑛]|2

⋮
𝑤(𝑗)𝐾𝑈 1[𝑛]+𝑢1[𝑛]𝑑

(𝑗)
W,𝐾𝑈 1[𝑛]

√

∑𝑈
𝑢=1

∑𝐾𝑢
𝑘𝑢=1

|𝑤(𝑗)𝑘𝑢1
[𝑛]+𝑢1[𝑛]𝑑

(𝑗)
W,𝑘𝑢1

[𝑛]|2
⋯

𝑤(𝑗)𝐾𝑈𝑀
[𝑛]+𝑢1[𝑛]𝑑

(𝑗)
W,𝐾𝑈𝑀

[𝑛]
√

∑𝑈
𝑢=1

∑𝐾𝑢
𝑘𝑢=1

|𝑤(𝑗)𝑘𝑢𝑀
[𝑛]+𝑢1[𝑛]𝑑

(𝑗)
W,𝑘𝑢𝑀

[𝑛]|2

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎦

,

(20)

2.2) Optimization of Passive Beamforming: Given the opti-
mization variables  ,  and , the passive beamforming di-
agonal matrices  are optimized. By defining 𝐡H𝑘𝑢 [𝑛]𝚽[𝑛]𝐆[𝑛]
𝐰𝑖[𝑛]=𝝋H[𝑛]diag

{

𝐡H𝑘𝑢 [𝑛]
}

𝐆[𝑛]𝐰𝑖[𝑛]=𝝋H[𝑛]𝐳𝑘𝑢 ,𝑖[𝑛], where 𝝋[𝑛]=
[

𝜑1[𝑛],… , 𝜑𝑅[𝑛]
]H, the problem (P5) can be rewritten as 

min
𝝋[𝑛]

1
𝑁

𝑁
∑

𝑛=1

𝑈
∑

𝑢=1

𝐾𝑢
∑

𝑘𝑢=1
𝑓4(𝝋[𝑛]) =𝜛𝑘𝑢

(

𝝋H[𝑛]𝐀[𝑛]𝝋[𝑛]

− 2
√

𝜒𝑘𝑢 [𝑛]𝑝𝑘𝑢 [𝑛]ℜ
{

𝝋H[𝑛]𝐛[𝑛]
}

)

, (21a)

s.t. (5d), (21b)

where 𝐀[𝑛]=
(

|𝜌𝑘𝑢 [𝑛]|
2 ∑𝑈

𝑢̃=1
∑𝐾𝑢̃
𝑘̃=1

𝐳𝑘𝑢 ,𝑘̃𝑢̃ [𝑛]𝐳
H
𝑘𝑢 ,𝑘̃𝑢̃

[𝑛]𝑝𝑘̃𝑢̃ [𝑛]
)

∈ℂ𝑅×𝑅 and 
𝐛[𝑛]=𝜌∗𝑘𝑢 [𝑛]𝐳𝑘𝑢 ,𝑘𝑢 [𝑛]∈ℂ𝑅×1. We employ the Riemannian conjugate gra-
dient algorithm to arrive at the steady-state solution of 𝑓4(𝝋[𝑛]) [41], 
with the 𝑗-th iteration detailed below.

• Calculation of Oblique gradient:
grad𝑓 (𝝋(𝑗)[𝑛])=∇𝑓4(𝝋(𝑗)[𝑛])

−ℜ{∇𝑓4(𝝋(𝑗)[𝑛])◦(𝝋(𝑗)[𝑛])∗}◦𝝋(𝑗)[𝑛], (22)

where ∇𝑓4(𝝋(𝑗)[𝑛]) denotes the Euclidean gradient of 𝑓4(𝝋(𝑗)[𝑛]), ex-
pressed as 
∇𝑓4(𝝋(𝑗)[𝑛]) = 𝜛𝑘𝑢

(

𝐀[𝑛]𝝋(𝑗)[𝑛] −ℜ{𝐛[𝑛]}
)

. (23)

• Determine the search direction: 
𝐝(𝑗)Φ [𝑛] = −grad𝑓 (𝝋(𝑗)[𝑛]) + 𝛽(𝑗)Φ [𝑛]Φ

(

𝐝(𝑗−1)Φ [𝑛]
)

