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Abstract: In existing UAV communication systems incorporating active reconfigurable
intelligent surfaces (ARIS), hardware impairments (HIs) in transceivers and thermal noise
from active units are frequently overlooked. This oversight leads to signal distortion at
user terminals and excessive system power consumption. To address these challenges, this
study proposes a solution to enhance signal transmission quality by jointly optimizing the
dynamic topology of an ARIS and the average achievable rate (AAR) for users. Firstly,
to mitigate inter-element interference in the ARIS, a hybrid genetic algorithm (HGA) is
proposed. This algorithm integrates the global search capability of genetic algorithms with
the local optimization efficiency of the tabu search algorithm (TSA) to iteratively derive
the optimal dynamic topology matrix for the ARIS. Secondly, to maximize the AAR by
increasing received signal power, fractional programming with quadratic transformation is
combined with semidefinite relaxation and successive convex approximation to tackle the
highly coupled multi-variable non-convex fractional programming problem. This approach
transforms subproblems into single-variable convex optimizations. Finally, an alternating
iterative method is employed to solve the convex subproblems, yielding a suboptimal
solution. The simulation results demonstrate that the proposed UAV-ARIS dynamic topol-
ogy optimization scheme improves the system AAR by 27–130% and energy efficiency by
19–32% compared with conventional schemes, while ensuring flexible deployment and
high energy efficiency.

Keywords: active RIS; UAV communication; dynamic topology optimization; quadratic
transformation

1. Introduction
Amid the relentless surge of digital transformation, sixth-generation mobile networks

(6G) have emerged as the next frontier in communications, attracting global attention from
both researchers and industries. 6G aims to achieve ultra-high data rates, ultra-low latency,
and massive connection density to meet the stringent demands of future intelligent societies
for massive data transmission and real-time interaction [1]. Within the 6G technology frame-
work, reconfigurable intelligent surface (RIS) technology has gained prominence as a key
enabling technology. By intelligently manipulating the wireless propagation environment,
an RIS can significantly enhance spectral efficiency, extend signal coverage, and improve
link quality [2]. Its unique working principles and advantages offer novel approaches to
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overcoming the limitations of conventional communication systems, potentially revolu-
tionizing the communications paradigm in the 6G era. An RIS consists of a planar array
comprising numerous low-cost, low-power passive reflecting elements. These elements can
dynamically adjust the amplitude, phase, and even polarization state of incident electro-
magnetic waves, thereby altering signal propagation paths. Each unit can be independently
controlled to reflect or refract incoming waves. Through programmable configurations,
an RIS optimizes wireless links to enhance signal coverage, reduce communication power
consumption, and improve spectral efficiency [3–7].

As application scenarios grow increasingly diverse and complex, the limitations of
conventional communication systems have become more pronounced. Terrestrial commu-
nication networks cannot provide a ubiquitous high data rate and reliable wireless connec-
tions, while UAV-assisted air-to-ground communication systems have gained widespread
adoption due to their high mobility and ability to rapidly respond in complex geographical
environments and harsh weather conditions [8]. UAVs can be regarded as aerial relays
or a base station (BS), whose lightweight and flexible nature enables rapid deployment in
communication-challenged environments such as disaster zones, complex mountainous
areas, and large-scale events or conferences. By adjusting flight trajectories and deploy-
ment positions, UAVs can efficiently accomplish communication tasks while establishing
line-of-sight (LOS) links with ground users, effectively expanding communication coverage
and enhancing data transmission rates [9]. In recent years, numerous researchers have
investigated communication systems combining UAVs with an RIS. Reference [10] pro-
posed an air-to-ground downlink communication network composed of an RIS and UAVs.
The integration of RIS technology with UAVs in air-to-ground communication networks
provides novel insights and directions for future communication network architecture
design. Reference [11] established a comprehensive and in-depth theoretical framework
for the performance analysis of RIS-assisted UAV communication systems. Through rig-
orous mathematical derivation and analysis, the study quantitatively characterized the
relationships between various system parameters and performance metrics.

However, most existing research on air-to-ground communication systems assumes
perfect transceivers without considering HIs. In practical scenarios, HIs are unavoidable
and significantly degrade communication performance, potentially causing link failures and
data errors [12,13]. These impairments particularly affect performance gains in large-scale
MIMO/MISO systems. Several studies have analyzed HI effects on communication systems.
Reference [14] developed a comprehensive RIS-assisted MIMO system model incorporating
transceiver HIs, RIS phase noise, and other practical factors. Reference [15] established
a complete system model considering HIs and analyzed their impacts. Performance
evaluation under HIs has become a research hotspot, revealing that a traditional passive RIS
achieves limited gains in HI-affected environments. Dual-channel communication suffers
from a multiplicative fading effect [16], where combined air-to-ground and ground-to-air
path losses create compounded signal degradation. To address this, reference [17] proposed
an ARIS capable of actively amplifying reflected signals. While an ARIS introduces thermal
noise by integrating amplifiers into reflecting elements, it effectively compensates for
path loss and mitigates multiplicative fading. Extensive ARIS performance evaluations
have been conducted. Reference [18] established a theoretical framework comparing an
ARIS and a passive RIS across key metrics, cost, and complexity. Reference [19] first
revealed the security–reliability trade-off in UAV-mounted ARIS networks. Reference [20]
showed that large-scale ARIS arrays suffer from substantial energy consumption due to
inter-element interference. To improve energy efficiency, reference [21] proposed irregular
ARIS configurations that strategically distribute active elements to create additional spatial
degrees of freedom while reducing power consumption.
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The real-world environment is far more complex than simulated experiments. To
cope with potential fading and noise in practical scenarios, this study considers an air-
to-ground communication system mitigated by HIs, specifically a system where a UAV
equipped with an RIS serves as a relay. To address the fading and energy consumption
issues of the proposed system, ARISs with dynamic topology are introduced to replace a
traditional passive RIS. In summary, this paper proposes an optimized dynamic topology
communication system of a UAV-ARIS based on HIs. The system uses energy consumption
and the AAR as key metrics, formulating an optimization problem that maximizes the
AAR through the joint optimization of dynamic topology, passive beamforming, active
beamforming, and UAV trajectory. To solve this highly non-convex problem, we apply
fractional programming [22] to transform the original problem via Lagrangian dualization
and quadratic transformation into a series of convex subproblems. The solution involves
alternating the optimization of four subproblems: dynamic topology optimization using
hybrid genetic–tabu search, beamforming optimization via semidefinite relaxation and
successive convex approximation, and UAV trajectory optimization through successive
convex optimization techniques.

