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Abstract—In this letter, we propose an efficient resource allo-
cation algorithm for communication systems assisted by multiple
uncrewed aerial vehicles borne reconfigurable intelligent surfaces
(RISs). The algorithm jointly optimizes the base station (BS)
power allocation, active beamforming and RIS phase shifts
to maximize the system energy efficiency (EE). As the EE
maximization problem is a multi-variable coupling problem with
non-convexity, we adopt a Dinkelbach-based block coordinate
descent framework to decouple it into three subproblems. The BS
power allocation and active beamforming subproblems are solved
using fractional programming and Riemannian conjugate gradi-
ent algorithm, respectively. For the RIS phase shifts optimization,
we propose a low-complexity momentum-accelerated coordinate
descent algorithm. Numerical results validate the effectiveness of
our joint optimization framework.

Index Terms—Uncrewed aerial vehicle, reconfigurable intelli-
gent surface, energy efficiency, power allocation, beamforming.

I. INTRODUCTION

N THE rapid expansion of wireless communications, inte-

grating reconfigurable intelligent surface with uncrewed
aerial vehicle (RIS-UAV) as a relay offers a more reli-
able and energy-efficient solution for alleviating the load of
ground cellular networks and improving communication qual-
ity [1]. Specifically, this approach combines the passive signal
enhancement capability of RIS with the dynamic deployment
flexibility of UAYV, thereby effectively improving the adaptabil-
ity and overall performance of communication systems [2].
Moreover, the path loss exponent in air-to-ground channels is
typically lower than that for terrestrial connections [3]. Hence,
RIS-UAV assisted systems exhibit superior performance in
terms of coverage extension and transmission reliability.

However, how to enhance the RIS-UAV assisted system
spectral efficiency (SE) while maximizing energy efficiency
(EE) remains one of the key research challenges. In [4],
the authors studied an aerial RIS-aided over-the-air federated
learning system and proposed an effective resource allocation
scheme to maximize the system EE. The work [5] employed a
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Fig. 1. Downlink multiuser communication system with the assistance of
multiple RIS-UAVs.

joint optimization approach for RIS phase shifts, user schedul-
ing, power allocation and UAV trajectory, aiming to maximize
the system EE. The study [6] adopted a deep reinforcement
learning (DRL) based method to jointly optimize RIS phase
shifts and UAV trajectory for maximizing the EE of a rotary-
wing UAV. Nevertheless, most of the existing studies have
focused on single RIS-UAV systems, which results in low-rank
channel matrices, thereby limiting the achievable beamforming
gain [7] and constraining further improvements in the system
EE.

RIS-UAVs communication networks, in contrast, can
improve the aperture gain through an increased number of
UAVs and create a rich scattering environment through diverse
UAVs positions, enabling spatial multiplexing to serve numer-
ous users [8]. In [8], a joint beamforming design was proposed
that maximizes the system weighted sum rate by involving
RIS phase shifts and UAVs positions. The work [7] adopted
successive convex approximation and semi-definite program-
ming (SDP) to jointly optimize the BS power allocation,
active beamforming, RIS phase shifts and UAVs positions for
maximizing the system sum rate, but the high computational
complexity of SDP limits its scalability for large-scale RIS
systems. Furthermore, these studies mainly focused on signal
enhancement and rate improvement, without fully consider-
ing EE optimization. The authors in [9] employed a deep
learning (DL) algorithm to jointly optimize the deployment of
RIS-UAVs, on-off states of RIS reflecting elements, phase
shifts and power control, in order to maximize the system
EE. Although DL optimization algorithms perform excellently
in fixed scenarios, due to the high training complexity, such
algorithms are also difficult to adapt flexibly to various changes
in practical applications.