, (24)

where 𝛽(𝑗)Φ [𝑛] is similar to 𝛽(𝑗)W [𝑛] in  (16), and Φ
(

𝐝(𝑗−1)Φ [𝑛]
) denotes 

the projection function
Φ

(

𝐝(𝑗−1)Φ [𝑛]
)

= 𝐝(𝑗−1)Φ [𝑛]

−ℜ
{

𝐝(𝑗−1)Φ [𝑛]◦(𝝋(𝑗)[𝑛])∗
}

◦𝝋(𝑗)[𝑛]. (25)

• Retract back onto Riemannian manifold and update:

Apply the Armijo backtracking line search algorithm to select the 
step size 𝑢2[𝑛], retract back onto Riemannian manifold, and update 
𝝋(𝑗+1)[𝑛]: 

𝝋(𝑗+1)[𝑛]=

[

𝜑1[𝑛]+𝑢2[𝑛]𝑑
(𝑗)
Φ,1[𝑛]

|𝜑1[𝑛]+𝑢2[𝑛]𝑑
(𝑗)
Φ,1[𝑛]|

,… ,
𝜑𝑅[𝑛]+𝑢2[𝑛]𝑑

(𝑗)
Φ,𝑅[𝑛]

|𝜑𝑅[𝑛]+𝑢2[𝑛]𝑑
(𝑗)
Φ,𝑅[𝑛]|

]T

. (26)
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3.3.  Second phase: RIS-UAV trajectory optimization

In this phase, given  ,  and  , the problem (P2) is reformulated 
as 
(P6) ∶ max

, ,
𝑓3(, ,), (27a)

s.t. (5e), (5f). (27b)

where  and  can be updated by (9). The channel linking the BS and 
the RIS-UAV as well as the channel linking the RIS-UAV to UE𝑘𝑢  are 
rephrased respectively as

𝐆[𝑛] = 𝐆̂[𝑛]

𝑑
𝜅
2
BR[𝑛]

, 𝐡𝑘𝑢 [𝑛] =
𝐡̂𝑘𝑢 [𝑛]

𝑑
𝜏
2
RU,𝑘𝑢

[𝑛]
, (28)

where

𝐆̂[𝑛] =
√

𝛽𝐚RIS(𝜇[𝑛])𝐚HBS(𝜓[𝑛]), (29)

𝐡̂𝑘𝑢 [𝑛] =
√

𝛽𝐚RIS(𝜔𝑘𝑢 [𝑛]). (30)

Then the RIS-UAV trajectory optimization problem (P6) is reformu-
lated as 

(P7) ∶ max


1
𝑁

𝑁
∑

𝑛=1

𝑈
∑

𝑢=1

𝐾𝑢
∑

𝑘𝑢=1
𝜛𝑘𝑢

( 𝐸(1)
𝑘𝑢
[𝑛]

𝑑
𝜏
2
RU,𝑘𝑢

[𝑛]𝑑
𝜅
2
BR[𝑛]

−
𝐸(2)
𝑘𝑢
[𝑛]

𝑑𝜏RU,𝑘𝑢 [𝑛]𝑑
𝜅
BR[𝑛]

)

, (31a)

s.t. (5e), (5f), (31b)

where

𝐸(1)
𝑘𝑢
[𝑛]=2

√

𝜒̄𝑘𝑢 [𝑛]𝑝𝑘𝑢 [𝑛]ℜ{𝜌
∗
𝑘𝑢
[𝑛]𝐡̂H𝑘𝑢 [𝑛]𝚽[𝑛]𝐆̂[𝑛]𝐰𝑘𝑢 [𝑛]}, (32)

𝐸(2)
𝑘𝑢
[𝑛]= |𝜌𝑘𝑢 [𝑛]|

2
𝑈
∑

𝑢̃=1

𝐾𝑢̃
∑

𝑘̃𝑢̃=1

𝑝𝑘̃𝑢̃ [𝑛]|𝐡̂
H
𝑘𝑢
[𝑛]𝚽[𝑛]𝐆̂[𝑛]𝐰𝑘̃𝑢̃ [𝑛]|

2. (33)

Since the objective function (31a) is nonlinear with respect to , 
(P7) is a non-convex optimization problem. By introducing relaxation 
variables 𝑥RU,𝑘𝑢 [𝑛] and 𝑥BR[𝑛] to relax 𝑑RU,𝑘𝑢 [𝑛] and 𝑑BR[𝑛] [28], the op-
timization problem (P7) can be reformulated as 