To address these challenges, this work proposes the following: (1) a realistic commu-
nication model incorporating transceiver HIs and amplification thermal noise as additive
noise components in the user SINR calculation; (2) a UAV-ARIS relay system employing a
hybrid genetic algorithm for ARIS topology optimization to mitigate inter-element interfer-
ence, combined with fractional programming and quadratic transformation for alternating
subproblem optimization to maximize the AAR; (3) comprehensive performance compar-
isons demonstrating through simulations that the proposed UAV-ARIS dynamic topology
optimization achieves a significantly higher AAR than a conventional passive RIS and
other benchmark schemes. The solution specifically addresses multiplicative fading in dual-
channel scenarios while maintaining energy efficiency through dynamic active element
configuration, with the experimental results showing 27–130% AAR improvement and
19–32% energy savings compared to existing approaches under equivalent HI conditions.

2. System Model and Problem Description
Consider an HI-aware UAV-ARIS communication system with optimized dynamic

topology for downlink multiuser MISO transmission. As shown in Figure 1, the system
consists of a BS with Nt antennas transmitting signals via an ARIS containing Mn reflecting
elements to K single-antenna users. Since the direct links between the BS and users are
blocked in this system, they are not considered.

The user’s two-dimensional coordinates are denoted as uk = [xk, yk]
T ∈ R2×1,∀k ∈

{1, 2, . . . , K}, with the UAV operating at a fixed altitude H with a flight period T discretized
into N equal time slots δ (i.e., T = Nδ), enabling its horizontal trajectory to be represented
by N discrete points qn = [xn, yn]

T ∈ R2×1,∀n ∈ {1, 2, . . . , N} in the 2D plane. The dynamic
topology aerial ARIS, comprising Mn reflecting elements distributed across a rectangular array
of M uniformly spaced grid points (Mn < M), features an inter-grid spacing of half the carrier
wavelength. Given the LOS propagation characteristics of both the BS-to-UAV-ARIS and UAV-
ARIS-to-ground-user links, the corresponding channel responses for the n-th time slot are,
respectively, modeled as hbr,n ∈ RM×Nt hrk,n ∈ RM×1 [23].
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hbr,n =

√
β0

D2
br,n + H2

Ω1 (1)

hrk,n =

√
β0

D2
rk,n + H2

Ω2 (2)

where Ω1 = {1, e−j 2π
λ dφbr,n, · · · , e−j 2π

λ (M−1)dφbr.n}T, Ω2 = {1, e−j 2π
λ dφrk,n , · · · ,e−j 2π

λ (M−1)dφrk,n}T

is the array response in the n-th time slot, let β0 denote the path loss exponent. In the n-th time
slot, the Euclidean distances between the BS and UAV, and between the UAV and the user, are

denoted as Dbr,n =
√
∥qn − qs∥

2 and Drk,n =
√
∥qn − uk∥2, respectively. The carrier wavelength

and the spacing between reflecting elements on the RIS are represented by λ and d, respectively.
Furthermore, φbr,n = xn

Dbr,n
and φrk,n = xk−xn

Drk,n
correspond to the cosine of the angle of arrival

(AoA) at the UAV from the BS and the cosine of the AoA at user k from the UAV in the n-th time
slot, respectively.

In this system, it is assumed that HIs are taken into account at both the transmitting
and receiving ends. Then, the signal transmitted by the BS to the k-th user in the n-th time
slot is

xk,n =
K

∑
k=1

ωk,nsk,n + zb.n (3)

Let ωk,n ∈ RNt×1 denote the beamforming vector for user k in the n-th time
slot, while sk,n represents the information symbol transmitted from the BS to the k-th
user during the n-th time slot. The HI distortion noise vector at the BS is denoted
by zb,n ∈ RNt×1 [24]. It is modeled as uncorrelated Gaussian random variables, and

zb,n ∼ CN(0,Kbdiag{
K
∑

k=1
ωk,nωH

k,n}) whose variance is proportional to the transmission
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power of the BS, where Kb ∈ [0, 1] characterizes the HI scaling factor at the BS. The received
signal at the k-th user in the n-th time slot can then be expressed as

yk,n =
(

hH
rk,nAnΦhbr,n

)
xk,n + zk

+hH
rk,nΦnnA + nB

(4)

Let An = diag[a1, a2, . . . aM]T denote the dynamic topology matrix of the ARIS in the n-
th time slot, where aM ∈ {0, 1} controls the on/off state of the m-th reconfigurable element
in the n-th time slot, where “1” enables signal reflection and “0” disables reflection. The
phase shift matrix for each time slot is given by Φn = diag(ρ1ejθ1,n , ρmejθ2,n , · · · , ρMejθM,n),
where θm,n represents the phase shift of the m-th reconfigurable element in the n-th time
slot. ρm is the amplitude coefficient, θm,n ∈ [0, 2π) and ρm ∈ [0, ρmax].

Defining yk,n ≜ ỹk,n + zk,n, where E{·} denotes expectation, zk,n = KkE{
∣∣ỹk,n

∣∣2} mod-
els the HI noise at the k-th user, with corresponding HIs Kk ∈ [0, 1] denoting the HI scaling
factor for the k-th user equipment. Considering the ARIS incorporates active elements, its
thermal noise nA ∼ CN

(
0, σ2

A IM
)

with amplified power σ2
A cannot be neglected, while

nB, nB ∼ CN
(
0, σ2

B
)

represents the additive white Gaussian noise at the BS. Consequently,
the signal-to-interference-plus-noise ratio (SINR) for the k-th user in the n-th time slot is
expressed as

γk,n =

∣∣Hk,nωk,n
∣∣2

NO
(5)

where Hk,n = hH
rk,bAnΦnhbr,n, and NO =

K
∑

i=1,i ̸=k
|Hi,nωi,n|2 +

∣∣Hk,nzb,n
∣∣2 + ∥∥∥hH

rk,nΦn

∥∥∥ 2
σA

2 +

zk,n+σB
2. The first term represents the interference between users, the second term rep-

resents the noise interference caused by HIs at the base station, the third term represents
the thermal noise interference of the optimized dynamic topology ARIS, the fourth term
represents the noise interference caused by HIs at the user end, and the fifth term represents
the interference of additive white Gaussian noise. The achievable rate of the k-th user in
the n-th time slot can be expressed as