To address the above challenges, this letter considers
an RIS-UAVs assisted communication system with fixed
RIS-UAVs positions scenario, formulating an EE maxi-
mization problem by joint design of BS power allocation,
active beamforming and RIS phase shifts. Given the intrin-
sic non-convexity and inherent variable coupling of this
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joint optimization problem, we develop a solution framework
based on Dinkelbach’s method and block coordinate descent
(BCD), which divides the original problem into three tractable
subproblems. Specifically, fractional programming and Rie-
mannian conjugate gradient method are employed to solve the
subproblems of BS power allocation and active beamforming,
respectively, while a low-complexity momentum-accelerated
coordinate descent (MACD) algorithm is developed to opti-
mize RIS phase shifts. Simulation results confirm significant
EE gains over several baseline methods.

II. RIS-UAVS AIDED COMMUNICATION NETWORK
A. Network Model

Fig. 1 depicts the downlink communication model of the
RIS-UAVs assisted multi-user equipment (UE) system. Due
to obstacles, such as high-rise buildings, direct link between
the BS and the UEs may be blocked. L RIS-UAVs, indexed
by the set Sa={1,..., L}, are deployed in the system to relay
communications for K single-antenna UEs. Every RIS-UAV
is equipped with M = M, x M, reflecting elements arranged
in a uniform planar array, where the element spacing dr < 4
and A is the carrier wavelength. The L RIS-UAVs are spread
uniformly across a circular region of radius Ra, all at the same
altitude H. The horizontal coordinate of the /th RIS-UAV is
denoted by q; = [x;,y,]T, where [ € Sa.

The BS deploys N antennas in a uniform linear array with
spacing dg < A, and operates at a maximum transmission
power Pp.x. The distance between the BS and the /th RIS-UAV
is d; = /lla— qgll> + H?, where qg = [xp,yg]" represents
the horizontal coordinate of the BS. Within a circular region
of radius Ry, K UEs are randomly distributed and indexed by
the set Sy = {1,...,K}. For each UE k € Sy with horizontal
coordinate q; = [xg, y]T, its distance to the Ith RIS-UAV is

given by dix = /lla; — qill*> + H.

B. Channel Model

The Ith RIS-UAV’s receive array response vector and the
BS’s transmit array response vector are respectively given by

. 2nd,

aru(r) = [1, e/ Ot

eI TR M=Dirtri) |7 )
ordg 2rd T

aps(s) = [1, e/, T )

where r;, = sin(¢;1) sin(¢;2) and r;, = cos(¢;1) sin(¢;), with
¢;1 and ¢, denoting the azimuth angle of arrival and elevation
angle of arrival from the BS to the /th RIS-UAV, respectively,
while s represents the cosine of the BS’s angle of departure
(AoD). Similarly, the transmit array response vector of the /th
RIS-UAV is expressed as
agu(viy) = [1’ e—.l‘%(vu.ri-w‘k.v)’
oI TR W=D, 3)

where vy =sin(@ix,1) sin(¢rr2) and vy, =cos(dyr1) sin(@y2),
with @41 and ¢, being the azimuth AoD and elevation AoD
from the /th RIS-UAV to the kth UE. We assume that the
necessary channel state information can be acquired by the
method presented in [10]. Since both the line-of-sight (LoS)
and non-line-of-sight (NLoS) propagations are presented in the
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BS-RIS and RIS-UE links, the use of the Rician fading model
is justified, where the equivalent baseband channels from the
BS to the /th RIS-UAV and from the /th RIS-UAV to the kth
UE are respectively given by

R 1 =
— d« M XN 4
Gi= /rd; (,/—R+1G1+,/—R+]Gl)ec L@
[ R _ [ 1 .
hl,k= /le,l’c(< R_—i—lhl’kJr R—_th,k)ECMxl’ (5)

where G, = aRU(r,)a}BIS(s) and l_ll,k = agy(vik) represent
LoS components, G; and h;; represent NLoS components,
which follows the identically and independently distributed
circularly-symmetric complex Gaussian distribution, while 7
is the channel power gain at the reference distance of 1m, «
denotes the path loss exponent, and R is the Rician factor.

