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 a b s t r a c t

This paper considers an irregular reconfigurable intelligent surface (IRIS)-aided multi-user wireless communi-
cation system. A novel block alternating optimization (BAO) algorithm framework is proposed to maximize the 
system’s weighted sum-rate (WSR) by jointly optimizing base station (BS) active beamforming, IRIS deployment, 
IRIS passive beamforming and IRIS topology. This challenging non-convex optimization problem is decomposed 
into two blocks based on the continuous and discrete characteristics of the optimization variables. In the first 
block, BS active beamforming and IRIS deployment are optimized using convex optimization and successive 
convex approximation algorithms, respectively. In the second block, IRIS passive beamforming and topology are 
addressed through a neighbor extraction cross-entropy algorithm and a proposed genetic algorithm-tabu search 
(GA-TS) algorithm, respectively. These two blocks are alternately optimized. Simulation results reveal three 
key findings: 1) compared to the traditional alternating optimization framework, the proposed BAO framework 
achieves rapid convergence while significantly enhancing the system’s achievable WSR; 2) optimizing the IRIS 
deployment is critical for mitigating the “multiplicative fading effect”, exhibiting a distinct double-peak char-
acteristic; and 3) the proposed GA-TS algorithm closely tracks the near-optimal performance of the exhaustive 
search scheme, reducing computational complexity even with a limited number of RIS elements.

1.  Introduction

The air interface transmission conditions between the base station 
(BS) and the user equipment (UE) have long been considered uncontrol-
lable [1]. However, recent advancements in meta-materials have intro-
duced a game-changing solution: the reconfigurable intelligent surface 
(RIS) [2,3]. By enabling the adjustment of numerous RIS elements’ re-
flection coefficients, this technology allows for the manipulation of the 
wireless propagation environment [4]. As a result, RIS is now widely 
considered as one of the most revolutionary and promising candidate 
technologies for 6G networks [5,6].

In recent years, extensive research has been conducted on the sys-
tem performance and optimization algorithms of RIS-assisted wireless 
communication systems [7–10]. Among these, the deployment of RIS 
has been identified as a crucial factor in mitigating the “multiplicative 
fading effect” in such systems. Typically, a RIS is deployed between 
the BS and the UE, and its position significantly impacts the quality 
of the reflected wireless channel and the overall system performance 
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[11–13]. Using the criterion of maximizing the received signal-to-noise 
ratio (SNR) at the UE, the authors in [11] concluded that the received 
SNR of the UE is maximized when RIS is deployed near the BS or the UE 
through numerical analysis. The work [12] found that the optimal posi-
tion of the RIS depends on the relative positions among the BS, the RIS 
and the UE. The study [13] proposed a novel RIS deployment strategy 
aimed at maximizing the received signal power. However, the aforemen-
tioned studies [11–13] mainly focused on single-user systems, represent-
ing an oversimplification that fails to account for the complex inter-user 
interference in practical multi-user scenarios. To address this issue, the 
authors in [14] investigated an RIS-assisted multi-user wireless commu-
nication system by integrating antenna grouping with movable RIS de-
ployment. Nevertheless, these deployment strategies are exclusively tai-
lored for regular RIS architectures with uniform element arrangements, 
which lack the spatial degrees of freedom required to further manipulate 
the propagation environment.

On the other hand, for RIS-assisted systems, increasing the num-
ber of reflecting elements improves system capacity but also elevates
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$\mathcal {O} \big ( I_{00} \big ( I_{\text {N}}(C + N(2^b - 1)) \big ) \allowbreak \big (I_{\text {G}}O + p_{\text {c4}}OI_{\text {T}}Q\big ) \big )$