Rk,n = log2(1 + γk,n) (6)

A dynamic topology optimization framework is proposed for the UAV-ARIS in down-
link cooperative systems with HIs. The focus is on jointly optimizing the ARIS dynamic
topology matrix An, precoding matrix W, phase shift matrix Φ, and UAV trajectory Q to
maximize the AAR. The problem is formulated as follows.

max
An ,W,Φ,Q

f1(An, W, Φ, Q) = 1
N

N
∑

n=1

K
∑

k=1
Rk,n

s.t.C1:
K
∑

k=1

∥∥∥(hH
rk

)
Φ
∥∥∥2

Pk[n] + ∥Φ∥2
Fσ2

A ≤ Pmax
RIS

C2 :
K
∑

k=1
∥wk∥2 ≤ Pmax

BS

C3 : |Φn| ≤ ρmax

C4 : am ∈ {0, 1}
C5 : IT

MAn = Mn

C6 : 0 ≤ θm[n] ≤ 2π

C7 : q1 = qs, qN = qe

C8 :
∥∥qn+1 − qn

∥∥2 ≤ D2

(7)
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The proposed optimization framework sequentially adjusts four key parameters to
maximize the AAR. The precoding matrix W is specifically defined as W = [ω1, ω2 . . . , ωk].
The solution is subject to eight critical constraints: (C1) the dynamic topology ARIS’s
amplification power cannot exceed Pmax

RIS ; (C2) the base station’s maximum transmit power
is bounded by Pmax

BS ; (C3) the ARIS amplification gain must satisfy amplitude limitations;
(C4 − C5) the topology matrix An requires unit diagonal elements to maintain specific
reflection properties; (C6) phase shifts in the ARIS must adhere to unit modulus constraints;
(C7) the UAV’s initial position is fixed at a predetermined location; and (C8) the UAV’s
mobility is constrained by maximum velocity limitations.

3. Algorithm Design
In the considered problem, the variable {An, W, Q, Φ} is highly coupled. Therefore,

a method of using fractional programming to decouple the four variables is proposed.
Firstly, the Algorithm 1 is employed to solve for An. It is assumed that after obtaining the
optimal An, the topological structure remains fixed within the same time slot. However,
the original problem is still non-convex and is a logarithmic polynomial. To address this
issue, a quadratic transformation is proposed to convert the coupled non-convex multi-
variables into a single convex variable. Finally, an approximate solution is obtained through
Algorithm 2.

3.1. Solve An Based on the HGA

To solve the topology matrix of the ARIS, an HGA is proposed to search for high-
quality optimal solutions. The proposed algorithm combines the genetic algorithm and the
TSA to balance the breadth and depth of the search.

Specifically, in the genetic algorithm, for the P chromosomes in the population, a cor-
responding relationship between chromosomes and the topology matrix An is established,
with each topology structure corresponding to one chromosome. The average achievable
rate (AAR) of the system is defined as the fitness of the algorithm, meaning that the AAR
is positively correlated with the fitness of the algorithm; the higher the fitness, the better
the individual topology matrix An. A crossover operator is applied to combine two parent
individuals to generate new offspring individuals. To avoid premature convergence, the
roulette wheel selection method is used to implement the mutation operation, where the
selection probability of each individual is equal to its fitness value divided by the total
fitness value of the population. Since the elements in matrix An only contain 0 and 1, the
mutation of gene values is set as changing 1 to 0 and 0 to 1.

The local optimal topology matrix obtained by the genetic algorithm is used as the
initial solution for the TSA. Randomly select p chromosomes with a value of 0 from the
current solution and change them to 1, and randomly select p chromosomes with a value
of 1 and change them to 0 to obtain the “neighboring solutions”. Calculate the fitness
of the neighboring solutions and compare them with the current solution. If the fitness
of a neighboring solution is higher, select it as the new optimal solution. During the
iteration process, a tabu list is used to store recently generated records to avoid periods
and repetitions. Through the tabu list mechanism, the algorithm can escape from the local
optimal solution and explore new solution spaces. The length of the tabu list is fixed at T.
After the solution process, the optimized topology matrix AI+1

n is obtained, and the original
problem is rewritten as

max
W,Q,Φ

f2(W, Q, Φ) = 1
N

N
∑

n=1

K
∑

k=1
Rk,n

s.t. C1, C2, C3, C6, C7, C8
(8)
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where C4 : A = AI+1
n . The specific algorithm details are shown in Algorithm 1.

Algorithm 1 Hybrid Genetic–Tabu Search Algorithm

1: Initialize the tabu list TabuL = 0, the maximum value of the tabu list as TabuMAX
L , the

crossover probability as P_c, the mutation probability as P_m, the distance NeighD to
the neighboring neighbor NeighS, the topology matrix Ao

n of the optimized dynamic
topology ARIS, the iteration number I, and the maximum iteration number IMAX .
2: Calculate the maximum value of the AAR of the population P in the system as the
fitness.
3: for I = 1 to IMAX .
4: Genetic algorithm operations

Select parents from the population P using a selection method based on fitness.
Perform crossover operations on the selected parents with probability P_c to
generate offspring.
Perform mutation operations on the offspring with probability P_m.

5: TSA search operations

Dynamically adjust the neighborhood NeigHD with the iteration. Randomly
replace 1 with 0 within the diagonal of An and create replacement neighbors
of AI

n.