Let s; be the data symbol for the kth UE. The signal
transmitted by the BS is described by

K
X = Z \/ITkaSk, (6)
k=1

where W = [wy,...,wg]H € CKXN is the BS’s active beam-
forming matrix with w, € CV¥! and |w;|*> = 1, Vk, and
p= [pl,...,pK]T e REX1 is the BS power allocation vector.
Define ® = {®;}y,cs,, where ®; = diag{g;1,. .., u} € CM*M
denotes the phase shifts matrix for the Ith RIS-UAV, with
Q=% 0, €10, 2m) and me M ={1,..., M}. The signal
received at the kth UE can be expressed as

L

Yo=Y hi®Gx+n, (7
=1

where n, ~ CN(0, 0'(2)) is the additive white Gaussian noise
at the kth UE. Therefore, the signal-to-interference-plus-noise
ratio at the kth UE is given by
L H 2
Dk ‘21:1 hl,k‘DZlek‘
Ve = 3 : ®)
Zi]il,i;tk Pi ZIL:I hfkd’llei + ‘73

C. Optimization Problem Formulation

Following the previous analysis, the EE of RIS-UAVs
assisted system is defined as

3211;1 log, (1 + yx)
kaK:]Pk+PB+KPUE+PR+LPh

Here B represents the transmission bandwidth and & denotes
the reciprocal of the power amplifier efficiency at the BS. The
circuit power consumption at the BS and each UE are Py and
Pyg, respectively, while the total RIS power consumption is
given by Pr = LMPgis, with Pgs being the power per RIS
element. As the RIS-UAVs are deployed at fixed positions
to provide continuous and stable relaying, no extra dynamic
propulsion power is consumed for movement. Therefore, the
hovering power P, of each UAV is generally considered as
a constant [12]. Accordingly, the optimization problem to
maximize the system EE can be constructed as

P1 . m)é) nee(p, W, @),

€))

NEE =

(10a)
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K
St pe < Praxs pr 2 0, Vk, (10b)
k=1
lIwell® = 1, V&, (10c)
lnl* = 1, Vi, m. (10d)

III. JOINT OPTIMIZATION
A. Problem Transformation

Problem P1 is a non-convex fractional program, which we
address by applying the Dinkelbach method to transform it
into a more tractable equivalent form. Let Pc = Pg + KPyg +
PR + LPy, the maximal EE 7 satisfies

K K
B log, (1+y(p" . W".®")—njy (f > pZ+Pc> =0, (1D
k=1 k=1

where p*, W*, ®" and p; are the optimal values of p, W,
® and py, respectively, which may be derived by solving the
problem formulated in (11). A direct solution for 5 from
(11) is, however, unavailable. Therefore, we apply an iterative
Dinkelbach algorithm to find 5p;. Specifically, at the ipth
iteration, we set iy as follows

i Bt logy (14 (p™~", W=D, @(>-D))
EE = X ol
kaﬂP/(ch "+ Pe
where p~D, Wi-D  @U-D apd pf]’_l) are the results of
(ip—Dth iteration, with p©@, W©®, ®® and p,((o) denoting the

corresponding initial values. For a given 75, solving P1 is
equivalent to solving the following optimization

. (12

K K
P2 pn%%BZ log, (1+yx(p,W,®@)) 1 (EZpk+Pc) ,
o k=1 k=1

s.t.  (10b), (10c), (10d) . (13)

However, problem P2 is non-convex owing to the linear
fractional expression of y;(p, W, ®@). Note that B is a constant,
hence is omitted for simplicity. By applying the Lagrangian
dual transformation [8] and letting {; = Z]L=1 h}} ®,G,, we can
reformulate problem P2 by introducing the auxiliary variable
w=[w, - ,wk]" as follows