(P8) ∶ max
,RU ,BR

1
𝑁

𝑁
∑

𝑛=1

𝑈
∑

𝑢=1

𝐾𝑢
∑

𝑘𝑢=1
𝜛𝑘𝑢

( 𝐸(1)
𝑘𝑢
[𝑛]

𝑥
𝜏
2
RU,𝑘𝑢

[𝑛]𝑥
𝜅
2
BR[𝑛]

−
𝐸(2)
𝑘𝑢
[𝑛]

𝑥𝜏RU,𝑘𝑢 [𝑛]𝑥
𝜅
BR[𝑛]

)

,

(34a)

s.t. 𝑥RU,𝑘𝑢 [𝑛] ≥ 𝑑RU,𝑘𝑢 [𝑛], ∀𝑘𝑢, 𝑛, (34b)

𝑥BR[𝑛] ≥ 𝑑BR[𝑛], ∀𝑛, (34c)

(5e), (5f), (34d)

where RU ≜ {𝑥RU,𝑘𝑢 [𝑛],∀𝑘𝑢, 𝑛} and BR ≜ {𝑥BR[𝑛],∀𝑛}. Using the SCA 
algorithm, the first-order Taylor expansions of (34b) and (34c) at points 
𝑥RU,𝑘𝑢 ,0[𝑛] and 𝑥BR,0[𝑛] are given respectively as
𝑥2RU,𝑘𝑢 [𝑛] ≥ 2𝑥RU,𝑘𝑢 [𝑛]𝑥RU,𝑘𝑢 ,0[𝑛] − 𝑥

2
RU,𝑘𝑢 ,0

[𝑛], (35)

𝑥2BR[𝑛] ≥ 2𝑥BR[𝑛]𝑥BR,0[𝑛] − 𝑥2BR,0[𝑛]. (36)

The objective function (34a) has the first-order Taylor expansion at 
points 𝑥RU,𝑘𝑢 ,0[𝑛] and 𝑥BR,0[𝑛], given in (37) at the top of next page, 
where

𝑓5(,RU,BR) ≥
1
𝑁

𝑁
∑

𝑛=1

𝑈
∑

𝑢=1

𝐾𝑢
∑

𝑘𝑢=1
𝜛𝑘𝑢

(

𝑍(1)
𝑘𝑢 ,0

[𝑛] +𝑍(2)
𝑘𝑢 ,0

[𝑛](𝑥RU,𝑘𝑢 [𝑛]

− 𝑥RU,𝑘𝑢 ,0[𝑛]) +𝑍
(3)
𝑘𝑢 ,0

[𝑛](𝑥BR[𝑛] − 𝑥BR,0[𝑛])
)

, (37)

𝑍(1)
𝑘𝑢 ,0

[𝑛] =
𝐸(1)
𝑘𝑢
[𝑛]

𝑥
𝜏
2
RU,𝑘𝑢 ,0

[𝑛]𝑥
𝜅
2
BR,0[𝑛]

−
𝐸(2)
𝑘𝑢
[𝑛]

𝑥𝜏RU,𝑘𝑢 ,0[𝑛]𝑥
𝜅
BR,0[𝑛]

, (38)

𝑍(2)
𝑘𝑢 ,0

[𝑛] =
𝜕𝑍(1)

𝑘𝑢 ,0
[𝑛]

𝜕𝑥RU,𝑘𝑢 ,0[𝑛]
= − 𝜏

2
𝑥
− 𝜏

2−1
RU,𝑘𝑢 ,0

[𝑛]𝑥
− 𝜅

2
BR,0[𝑛]𝐸

(1)
𝑘𝑢
[𝑛]

+ 𝜏𝑥−𝜏−1RU,𝑘𝑢 ,0
[𝑛]𝑥−𝜅BR,0[𝑛]𝐸

(2)
𝑘𝑢
[𝑛], (39)

𝑍(3)
𝑘𝑢 ,0

[𝑛] =
𝜕𝑍(1)

𝑘𝑢 ,0
[𝑛]

𝜕𝑥BR,0[𝑛]
= −𝜅

2
𝑥
− 𝜅

2 −1
BR,0 [𝑛]𝑥

− 𝜏
2

RU,𝑘𝑢 ,0
[𝑛]𝐸(1)