Exclude the tabu neighbors from the tabu list TabuL to obtain the candidate
neighbors NeigHS.
Calculate the AAR of all candidate neighbors and save the maximum value as the
best candidate, denoted as AI+1

n .

if TabuL < TabuMAX
L then

Add AI+1
n to TabuL

else
Add AI+1

n to the end and delete the first element.
end if

end for

3.2. Fractional Programming

For a given topology matrix AI+1
n , there are highly coupled non-convex variables and

non-convex constraints in the objective function. Since the objective function is a logarithmic
polynomial, fractional programming is used for transformation. Firstly, auxiliary variables
are introduced for Lagrangian dualization, and Equation (7) is expressed as

max
W,Φ,Q,ξ

f3(W, Φ, Q, ξ) =
1
N

(
N
∑

n=1

K
∑

k=1
log2(1 + ξk,n)−

N
∑

n=1

K
∑

k=1
ξk,n+

N
∑

n=1

K
∑

k=1

(1 + ξk,n)γk,n

1 + γk,n

)
s.t. C1, C2, C3, C4, C5, C6, C7, C8

(9)

where ξk,n = [ξ1,n, ξ2,n, . . . ξK,n] are introduced as Lagrangian auxiliary variables. In order
to maximize the objective function by iterative optimization for all variables, when fixing
(W, Φ, Q), the auxiliary variables ξk,n can be determined via the optimal solution ξ∗k,n.

ξ∗k,n = γk,n (10)
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Substitute it back into Equation (9), and after removing the constant terms, the problem
can be equivalently transformed into solving

max
W,Φ,Q

f4(W, Φ, Q) =
1
N

N
∑

n=1

K
∑

k=1

(1 + ξk,n)γk,n

1 + γk,n
s.t. C1, C2, C3, C4, C5, C6, C7, C8

(11)

3.3. Active Beamforming

In order to optimize the transmit beam of the base station and simplify the formula,

let NO2 =
∣∣Hk,nzb,n

∣∣2 + ∥∥∥hH
rk,nΦn

∥∥∥ 2
σA

2 + zk,n in Equation (11), and the original problem is
reformulated as

max
W

f5(W) =
1
N

N
∑

n=1

K
∑

k=1

(1 + ξk,n)
∣∣Hk,nωk,n

∣∣2
K
∑

i=1,i ̸=k
|Hi,nωi,n|2 + NO2

s.t. C1, C2, C3

(12)

A quadratic transformation of Equation (12) further transforms the problem into

max
W,X

f6(W, X) = 1
N

N
∑

n=1

K
∑

k=1
2xk,n

√
(1 + ξk,n)

∣∣Hk,nωk,n
∣∣2−

x2
k,n

(
K
∑

i=1

∣∣Hk,nωi,n
∣∣2 + NO2

)
s.t. C1, C6, C7

(13)

where Xk,n = [x1,n, x2,n, . . . xK,n] is the quadratic transformation auxiliary variable. Let
∂ f5/∂xk,n = 0, ∂ f5/∂ωk,n = 0, then the optimal solution can be obtained as

x∗k,n =

√
(1 + ξk,n)

∣∣Hk,n
∣∣ωk,n

K
∑

i=1

∣∣Hk,nωi,n
∣∣2 + NO2

(14)

The optimal solution of ωk,n can be obtained by using the Lagrange multiplier method
as follows

ω∗
k,n =

(
𝓁n IM + ∑ HH

i,nxi,nxH
i,nHi,n

)−1√
(1 + ξk,n)xk,nHH

k,n (15)

where 𝓁n = min{𝓁n ≥ 0 : C1, C2, C3} is the dual variable introduced for active beamforming.

3.4. Passive Beamforming

The passive beamforming of the system is equivalent to optimizing θm,n. According to
Equation (11), by fixing (W, Q), the original problem is reformulated as

max
θ

f7(θ) =
1
N

N
∑

n=1

K
∑

k=1

(1 + ξk,n)
∣∣θnGk,nωk,n

∣∣2
K
∑

i=1

∣∣θnGk,nωi,n
∣∣2 + ∣∣θnGk,nzb,n

∣∣2 + ∥∥∥θnh̃n

∥∥∥2
σ2

A + NO3

s.t. C1, C2, C3

(16)
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where Gk,n = diag
(

hH
rk,n

)
hbr,n, h̃n = diag

(
hH

rk

)
, θn = [θ1,n, · · · , θm,n, · · · θM,n], NO3 = zk,n +

σB
2. Perform a quadratic transformation on Equation (16), and it can be further expressed as

max
θ,Y

f8(θ, Y) = 1
N

N
∑

n=1

K
∑

k=1
2yk,n

√
(1 + ξk,n)

∣∣θGk,nωk,n
∣∣2

−y2
k,n

(
K
∑

i=1

∣∣∣∣θnGk,nωi,n
∣∣∣∣2 + ∣∣θnGk,nzb,n

∣∣2
+
∥∥∥θnh̃n

∥∥∥2
σ2

A + NO3

)
s.t. C1, C6, C7

(17)

where Yk,n = [y1,n, y2,n, . . . yK,n] is the quadratic transform auxiliary variable. Let Uk,n =

−y2
k,n

K
∑

k=1

K
∑

i=1
GnGH

n ω2
i,n + GnGH

n z2
b,n + h̃nh̃

H
n σ2

A, Vk,n = 2yk,n
K
∑

k=1

√
(1 + ξk[n])

∣∣Gk,n
∣∣2ω2

k,n.

The Quadratically Constrained Quadratic Programming (QCQP) of Equation (17) is equiv-
alent to

max
θ

f9(θ) =
1
N

N
∑

n=1
θnUk.nθH

n + θnVk,n

s.t. C1, C2, C3
(18)

Further perform matrices transformation to simplify the expression.

[θn, 1]

[
Uk,n Vk,n

0 0

][
θH

n
1

]

Γk,n =

[
Uk,n Vk,n

0 0

]

Θn =

[
θk,n

n

1

]
[θn, 1] =

[
θH

n θn θH
n

θn 1

] (19)

The QCQP for passive beamforming is rewritten as

max
Θ

f10(Θ) = 1
N

N
∑

n=1
Tr[Γk,nΘn]

s.t. C1, C2, C3
(20)

Equation (12) is a semidefinite programming problem, which can be solved by semidef-
inite relaxation, and an approximate solution that satisfies the rank-one constraint can be
obtained through the method of Gaussian randomization.