K K
P3: T‘I);llfg( Zlog(l + wy) — Zwk + F(p, W, D, w),
Lo =1
s.t.  (10b), (10c), (10d), (14)
where F(p, W, ®, w) is given by
K 2
(I+w)pr | Wk
FO.W.Q0)=) — | 5 | -
k=1 2_i=1 Pi |§kwi| +0oj
K
~ g (fZPk-i-PC) . (15)
k=1

Given the optimization variables p, W and ®, problem P3
can be shown to have a maximum value of w; when wy >0.
The optimal wy can be updated as follows

Pk |{ ka|2

K 2 2"

Zi:l,i;tk pi Mkwi| + 0y

wp = (16)
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When w is fixed, problem P3 can be reformulated as

P4 : max F(p,W,®), s.t. (10b), (10c), (10d). (17)
p.W,®@

Using the quadratic transform [8], we introduce an auxiliary
variable §=[61, ...,0x]T and reformulate problem P4 as

P5: max Fi(p,W,®d,6), s.t. (10b), (10c), (10d), (18)
p.W,®.6

where Fi(p,W,®,8) = {2 VIToRe [6] yhd,wi| -

S0k (K pilgiw]* +03) i (€ 2, pect Pe) and
6" is conjugate of &.

When p, W and ® are given, let
be updated as follows

o _

7. 0, the optimal ¢y can

o VOt eopgow]

. (19)
2
K pi |gewi|” + 0
Thus, problem P2 can be expressed as
P6: max J(p,W,®, w,d),
pW. @06
s.t.  (10b), (10c), (10d), (20)

where J(p, W, ®, w, 6) = Z,If:] (logz(l—l—wk)—wk—i—Z

2
VIFarRe 5] ymdow — 16 (S, pilgowl*+03)) -
Mg (f S et PC>. Next, We adopt the BCD method to
alternately optimize p, W and ®.

B. Optimal BS Power Allocation

Given the BS beamforming matrix W and the RIS phase
shifts matrix @, the BS power allocation optimization problem
is formulated as

P - ma)gJ(p, w,0),s.t. (10b) . 21
Pw,

We alternatively update p, w and 8. Specifically, given p, the

variables w and 6 are updated by (16) and (19). Given w and

6, problem P7 becomes a convex problem with respect to p.

By applying the Karush-Kuhn-Tucker conditions, the optimal

power allocation coefficient satisfies

. 2
M \/1 + wg Re{é,'{ (ka}
pk = K B 2 B s (22)
Zizl (|6i| & Wil ) +P+§77EE

where p is the Lagrange multiplier for the power constraint
(10b), which can be calculated via the bisection method.

C. Beamforming Optimization

Given p and ®, P6 becomes

PS8 : ‘ana);J(W, w,d), s.t. (10c) . (23)
We alternatively update W, w and 4. Specifically, given W,
the variables w and § are updated according to (16) and (19).
Given w and 4, we optimize the BS beamforming matrix
W. To facilitate this optimization, the constraint (10c) can be
expressed in the Riemannian manifold form as

R ={W e CV | Egxx o WW™) = Exuk),  (24)
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where Eg . x denotes the K x K identity matrix and o denotes
the Hadamard product. To obtain the stable solution of J(W),
the conjugate gradient method with the Polak—Ribiére update
rule is adopted. The procedure for the i.th Riemannian conju-
gate gradient direction is as follows.

1) Compute Euclidean gradient: At the icth iteration point
W), the Euclidean gradient is

VI(WE) = LA (25)
aw(ic)""’aw(ic) ’
1 K
where
aJ f o 2 H +H
Pl (I + w0 pr oy — D 10ul> pewpdid,. (26)
k k=1

2) Calculate Oblique gradient:
gradJ(W')) = vV J(W)

~ (Exxx © Re{W O (VI(WE)THWE. (27)

3) Search direction computation:
dy = —gradJ (W) + o¥'Brdy™"),  (28)
where a(i°) = WO W) p R(W(WW”))) and