𝑘𝑢
[𝑛]

+ 𝜅𝑥−𝜅−1BR,0 [𝑛]𝑥−𝜏RU,𝑘𝑢 ,0[𝑛]𝐸
(2)
𝑘𝑢
[𝑛]. (40)

According to (35) − (37), (P8) can be rewritten by 

(P9) ∶ max
,RU ,BR

1
𝑁

𝑁
∑

𝑛=1

𝑈
∑

𝑢=1

𝐾𝑢
∑

𝑘𝑢=1
𝜛𝑘𝑢

(

𝑍(2)
𝑘𝑢 ,0

[𝑛]𝑥RU,𝑘𝑢 [𝑛]

+𝑍(3)
𝑘𝑢 ,0

[𝑛]𝑥BR[𝑛]
)

, (41a)

s.t. (35), (36), (5e), (5f). (41b)
The convex optimization problem (P9) can readily be solved using the 
CVX [28].

In addition to BS power allocation, active/passive beamforming and 
trajectory optimization, user weights 𝜛𝑘𝑢  are also important for system 
WSR performance. In the MAU communication system, adopting the 
average weight for 𝜛𝑘𝑢  tends to allocate more service time slots of the 
RIS-UAV to the UA closer to the starting point. This average-weighted 
(AW) design strategy results in service unfairness. The root cause of this 
issue lies in the distance-dependent nature of the system optimization 
process and the coupling between variables.

As illustrated in Fig. 3, consider a scenario with three UAs in the MAU 
system. The initial trajectory involves the RIS-UAV flying in a straight 
line from the starting point to the ending point, and the entire flight du-
ration is divided into 30 equal-length time slots. Based on the positional 
relationship between the UAs and the trajectory, it is assumed that the 
first 10 time slots serve the 1st UA, the middle 10 time slots serve the 
2nd UA, and the last 10 time slots serve the 3rd UA. In the first phase, 
the system allocates power and beamforming resources to the UA that is 
closer to the RIS-UAV. To ensure user fairness, an average weight design 
should be adopted. However, in the second phase1, the RIS-UAV adjusts 
its trajectory to be closer to the 1st UA during the first 10 time slots in 
order to maximize the WSR. This adjustment is driven by the fact that 
closer distances result in better channel conditions. As a consequence, 
some of the time slots serving UAs farther from the starting point will be 
transferred to UAs closer to the starting point. As the iterations proceed, 
more and more time slots will be allocated to serve the 1st UA.

To address the service unfairness caused by the geographical sepa-
ration of UAs in the MAU system, we propose a distance-based weight 
design method. Unlike traditional multi-user systems, where fairness is 
typically managed through proportional fairness, the large inter-area 
distance disparity in MAU systems necessitates a mechanism to com-
pensate for the severe path loss experienced by far-end areas. In the 
proposed method, the weights for users in far-end areas are increased 
according to a power function of their distance. The expression for the 
distance-based weight 𝜛𝑘𝑢  of UE𝑘𝑢  is as follows

𝜛𝑘𝑢 =
(𝑑RU,𝑘𝑢 [1])

𝜏

∑𝑈
𝑢=1

∑𝐾𝑢
𝑘𝑢=1

(𝑑RU,𝑘𝑢 [1])
𝜏
. (42)

where 𝑑RU,𝑘𝑢 [1] is the starting point distance between UE𝑘𝑢  and the start-
ing point.

Within the PAC framework, the first and second phases are executed 
alternately and iteratively until overall convergence. Specifically, once 

1 We only consider the time slots serving the UAs, and do not depict the spe-
cific flight trajectory.
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Fig. 3. Schematic representation of unfairness in time-slot services.