3.5. Optimizing UAV Trajectories

In order to optimize the trajectory of the UAV, by fixing (W, Φ), and following Equation (12),
a quadratic transformation is performed on it, resulting in

max
W,X

f11(W, Z) = 1
N

N
∑

n=1

K
∑

k=1
2zk,n

√
(1 + ξk,n)

∣∣Hk,nωk,n
∣∣2−

z2
k,n

(
K
∑

i=1

∣∣Hk,nωi,n
∣∣2 + ∣∣Hk,nzb,n

∣∣2 + ∥∥∥hH
rk,nΦn

∥∥∥ 2
σA

2 + NO3

)
s.t. C1, C6, C7

(21)

Among them, Zk,n = [z1,n, z2,n, . . . zK,n] is the auxiliary variable for the quadratic
transformation. The signals received by the user from the reflections of different cells
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are coherent. Therefore, in order to improve the quality of the received signals, coherent
processing is carried out on the signals. Firstly, the signal at the receiving end is redefined as

hrk,m =
[∣∣hrk,1

∣∣ejψ1,n , · · ·
∣∣hrk,m

∣∣ejψm,n , · · · ,
∣∣hrk,M

∣∣ejψM,n
]T

(22)

where
∣∣hrk,m

∣∣ represents the amplitude of the m-th reflection unit, and ψm ∈ (0, 2π] repre-
sents the phase of the m-th reflection unit. Perform a coherent combination on the signals
and let θ2,n −ω2,n − 2π

λ dφrk = · · · = θM,n −ωM,nθ1,n −ω1,n = − 2π
λ d(M − 1)φrk = arg(τ).

Further, the entire signal is rewritten as

hH
rk,nAnΦnhbr,n =

Anejarg(τ)√β0
M
∑

m=1

∣∣hrk,m
∣∣√

d2
br,n + H2

(23)

By introducing the slack variables ηn ≥
√

D2
rk,n + H2 and µn ≥

√
D2

br,n + H2, the
problem f11 can be formulated as

max
Q

f12(Q) =
1
N

N
∑

n=1

K
∑

k=1
∆En

(∣∣∣∣∆An

µn

∣∣∣∣2 + ∣∣∣∣∆Bn

µn

∣∣∣∣2 + ∣∣∣∣∆Cn

ηn

∣∣∣∣2σ2
A + NO3

)
+

∆Dn

µn
s.t. C1, C4, C5

(24)

where ∆An =
K
∑

i=1
ωi,nAn

√
β0

M
∑

m=1

∣∣hrk,m
∣∣, ∆Bn = An

√
β0

M
∑

m=1

∣∣hrk,m
∣∣zb,n, ∆Cn =

√
β0, ∆Dn =

2zk,n
√
(1 + ξk,n)ωk,nAn

√
β0

M
∑

m=1

∣∣hrk,m
∣∣, ∆En = z2

k,n. When the slack variables remain equal,

f11 and f12 have the same optimal solution. In order to address the non-convexity of the
problem, a first-order Taylor expansion is carried out at the point µ0

n, η0
n within the feasible

region, and obtain

1
N

N
∑

n=1

K
∑

k=1
∆En

(∣∣∣∣∆An

µn

∣∣∣∣2 + ∣∣∣∣∆Bn

µn

∣∣∣∣2 + ∣∣∣∣∆Cn

ηn

∣∣∣∣2σ2
A + NO3

)
+

∆Dn

µn
≥ 1

N

N
∑

n=1

K
∑

k=1
A0

n + B0
n
(
µn − µ0

n
)

+C0
n
(
ηn − η0

n
)

−µ2
n ≤

(
µ0

n
)2 − 2µ0

nµn

−η2
n ≤

(
η0

n
)2 − 2η0

nηn

(25)

where A0
n = ∆En

(
∆A2

n

(µ0
n)

2 +
∆B2

n

(µ0
n)

2 +
∆C2

n

(η0
n)

2 + NO3

)
+ ∆D2

n
µ0

n
, B0

n = −2∆En

(
∆A2

n

(µ0
n)

3 +
∆B2

n

(µ0
n)

3

)
−

∆D2
n

(µ0
n)

2 , C0
n = − 2∆C2

n

(η0
n)

3 . Therefore, f12 can be approximated as

max
Q

f13(Q) = 1
N

N
∑

n=1

K
∑

k=1
B0

nµn + C0
nηn

s.t. C1, C4, C5
(26)

The problem f13 is a convex optimization problem and can be solved efficiently
using CVX.
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Algorithm 2 Algorithm based on quadratic transform alternating optimization method

Initialization: A0
n, W0

n, Φ0
n, Q0

n, µ0
n, η0

n, I = 0
1 Repeat I = I + 1.
2 Based on the hybrid genetic algorithm, f2 is solved, and the optimal topology matrix

AI+1
n is obtained.

3 According to the given ΦI
n, QI

n, solve f6 and obtain WI+1
n .

4 According to the given WI
n, QI

n, solve f10 and obtain ΦI+1
n .

5 According to the given WI
n, ΦI

n, solve f13 and obtain QI+1
n .

6 Until: converge to the specified precision.

3.6. Algorithm Complexity

For the non-convex problem with highly coupled multi-variables, the complexity of
the proposed quadratic transformation is O

(
(N)3.5

)
, where N is the number of variables.

The computational complexity of the genetic–tabu hybrid algorithm for optimizing the
dynamic topology structure is O(I × max(PL +T)), where I is the number of iterations,
L is the individual coding length, and T is the length of the tabu list. The computational
complexity of the semidefinite relaxation algorithm is related to the number of iterations
and the number NK of updated variables in each iteration, and its computational complex-
ity is O

(
I(NK)3

)
. The computational complexity of the successive convex approximation

algorithm is related to the number M of variables, and its computational complexity is
O
(
(M + 1)4.5

)
. The complexity of the trajectory optimization algorithm is O(N), where

N is the number of terms in the calculation. The overall algorithm is related to the experi-
mental parameters and the number of iterations. Among them, the growth order of the
semidefinite relaxation algorithm is the highest, and the overall algorithm complexity can
be approximated as O

(
I × (M + 1)4.5

)
.

4. Simulation Analysis
In this section, the effectiveness of the UAV-ARIS optimized dynamic topology scheme-

assisted communication scheme is verified through simulations. The key parameter settings
are as follows:

Figure 2 shows the 3D coordinate system of the multiuser air-to-ground communica-
tion network assisted by the dynamic topology of the UAV-ARIS. The system parameters
are as shown in the environmental parameters and system parameters in Table 1. In the
simulation, the starting point (the location of the BS) and the ending point are set as (0 m,
0 m) and (100 m, 100 m), respectively. The coordinates of the six communication users
are (50 m, 20 m), (60 m, 20 m), (60 m, 30 m), (30 m, 60 m), (30 m, 70 m), and (40 m, 70 m),
respectively. To conduct a performance analysis of the proposed scheme, the following
schemes are presented for comparison:

(i) The optimized dynamic topology ARIS scheme, namely, the UAV, is equipped with
the optimized dynamic topology ARIS to serve as a relay for communication.