[V
PR ) =5 — (B oRe(WH(d )W,

4) Determine step size and project: The Armijo backtrack-
ing line search is employed to determine the step size v,
then W+ is updated and projected back onto Oblique
manifold until the objective function converges

<zc> +vd<zc ]H
, (29
(lu) (ic)
dR,KHz

where w,(:°) and d;’{k are the kth column elements of

(lc) + Vd(lc
H w(lc)_’_ vd(lu)

T

Wt |:

W) and d%, respectively.
Given p, W, w and 4, we solve for the optimal ®. Let
Viki = diag(hfk)lei, problem P6 becomes

min g"Ag — 2Re {cpr},st. (10d) , (30)
a4 ¢
where ¢ = vec(@) € CMYX1 with § = [¢),....¢,] €
CM*L and ¢, = [¢11,...,m] € CM*1. Here, vec(-)

denotes the vectorization operatlon. Moreover, we define
_ MLxML -
A = Y5 I8P Z, Vv € C and b =

Zk . \/(l—i—wk)p 6k_kk € CMEx! where v, ; = vec(Vi,) €
CMEX and Vi; = [Vigir-. - Viki € CY*L Next, we adopt
the MACD method to update the phase shifts ¢ iteratively. In
the standard coordinate descent algorithm, the jith reflecting
element is updated as
@' =exp(jLy;). 31)
where y;, =b;, le Lt A 2P, , A}, j, denotes the element
of A at the jjth row and j,th column and b; is the jith
element of b.
However, for large-scale RIS or strong-coupling channel
scenarios, element-wise updates alone may suffer from slow
convergence or oscillations. To address this issue, we introduce

) (10, 4 A M)
momentum factor I € [0, 1). Let ’gB(j’M“L') = ej(lw“ +TAg;, ),
—J1
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Algorithm 1 The Proposed MACD Method for RIS Phase
Shifts Optimization

1: Initialize A, b, ¢©, give maximum number of iterations
Imax, T and tolerance &, set A@® = 0 and iteration index

im = 0.
2: repeat
ML ;
3 Calculate X(ZM) bj, - Zh Lja#ji Ajl,jzf_(ile);
4. Update @ N(’M“) = ST A“’UM)),
5 Update ¢(’M+1) — %tM+l)/”f¢'(zM+1)”
Zji
6: Update dlfference A¢<lm+1) - ‘pymﬂ) _ ‘pEzM)
=i —J1
7. Until A(p(’M'H) <& oriy > Imax.
8: Output Optlmal RIS phase shifts <p = UmtD,

—1

where Aga(’M) = cpi’M)—cp(’M D represents the previous update
—J1

direction of the jith element. The momentum term I“Acpg’M)
effectively accelerates convergence by guiding the current
phase adjustment along past update direction. The procedure
of our proposed algorithm is summarized in Algorithm 1.

D. Algorithm Analysis

Regarding the optimization of RIS phase shifts, the
majorization-minimization (MM) method entails a complexity
of O(M®L?) [11], while the semi-definite relaxation (SDR)
approach exhibits a complexity of O(M°L®) [7]. In contrast,
our proposed MACD algorithm, detailed in Algorithm 1,
achieves a substantially lower complexity of O(lyM>L?),
where Iy, typically on the order of tens, denotes its iteration
count. For the remaining subproblems, the BS power allocation
algorithm requires O(I,K?) operations, with I, being the num-
ber of bisection search iterations, and the active beamforming
algorithm incurs O(.K?N), where I, represents the iterations
of the oblique manifold conjugate gradient procedure. Con-
sequently, the overall computational complexity of the joint
optimization framework is O(Iplg(I,K? + I.K*N + IyM*L?)),
with Ip and Iz denoting the iteration numbers of the outer
Dinkelbach and inner BCD loops, respectively.