Algorithm 1 Proposed PAC algorithm framework for joint optimization.
1: Initialize  (0), (0),(0) and (0), Set 𝑡1 = 𝑡2 = 0;
2: The first phase: 
3: repeat
4: 𝑡1 = 𝑡1 + 1, 𝑡1,1 = 𝑡1,2 = 0; 
5: repeat
6: 𝑡1,1 = 𝑡1,1 + 1; 
7: Update variables  (𝑡1,1) and (𝑡1,1) by (9); 
8: Update BS power allocation vector  (𝑡1,1) by (12);
9: until (P4) converges. 
10: repeat
11: 𝑡1,2 = 𝑡1,2 + 1; 
12: Update variables  (𝑡1,2) and (𝑡1,2) by (9); 
13: Update active beamforming  (𝑡1,2) by (20); 
14: Update variables 𝝋̃(𝑡1,2) by (26); 
15: Update passive beamforming (𝑡1,2)=diag{𝝋̃(𝑡1,2)};
16: until (P5) converges. 
17:  (𝑡1) =  (𝑡1,1), (𝑡1) = (𝑡1,2),  (𝑡1) =  (𝑡1,2);
18: until (P3) converges. 
19: The second phase: 
20: repeat
21: 𝑡2 = 𝑡2 + 1; 
22: Update variables  (𝑡2) and (𝑡2) by (9); 
23: Update (𝑡2) by solving (P9);
24: until (P6) converges.
25: Repeat the first phase. 
26: Output optimal  (𝑡1), (𝑡1),  (𝑡1) and (𝑡2).

the second phase converges, the first phase is re-executed using the up-
dated UAV-RIS trajectory to refine beamforming and power allocation.

4.  Algorithm analysis

Algorithm 1 summarizes the proposed PAC algorithm framework for 
joint optimization of  , , and . The computational complexity of 
the proposed algorithm primarily arises from solving the optimization 
problems for BS power allocation, active/passive beamforming, and RIS-
UAV trajectory optimization. Specifically, the BS power allocation opti-
mization algorithm and the joint active/passive beamforming optimiza-
tion algorithm impose the computational complexity on the orders of 
(𝐼1𝐾3) and (𝐼2(𝑀𝐾2 + 𝑅𝐾2)), respectively, where 𝐼1 and 𝐼2 are the 
numbers of iterations in the first and second sub-phases, respectively. 
Consequently, the computational complexity of the first phase is on the 
order of (𝐼𝑂,1(𝐼1𝐾3 + 𝐼2(𝑀𝐾2 + 𝑅𝐾2))), where 𝐼𝑂,1 denotes the num-
ber of iterations associated with the first phase.

Fig. 4. The 3D coordinate system configuration.

Furthermore, the RIS-UAV trajectory optimization is solved using the 
SCA algorithm in combination with the CVX toolbox. The complexity of 
this optimization depends on the number of variables, the structure of 
the objective function, and the optimization constraints. The CVX tool-
box, which typically employs the interior-point method to solve con-
vex optimization problems, has the computational complexity propor-
tional to the 3.5-th power of the number of variables [42]. For the tra-
ditional SCA trajectory optimization algorithm [28,43], the complexity 
of computing the objective function is on the order of (𝐾2(𝑅𝑀)2), and 
the overall complexity is (𝐼𝑂,2((𝑁𝐾)3.5 +𝐾2(𝑅𝑀)2)), where 𝐼𝑂,2 rep-
resents the number of iterations in the second phase. In contrast, our 
DW FP-SCA trajectory optimization algorithm simplifies the objective 
function, reducing its complexity to (𝐾(𝐾 + 1)𝑅𝑀). As a result, the to-
tal complexity of the DW FP-SCA algorithm is (𝐼𝑂,2((𝑁𝐾)3.5 +𝐾(𝐾 +
1)𝑅𝑀)). Compared to the traditional SCA algorithm, our DW FP-SCA al-
gorithm significantly reduces computational complexity by optimizing 
the expression of the objective function. It eliminates high-order terms 
and nested operations in the objective function and reduces the compu-
tational burden during the solving process while maintaining algorith-
mic performance.

5.  Simulations

In our simulations, the RIS-UAV is configured as ARIS-UAV, meaning 
that its trajectory is dynamically optimized as part of the joint resource 
allocation framework. For comparison, we also include PRIS-UAV base-
line, where the RIS-UAV follows a fixed straight-line trajectory or a non-
optimized path, to highlight the performance gains achieved by trajec-
tory optimization.