(ii) The ARIS scheme, that is, the UAV, is equipped with the conventional ARIS to serve
as a relay for communication.

(iii) The optimized dynamic topology passive RIS scheme, that is, the UAV, is equipped with
the optimized dynamic topology passive RIS to serve as a relay for communication.

(iv) The passive RIS scheme, namely, the UAV, is equipped with the conventional passive
RIS to serve as a relay for communication.

(v) The random phase shift scheme, that is, the UAV, is equipped with the ARIS with
random phase shift to serve as a relay for communication.
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Table 1. Parameter settings.

Environmental Parameters Value

Fading factor (β0) 0.003

The flight altitude of the UAV (H) 80 m

UAV flight time slot (δ) 1 s

The flight period of the UAV (T) 10 s

System parameters value

Noise power spectral density (σB) −105 dBm/Hz

Thermal noise power spectral density (σA) −105 dBm/Hz

Amplification factor of ARIS (ρm) 20

Optimize the number of ARIS units in the
dynamic topology 50

BS transmit (PBS) 30 dBm

ARIS power (PRIS ) 10 dBm

HIs coefficient (Kb = Kk) 0.15

Figure 3 shows a comparison diagram between the direct flight path of the unopti-
mized UAV and the flight paths of various optimized schemes. Here, the users are scattered
on both sides of the straight line connecting the starting and ending points. All the opti-
mized schemes achieve user tracking, optimize the communication channels, and verify
the effectiveness of the algorithm. The flight period of all schemes is T = 10 s . Within the
limited flight period, it is considered that the smaller the path loss, the better the channel
gain provided. It can be seen that the optimized dynamic topology ARIS scheme gets
closer to the users clustered on both sides. This is because the optimized dynamic topology
ARIS has an active characteristic that can actively amplify and adjust signals, enabling the
UAV to maintain good communication even when it is farther away from the base station.
In other words, the optimized trajectory can extend to areas where communication was
originally restricted. Even for the passive RIS schemes, the one with the optimized dynamic
topology structure demonstrates a more efficient flight path.
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Figure 4 compares the changes in the AAR of different schemes as the number of RIS
reflection units increases. The AAR of all schemes increases with the increase in the number
of reflection units. Compared with the random phase shift scheme, all other schemes have
achieved significant improvements. The gain of the proposed beamforming algorithm on
the AAR demonstrates the excellent effect of the algorithm in optimizing communication
performance. When the number of reflection units is 50, the AAR of the optimized dynamic
topology ARIS scheme is 108% higher than that of the optimized dynamic topology passive
RIS scheme. This is because the ARIS amplifies the reflected signal, compensating for the
path damage caused by the “double fading” effect. The AAR of the optimized dynamic
topology ARIS scheme is 21% higher than that of the ARIS scheme. This is because,
with the same number of units, the optimized dynamic topology ARIS selects units with
better channel gain conditions to enhance communication performance. This indicates that
the proposed topology optimization strategy has achieved obvious results. The schemes
with the UAV carrying the ARIS show a significant gap compared with other benchmark
schemes, which is mainly the result of the signal amplification brought about by the ARIS.
The traditional passive RIS schemes also show a distinct difference depending on whether
the topology optimization and the beamforming algorithm optimization are carried out,
further verifying the superiority and effectiveness of the proposed scheme.
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Figure 5 depicts how the AAR of different schemes varies with the transmit power
of the base station. The AAR of all schemes increases as the transmit power of the base
station increases, and the optimized dynamic topology ARIS scheme is significantly higher
than the other schemes. When compared with the optimized dynamic topology ARIS
and the optimized dynamic topology passive RIS, at a base station transmit power of
30 dBm, the optimized dynamic topology ARIS shows an improvement of 109%, while
at a transmit power of 15 dBm, the improvement is 33%. This is because at low power
levels, the influence of the noise floor limits its gain, and it cannot achieve a high gain as
it does at high power levels. The nonlinear characteristic exhibited between power and
gain reflects that in high-power application scenarios, the advantages of the optimized
dynamic topology ARIS are more pronounced. However, even when the transmit power is
15 dBm, the AAR of the optimized dynamic topology ARIS is still 130% higher than that of
the optimized dynamic topology passive RIS scheme. This indicates that under the same
power constraints, the signal improvement effect of the ARIS is far higher than that of the
passive RIS.
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Figure 6 illustrates how the energy efficiency of different schemes changes as the
transmit power increases. With the increase in the transmit power of the base station, the
energy efficiency of all the scheme systems first gradually increases and then tends to
stabilize. The reason is that as the transmit power increases, more power is allocated to
the users, and the energy efficiency of the system becomes higher. At the same time, the
system noise is also increasing. That is to say, after reaching the optimal transmit power
value, the energy efficiency of the system stabilizes. Among the stabilized energy efficiency
values, the optimized dynamic topology ARIS has a 19% improvement compared with the
RIS, and the optimized dynamic topology passive RIS has a 32% improvement compared
with the passive RIS. In the schemes with the ARIS, the significant improvement in energy
efficiency effectively saves the overall system energy consumption. The reason is that the
optimized dynamic topology matrix of the optimized dynamic topology ARIS optimizes
the matrix energy consumption cost, saving costs while greatly improving energy efficiency.
The passive devices in the passive RIS scheme do not involve unit energy consumption,
but as a result, the signal gain is also sacrificed.
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Figure 7 describes the relationship between the energy efficiency and the HI factor. As
is clearly visible in Figure 4, as the HI factor increases from 0.14 to 0.3, the energy efficiency
of the system decreases significantly. The increase in the hardware impairment factor
leads to an increase in system noise, and the overall performance decreases accordingly.
When the HI factor rises from 0.14 to 0.3, the optimized dynamic topology ARIS scheme
decreases by 59%, the RIS scheme decreases by 53%, the optimized dynamic topology
passive RIS scheme decreases by 60%, the passive RIS scheme decreases by 57%, and the
random phase shift scheme decreases by 56%. This demonstrates the necessity of consider-
ing hardware impairments. In real-world scenarios, the service life, device environment,
and power level all affect the working efficiency of the transmitting and receiving hard-
ware. Therefore, it is extremely necessary to evaluate the communication system based on
hardware impairments.
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Figure 8 describes the relationship between the AAR in the optimized dynamic topol-
ogy ARIS scheme and the change in the flight period. It can be seen that the longer the
flight period is, the higher the user AAR is. This is because as the number of flight time
slots increases, the UAV hovers above the users for more time slots, and the signal gain
provided is larger. In addition, when T = 10 is reached, the optimized dynamic topology
ARIS scheme reaches the optimal hovering period of the established route, and increasing
the flight period does not bring obvious gain to the AAR. For other schemes, the AAR
continues to increase after the flight period is increased, which is consistent with the flight
trajectory shown in Figure 3. This is because more flight periods provide more time slots to
improve the user channels, and there is enough room to optimize the reflection channels.
However, in practical situations, the power loss caused by a longer flight period will be
huge, and the flight cost of the UAV cannot be ignored.
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Figure 9 describes the changes in the AAR of the active scheme, the passive scheme,
and the random phase shift scheme as the transmit power of the RIS increases. It can be
seen that, except for the passive scheme, all the schemes equipped with the ARIS increase
as the transmit power of the RIS increases. Due to the power limitation, the growth rate
gradually decreases. However, even when Pris = 10 dBm occurs, the passive RIS scheme is
still far greater than the random phase shift scheme. This demonstrates the effectiveness
of the proposed algorithm. The beamforming of the random phase shift has significantly
improved the user’s AAR. Moreover, at this time, compared with the ARIS and passive
schemes, the AAR of users in the optimized dynamic topology ARIS scheme has increased
by 20% and 136%, respectively, further verifying the effectiveness of the proposed relay
system in terms of communication gain.