IV. SIMULATIONS

This section evaluates our proposed algorithm via simula-
tions. The RIS-UAVs are deployed within a region centered
at (50,0)m at a height of H =40m, with a radius Ry =5m
and L=3 RIS-UAVs. The UE region is centered at (100,0) m
with a radius Ry = 10m and the BS is located at (0,0)m.
The channel gain at unit distance 7 = 30dB, the path loss
exponent k=2, the Rician fading factor R=10 and the noise
power 0'0 =-80dBm. The transmission bandwidth B=1MHz,
the reciprocal of the power amplifier efficiency at the BS is
& = 1.2. Other parameters are set as follows: Pg = 100 mW,
Pyue=20mW, P;,=40mW and Pgr;s=1mW. Unless otherwise
specified, the following parameters are used: the BS maximum
transmit power P, = 30dBm, the number of RIS elements
M = 10, the number of BS antennas N = 8 and the number
of UEs K = 4.

To compare with our proposed algorithm, we consider the
following five benchmark schemes:

(1) MM: RIS phase shifts optimized via the MM algorithm.
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Fig. 2. (a) Convergence performance; (b) EE versus BS maximum transmit power Pp,yx; (¢) EE versus number of RIS elements M; and (d) EE versus number

of BS antennas N.

(2) SDR: RIS phase shifts optimized via the SDR algorithm.

(3) Single RIS-UAV: The number of RIS-UAVs is set to
L =1, while other parameters remain consistent with
our proposed algorithm.

(4) Ground RIS: The RIS is positioned close to the ground,

approximately 10 m above the UEs.

(5) Random RIS: The reflecting elements of the RIS adopt

random phase shifts.

Fig. 2(a) illustrates the convergence performance of our
proposed algorithm by plotting system EE against the outer
Dinkelbach iteration count Ip for different numbers of UEs
K. The algorithm converges within approximately 4 iterations.
Furthermore, the system EE declines as K increases. This is
because the growth in SE becomes slower than the linear
increase in total UE circuit power consumption, i.e, KPyg,
ultimately lowers the overall EE.

Fig. 2(b) depicts the system EE versus the BS maximum
transmit power Pp,,x under different schemes. In all cases, EE
initially rises and then gradually saturates as Pp,x increases.
At low power levels, higher transmit power boosts the SE,
yielding a rapid EE gain. Beyond Py, = 20dBm, however,
the logarithmic nature of the SE function leads to diminishing
returns, and further power increments bring negligible EE
improvement. Compared to the MM and SDR benchmarks,
our proposed scheme achieves EE gains of 7.37% and 19.67%,
respectively.

Fig. 2(c) illustrates how the number of RIS elements M
affects system EE across different schemes. For small M,
increasing M yields notable passive beamforming gains, which
improve the SE and consequently raise EE. Since SE follows
a logarithmic function of M, in contrast to the linear growth
of Pg, the EE improvement gradually slows as M increases.
Hence, M should be chosen carefully to balance performance
and power overhead.

Fig. 2(d) investigates the effect of the number of BS
antennas N on system EE. Increasing N improves EE by
providing greater spatial degrees of freedom and enhancing
SE. However, due to the logarithmic relationship between SE
and N, the EE gain diminishes as N grows. In comparison,
both the single RIS-UAV and ground RIS setups rely on
reflected paths, which limits their ability to exploit additional
antennas. Consequently, their EE improves more gradually
with larger N than our proposed RIS-UAVs assisted system.

V. CONCLUSION

This letter has investigated the joint optimization of BS
power allocation, active beamforming and RIS phase shifts
for RIS-UAVs assisted multiuser communication systems to

maximize system EE. To tackle the non-convexity of this
challenging problem, a Dinkelbach-based BCD algorithm
framework has been applied to decompose the complex prob-
lem into three simpler subproblems, which are iteratively
optimized. Moreover, a low-complexity MACD algorithm
is introduced specifically for optimizing the RIS phase
shifts. Simulation results have demonstrated that our pro-
posed approach significantly enhances system EE compared
to existing benchmark methods. Nevertheless, the lack of
comparisons with DL/DRL baselines constitutes a limitation.
In future work, we will focus on integrating our optimization
framework with DL/DRL methods, while introducing dynamic
UAV power models and trajectory optimization to achieve
overall system EE.