A RIS-UAV assisted MAU system with 𝑈 = 3 UAs is simulated. To 
validate the effectiveness of the proposed algorithms, we assume full 
knowledge of the channel state information. The channel power gain 
per unit distance is chosen to be 𝛽=−30dB, the path loss exponents 
for the channel from the BS to the RIS-UAV and the channel from the 
RIS-UAV to each UE are set to 𝜅=𝜏=2, and the noise power spectral 
density is set to −174dBm/Hz. Unless otherwise specified, the follow-
ing default system’s parameters are used: the number of BS antennas is 
𝑀=30, the number of RIS units is 𝑅 = 100, the number of UEs in each 
UA is 𝐾𝑢=1, 𝑢=1, 2, 3, i.e., 𝐾=3, the maximum BS transmitting power 
is set to 𝑃max=30dBm. Fig. 4 illustrates the system geographical config-
uration, where the BS horizontal coordinate is 𝐥BS=[400, 0]m, and the 
three UE horizontal coordinates are 𝐥UE,1=[25, 125]m, 𝐥UE,2=[150, 250]m 
and 𝐥UE,3=[275, 375]m, respectively. The RIS-UAV flies from the start-
ing point 𝐥I=[0, 0]m to the ending point 𝐥F=[400, 400]m, with the height 
𝐻=40m and the maximum speed 𝑉max=25m/s. The flight period is di-
vided into 30 equal-length time slots, each with a duration of ∇𝑡=2 s. 
Note that perfect CSI is assumed here to establish a theoretical perfor-
mance upper bound. In practical scenarios, the CSI acquisition errors, 
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Fig. 5. (a) RIS-UAV flight trajectory with the AW FP-SCA algorithm, (b) Weighted UE rate under different time slots with the AW FP-SCA algorithm.

Fig. 6. (a) RIS-UAV flight trajectory with the proposed DW FP-SCA algorithm, (b) Weighted UE rate under different time slots with the proposed DW FP-SCA 
algorithm.

overhead and blockage issues faced by practical RIS systems are also 
directions worthy of further investigation [44,45].

To demonstrate the unfairness of the commonly used AW strategy, 
we first investigate the AW FP-SCA trajectory optimization scheme. 
Fig. 5(a) depicts the flight trajectory of the RIS-UAV under the initial 
trajectory scheme and the AW FP-SCA trajectory optimization scheme. 
It is evident that with the AW FP-SCA algorithm, the RIS-UAV allocates 
more time slots to hover above UE11  and only three time slots to hover 
above UE13 , as illustrated in Fig. 3. Fig. 5(b) demonstrates the weighted 
UE rate and the corresponding sum rate under different time slots for 
both the initial trajectory scheme and the AW FP-SCA trajectory opti-
mization scheme, respectively. As expected, the AW FP-SCA algorithm 
improves the weighted UE rate at each time slot compared to the initial 
trajectory scheme. Furthermore, by comparing the weighted UE rate per 
time slot for UE11 , UE12  and UE13 , it is clear that the time slots serving 
UE13  are less than those serving UE11  and UE12 , which is consistent with 
the conclusions in Fig. 5(a).

To demonstrate that the proposed DW strategy ensures the fairness to 
all UAs, Fig. 6(a) depicts the RIS-UAV flight trajectory when the system 
adopts the initial trajectory scheme and the DW FP-SCA trajectory opti-
mization scheme, respectively. Comparing it with Fig. 5(a), it is evident 
that the DW FP-SCA algorithm achieves a more balanced distribution of 
time slots for the RIS-UAV hovering above UE11 , UE12  and UE13 . Fig. 6(b) 

further illustrates the weighted UE rate and the corresponding sum rate 
under different time slots. In contrast to Fig. 5(b), the communication 
service time slots for UE11 , UE12  and UE13  are more evenly allocated.

Fig. 7 depicts the convergence times as the functions of the num-
ber of time slots 𝑁 achieved by two algorithms, given two values of 
𝐾. As expected, the convergence time increases with the increase of 𝑁 . 
Similarly, increasing 𝐾 leads to the increase of the convergence time. 
Notably, the FP-SCA algorithm achieves a lower convergence time com-
pared to the traditional SCA algorithm, which is consistent with the 
analysis in Section 4.