Figure 10 describes the convergence of the algorithms of the five schemes, with the
convergence accuracy set to 10−3. After the objective function is subjected to fractional
programming and Lagrangian dualization, and then through quadratic transformation,
decoupling, and alternating iterative optimization, the entire algorithm converges within
five iterations. Among them, due to the amplification characteristics, the growth range of
the AAR of users before convergence in the optimized dynamic topology ARIS scheme and
the ARIS scheme equipped with the ARIS is much larger than that of other schemes. The
stable convergence of all schemes verifies the rationality of the algorithm.
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In summary, when the number of reflective units is 50 and the base station transmit
power is 30 dBm, Table 2 presents a comparison of the AAR and energy efficiency under
different schemes. Compared with the ARIS scheme, the optimized dynamic topology ARIS
scheme increases the AAR by 21% and improves the energy efficiency by 19%. Therefore, it
can be concluded that the proposed joint optimization scheme of the UAV-mounted ARIS
with dynamic topology provides better performance and higher energy utilization.
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Table 2. Comparison of AAR and energy efficiency.

Schemes AAR (bps/Hz) Energy Efficiency
(bit/(Hz·J))

Optimized Dynamic Topology ARIS 1.175 30.112

ARIS 0.971 24.919

Optimized Dynamic Topology
Passive RIS 0.562 15.686

Passive RIS 0.492 11.939

Random Phase Shift 0.344 4.643

5. Conclusions
In existing research on an ARIS, the hardware impairments of transceivers and thermal

noise of active units are often overlooked, leading to signal distortion and high power
consumption. This paper proposes a relay communication system where a UAV carries
an optimized dynamic topology ARIS. By jointly optimizing active beamforming, passive
beamforming, and the UAV’s trajectory, a model for maximizing the AAR is constructed. A
genetic hybrid algorithm is employed to solve the optimal topology matrix. Additionally,
fractional programming and quadratic transformation are combined to convert the non-
convex problem into a convex optimization problem, thereby obtaining a suboptimal
solution. The simulation results demonstrate that this proposed scheme features flexible
deployment. Compared with traditional schemes, both the system’s AAR and energy
efficiency are significantly improved.

Author Contributions: Conceptualization, J.W.; Methodology, H.L. (Hui Li); Writing—original draft,
H.L. (Haolin Li); Writing—review & editing, Q.Y.; Supervision, Y.P. and B.M. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by Yunnan Provincial Key Basic Research Project ‘Research on
6G UAV Emergency Communication Link Technologies for Complex Mountainous Areas’ grant
number: 202401AS070105; National Natural Science Foundation of China (NSFC) Project: ‘Research
on Optimization Methods and Fusion Mechanisms for Intelligent Reflecting Surface-Assisted Multi-
Cell CoMP-NOMA Cooperative Transmission’ grant number: 62461030; Yunnan Provincial General
Program of Basic Research: ‘Research on Adaptive Rate Compressed Sensing Methods’ grant number:
202401AT070415.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Basharat, S.; Hassan, S.A.; Pervaiz, H.; Mahmood, A.; Ding, Z.; Gidlund, M. Reconfigurable intelligent surfaces: Potentials,

applications, and challenges for 6G wireless networks. IEEE Wirel. Commun. 2021, 28, 184–191. [CrossRef]
2. Pan, C.; Ren, H.; Wang, K.; Kolb, J.F.; Elkashlan, M.; Chen, M.; Di Renzo, M.; Hao, Y.; Wang, J.; Swindlehurst, A.L.; et al.

Reconfigurable intelligent surfaces for 6G systems: Principles, applications, and research directions. IEEE Commun. Mag. 2021, 59,
14–20. [CrossRef]

3. Basar, E. Reconfigurable intelligent surface-based index modulation: A new beyond MIMO paradigm for 6G. IEEE Trans. Commun.
2020, 68, 3187–3196. [CrossRef]

4. Zhang, P.; Zhang, J.; Xiao, H.; Du, H.; Niyato, D.; Ai, B. RIS-aided 6G communication system with accurate traceable user mobility.
IEEE Trans. Veh. Technol. 2022, 72, 2718–2722. [CrossRef]

5. Basar, E.; Alexandropoulos, G.C.; Liu, Y.; Wu, Q.; Jin, S.; Yuen, C.; Dobre, O.A.; Schober, R. Reconfigurable intelligent surfaces for
6G: Emerging hardware architectures, applications, and open challenges. IEEE Veh. Technol. Mag. 2024, 19, 48–55. [CrossRef]

https://doi.org/10.1109/MWC.011.2100016
https://doi.org/10.1109/MCOM.001.2001076
https://doi.org/10.1109/TCOMM.2020.2971486
https://doi.org/10.1109/TVT.2022.3214818
https://doi.org/10.1109/MVT.2024.3415570


Electronics 2025, 14, 1840 19 of 19

6. Chen, X.; Sheng, M.; Li, B.; Zhao, N. A Survey of Unmanned Aerial Vehicle Communications for 6G. J. Electron. Inf. Technol. 2022,
44, 781–789.