REFERENCES

[1] M. Ahmed et al., “Toward a sustainable low-altitude economy: A
survey of energy-efficient RIS-UAV networks,” IEEE Internet Things
J., vol. 12, no. 24, pp. 51951-51975, Dec. 2025.

[2] Z. Ning et al., “6G communication new paradigm: The integration of
autonomous aerial vehicles and intelligent reflecting surfaces,” IEEE
Commun. Surveys Tuts., vol. 27, no. 6, pp. 3382-3416, Dec. 2025.

[3] B. Shang, R. Shafin, and L. Liu, “UAV swarm-enabled aerial reconfig-
urable intelligent surface (SARIS),” IEEE Wireless Commun., vol. 28,
no. 5, pp. 156-163, Oct. 2021.

[4] Y. Ren, Z. Wang, X. Zhang, and G. Lu, “Energy efficiency maximization
for aerial RIS-aided over-the-air federated learning,” in Proc. IEEE
Wireless Commun. Netw. Conf. (WCNC), Apr. 2024, pp. 1-6.

[ST Y. Ye, S. Hu, W. Ni, and X. Wang, “Trajectory planning and
transmission scheduling for UAV-borne RIS assisted energy-efficient
uplink transmissions,” IEEE Trans. Intell. Transp. Syst., vol. 26, no. 10,
pp. 17185-17193, Oct. 2025.

[6] B. Adhikari, A. S. Khwaja, M. Jaseemuddin, A. Anpalagan, and
A. Nallanathan, “Energy efficient RIS-assisted UAV networks using twin
delayed DDPG technique,” IEEE Trans. Wireless Commun., vol. 23,
no. 12, pp. 18423-18439, Dec. 2024.

[71 L. Ge, H. Zhang, J.-B. Wang, and G. Y. Li, “Reconfigurable wireless
relaying with multi-UAV-carried intelligent reflecting surfaces,” IEEE
Trans. Veh. Technol., vol. 72, no. 4, pp. 4932-4947, Apr. 2023.

[8] B. Shang, E. S. Bentley, and L. Liu, “UAV swarm-enabled aerial
reconfigurable intelligent surface: Modeling, analysis, and optimization,”
IEEE Trans. Commun., vol. 71, no. 6, pp. 3621-3636, Jun. 2023.

[9] P.S. Aung, Y. M. Park, Y. K. Tun, Z. Han, and C. S. Hong, “Energy-
efficient communication networks via multiple aerial reconfigurable
intelligent surfaces: DRL and optimization approach,” IEEE Trans. Veh.
Technol., vol. 73, no. 3, pp. 42774292, Mar. 2024.

[10] Y. Byun, H. Kim, S. Kim, and B. Shim, “Channel estimation and phase
shift control for UAV-carried RIS communication systems,” IEEE Trans.
Veh. Technol., vol. 72, no. 10, pp. 13695-13700, Oct. 2023.

[11] Y. Guo, Y. Liu, Q. Wu, Q. Shi, and Y. Zhao, “Enhanced secure com-
munication via novel double-faced active RIS,” IEEE Trans. Commun.,
vol. 71, no. 6, pp. 3497-3512, Jun. 2023.

[12] Y. Ren et al., “Energy efficiency optimization for UAV distribution
and resource allocation in NOMA and multi-UAV assisted wire-
less networks,” IEEE Open J. Commun. Soc., vol. 6, pp. 6142-6155,
2025.

Authorized licensed use limited to: UNIVERSITY OF SOUTHAMPTON. Downloaded on August 07,2026 at 20:14:42 UTC from IEEE Xplore. Restrictions apply.