Fig. 8 illustrates the system WSRs as the functions of the RIS-UAV 
height 𝐻 for various RIS-UAV trajectory non-optimization/optimization 
schemes. It can be seen that increasing the RIS-UAV flight altitude re-
duces the system WSR for all RIS-UAV trajectory schemes. This is be-
cause an increase in the RIS-UAV height leads to a longer channel dis-
tance and higher path loss, thereby reducing the system WSR. The pro-
posed FP-SCA algorithm outperforms the traditional SCA algorithm in 
terms of WSR. This superiority is due to the FP algorithm’s ability to 
eliminate higher-order power terms and nested operations, which en-
hances the algorithm’s optimization performance. As expected, when 
the RIS employs a random 𝚽, the system WSR performance drops sig-
nificantly. In this scenario, the DW FP-SCA algorithm still maintains a 
higher WSR than the other methods.
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Fig. 7. Convergence times versus number of time slots 𝑁 for the traditional 
SCA and the proposed FP-SCA given two different numbers of total UEs 𝐾.

Fig. 8. WSR versus RIS-UAV height 𝐻 for various RIS-UAV trajectory non-
optimization/optimization schemes.

Fig. 9 plots the system’s WSR performance as the functions of the BS 
maximum transmit power 𝑃max for different RIS-UAV trajectory designs. 
Not surprisingly, the WSRs of all the RIS-UAV trajectory designs increase 
as the BS maximum transmit power increases. This is because the signal 
energy in the channel that can be harvested and utilized increases as the 
BS transmit power increases. Furthermore, the DW FP-SCA algorithm 
proposed in this paper consistently exhibits higher WSR performance 
than the other corresponding algorithms.

A simulation plot given in Fig. 10 shows the system WSR perfor-
mance as the functions of the number of BS antennas 𝑀 for various 
RIS-UAV trajectory designs. It can be seen that the WSRs of all the RIS-
UAV trajectory designs increase with the number of BS antennas 𝑀 . 
More antennas mean that the BS antenna array can concentrate energy 
more efficiently in the target direction, thereby improving the signal 
transmission quality. This results in a higher strength of the received 
signal at the same transmit power and a corresponding increase in the 
SINR, leading to an increasing trend in WSR for all the RIS-UAV trajec-
tory design schemes.

The impact of the number of RIS units 𝑅 on the achievable system 
WSR is investigated in Fig. 11. It can be observed that with the increase 
in the number of RIS units 𝑅, the WSRs of all the RIS-UAV trajectory 
design schemes, except for those with the random 𝚽, show an increas-
ing trend. This is due to the fact that the RIS can adjust the phase and 
amplitude of its units by intelligently tuning them, and with the increase 
in the number of RIS units 𝑅, the gain of the reflected signals is signif-
icantly increased, leading to an increase in the strength of the received 
signals and the SINR. From Fig. 11, we observe that the proposed ARIS-
UAV achieves a given WSR with fewer RIS elements 𝑅 than the PRIS-

Fig. 9. WSR versus BS maximum transmit power 𝑃max for various RIS-UAV tra-
jectory non-optimization/optimization schemes.

Fig. 10. WSR versus number of BS antennas 𝑀 for various RIS-UAV trajectory 
non-optimization/optimization schemes.

Fig. 11. WSR versus number of RIS units 𝑅 for various RIS-UAV trajectory non-
optimization/optimization schemes.

UAV baseline. Since the RIS weight and power consumption scale with 
𝑅, the ARIS-UAV offers a lighter payload, leading to reduced propulsion 
power and improved flight endurance, which are key constraints in UAV 
systems [7],[8].

6.  Conclusion

This paper has proposed a RIS-UAV assisted MAU communication 
system which maximizes the system WSR by jointly optimizing the 
BS power allocation, the active/passive beamforming and the RIS-UAV 
trajectory, while ensuring the fairness of communication services for 
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the UAs. Specifically, we have designed a PAC joint optimization al-
gorithm framework to decompose the WSR maximization problem into 
two phases, which are the joint optimization phase of BS power allo-
cation and active/passive beamforming, and the optimization phase of 
RIS-UAV trajectory. In the first phase, we have first simplified the prob-
lem based on the FP algorithm, and then solved it using the convex and 
manifold optimization algorithms. In the second phase, to ensure com-
munication services fairness in the MAU system, we have proposed a 
DW FP-SCA trajectory optimization algorithm based on distance infor-
mation. Simulation results demonstrate that the proposed DW-FP-SCA 
algorithm not only effectively ensures balanced downlink data trans-
mission among MAU users, but also achieves significant performance 
gains with lower computational complexity than the traditional SCA al-
gorithm.
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