7. Yu, X.; Yu, K.; Qian, P. A Review of the Reconfigurable Intelligent Reflecting Surface Technology for 6GMobile Communications.
J. Nanjing Univ. Aeronaut. Astronaut./Nanjing Hangkong Hangtian Daxue Xuebao 2023, 55, 689–702.

8. Nawaz, H.; Ali, H.M.; Laghari, A.A. UAV communication networks issues: A review. Arch. Comput. Methods Eng. 2021, 28,
1349–1369. [CrossRef]

9. Gupta, L.; Jain, R.; Vaszkun, G. Survey of important issues in UAV communication networks. IEEE Commun. Surv. Tutor. 2015, 18,
1123–1152. [CrossRef]

10. Yao, Y.; Lv, K.; Huang, S.; Li, X.; Xiang, W. UAV trajectory and energy efficiency optimization in RIS-assisted multi-user
air-to-ground communications networks. Drones 2023, 7, 272. [CrossRef]

11. Yang, L.; Li, P.; Meng, F.; Yu, S. Performance analysis of RIS-assisted UAV communication systems. IEEE Trans. Veh. Technol. 2022,
71, 9078–9082. [CrossRef]

12. Guo, K.; An, K. On the performance of RIS-assisted integrated satellite-UAV-terrestrial networks with hardware impairments and
interference. IEEE Wirel. Commun. Lett. 2021, 11, 131–135. [CrossRef]

13. Cheng, T.; Wang, B.; Cao, K.; Dong, R.; Diao, D. IRS-assisted secure UAV communication system for multiuser with hardware
impairments. IEEE Syst. J. 2023, 17, 4946–4957. [CrossRef]

14. Wang, J.; Gong, S.; Wu, Q.; Ma, S. RIS-aided MIMO systems with hardware impairments: Robust beamforming design and
analysis. IEEE Trans. Wirel. Commun. 2023, 22, 6914–6929. [CrossRef]

15. Zhang, C.Y.; Liu, Y.J.; Li, X.Q.; Chen, W.Y.; He, C.L. Reconfigurable Intelligent Surface-Assisted MIMO Communication System
Considering Hardware Impairments. Sci. Sin. 2023, 53, 1423–1437. [CrossRef]

16. Lu, Y.; Zhang, J.; Zheng, J.; Xiao, H.; Ai, B. Performance Analysis of RIS-Assisted Communications with Hardware Impairments
and Channel Aging. IEEE Trans. Commun. 2024, 72, 2456–2469. [CrossRef]

17. Long, R.; Liang, Y.-C.; Pei, Y.; Larsson, E.G. Active reconfigurable intelligent surface-aided wireless communications. IEEE Trans.
Wirel. Commun. 2021, 20, 4962–4975. [CrossRef]

18. Zhang, Z.; Dai, L.; Chen, X.; Liu, C.; Yang, F.; Schober, R.; Poor, H.V. Active RIS vs. passive RIS: Which will prevail in 6G? IEEE
Trans. Commun. 2022, 71, 1707–1725. [CrossRef]

19. Yuan, J.; Chen, G.; Wen, M.; Wan, D.; Cumanan, K. Security-reliability tradeoff in UAV-carried active RIS-assisted cooperative
networks. IEEE Commun. Lett. 2023, 27, 1123–1127. [CrossRef]

20. Huang, C.; Zappone, A.; Alexandropoulos, G.C.; Debbah, M.; Yuen, C. Reconfigurable intelligent surfaces for energy efficiency in
wireless communication. IEEE Trans. Wirel. Commun. 2019, 18, 4157–4170. [CrossRef]

21. Lei, F.; Liu, Z.; Xu, X.; Jiacheng, W. Beamforming Design for Multi-User Wireless Communication Systems Aided by Irregular
Active Reconfigurable Intelligent Surface. Telecommun. Eng. 2024, 50, 1–10.

22. Shen, K.; Yu, W. Fractional programming for communication systems—Part I: Power control and beamforming. IEEE Trans. Signal
Process. 2018, 66, 2616–2630. [CrossRef]

23. Zhong, C.; Yao, J.; Xu, J. Secure UAV communication with cooperative jamming and trajectory control. IEEE Commun. Lett. 2018,
23, 286–289. [CrossRef]

24. Çiçek, B.; Alakoca, H. Impact of Residual Hardware Impairments on RIS-Aided Authentication. In Proceedings of the 2024 IEEE
Virtual Conference on Communications (VCC), Chicago, IL, USA, 15–19 April 2024; IEEE: Piscataway, NJ, USA, 2024; pp. 1–6.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s11831-020-09418-0
https://doi.org/10.1109/COMST.2015.2495297
https://doi.org/10.3390/drones7040272
https://doi.org/10.1109/TVT.2022.3175964
https://doi.org/10.1109/LWC.2021.3122189
https://doi.org/10.1109/JSYST.2023.3274872
https://doi.org/10.1109/TWC.2023.3246990
https://doi.org/10.1360/SSI-2022-0071
https://doi.org/10.1109/TCOMM.2024.3361554
https://doi.org/10.1109/TWC.2021.3064024
https://doi.org/10.1109/TCOMM.2022.3231893
https://doi.org/10.1109/LCOMM.2023.3347294
https://doi.org/10.1109/TWC.2019.2922609
https://doi.org/10.1109/TSP.2018.2812733
https://doi.org/10.1109/LCOMM.2018.2889062

	Introduction 
	System Model and Problem Description 
	Algorithm Design 
	Solve An  Based on the HGA 
	Fractional Programming 
	Active Beamforming 
	Passive Beamforming 
	Optimizing UAV Trajectories 
	Algorithm Complexity 

	Simulation Analysis 
	Conclusions 
	References