$I_{00}$


$\mathcal {O}\left ( \binom {N_s}{N} 2^{bN} \right )$


$(0,0,0)$


$y_\mathrm {R} = 30$


$z_\mathrm {R} = 20$


$x$


$0 \le x_\mathrm {R} \le 100$


$(x_0,0,0)$


$x_0=100$


$c_0 = 10$


$M = 4$


$K = 4$


$N = 8$


$N_s = 16$


$b = 1$


$\sigma ^2 = -100$


$P_\mathrm {T}=20$


$\omega _k$


$1$


$\forall k\in \mathcal {K}$


$I_\mathrm {N} = 15$


$C = 200$


$C_\mathrm {pr} = 40$


$O=50$


$p_\mathrm {c1}=0.8$


$p_\mathrm {c2}=0.3$


$p_\mathrm {c3}=0.04$


$p_\mathrm {c4}=0.1$


$Q=15$


$I_\mathrm {G}=15$


$I_\mathrm {T}=20$


$\tilde {r}$


$\tilde {r}=3$


$\tilde {r}$


$2$


$\rho = -30$


$\alpha _{\mathrm {BR}} = \alpha _{\mathrm {RU}} =2$


$\beta _{\mathrm {BR}} = \beta _{\mathrm {RU}} = 1$


$\epsilon = 10^{-4}$


$100$


$N$


$N_s$


$N_s=100$


$N\!=\!20$


$M$


$N_s\!=\!40$


$N_s\!=\!60$


$N_s\!=\!80$


$M\!=\!4$


$M\!=\!7$


$M\!=8$


$M\!=\!9$


$M\!=\!5$


$d_{\mathrm {RU},k}^{\alpha _{\mathrm {RU}}}d_{\mathrm {BR}}^{\alpha _{\mathrm {BR}}}$


$5$
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channel estimation overhead and beamforming complexity [15]. To ad-
dress this challenge, the authors in [16] proposed the idea of using the 
irregular RIS (IRIS) to maximize system capacity with limited reflect-
ing elements. In [17], IRIS was further introduced for maximizing the 
energy efficiency of multiple-input single-output wireless systems. Sim-
ulation results show that IRIS can significantly improve system energy 
efficiency. Furthermore, the potential of IRIS to enhance wireless com-
munication security within dense urban environments was investigated 
in [18]. However, the aforementioned contributions [16–18] primar-
ily focus on IRIS topology design under fixed deployment assumptions, 
overlooking the potential performance gains achievable through IRIS 
deployment optimization in multi-user environments. Therefore, a new 
framework for jointly optimizing deployment and topology is urgently 
needed for IRIS-aided multi-user downlink communication systems.

1.1.  Contributions

To bridge this gap, we propose a joint optimization framework for 
deployment and topology design in IRIS-aided multi-user wireless com-
munication systems. The main contributions are summarized as follows:

• To the best of our knowledge, this work is the first to investigate the 
joint optimization of deployment and topology for IRIS-aided multi-
user wireless communication systems. We aim to maximize the sys-
tem weighted sum-rate (WSR) by jointly optimizing the BS active 
beamforming, IRIS deployment, IRIS passive beamforming and IRIS 
topology. In contrast to existing literature that primarily considers 
fixed IRIS deployments [16–18], our approach integrates IRIS de-
ployment with IRIS configuration to significantly enhance overall 
system capacity.

• To address the formulated non-convex problem, a novel block alter-
nating optimization (BAO) framework is proposed, which integrates 
successive convex approximation (SCA), neighbor extraction cross-
entropy (NECE) and the proposed genetic algorithm-tabu search 
(GA-TS) methods. Since the formulated problem involves the joint 
optimization of multiple variables, the conventional alternating op-
timization (AO) framework, which updates only a single variable 
per iteration, often suffers from oscillatory update behavior, search 
direction perturbations and redundant adjustments. To circumvent 
these drawbacks, the proposed BAO framework replaces the single 
variable update pattern with a strategic grouping of highly coupled 
variables into continuous and discrete blocks. Specifically, the orig-
inal problem is decomposed into two blocks: 1) the first block is 
dedicated to the highly coupled continuous variables, where BS ac-
tive beamforming and IRIS deployment are optimized using convex 
programming and the SCA technique, respectively; and 2) the second 
block focuses on highly coupled discrete configurations, addressing 
IRIS passive beamforming and topology through the NECE and the 
proposed GA-TS algorithms, respectively.

• Numerical results demonstrate the effectiveness and superiority of 
the proposed scheme. Specifically, the BAO framework converges 
significantly faster than the conventional AO framework while 
achieving higher WSR performance. Furthermore, the optimized IRIS 
deployment exhibits a distinct double-peak characteristic, which is 
essential for mitigating the “multiplicative fading effect.” Moreover, 
compared with regular RIS architectures, the IRIS architecture pro-
vides additional spatial degrees of freedom, thereby overcoming in-
herent capacity limitations. Finally, the proposed GA-TS algorithm 
tightly tracks the near-optimal performance of the exhaustive search 
(ES) baseline while maintaining significantly lower computational 
complexity, validating the effectiveness of the proposed scheme.

1.2.  Organization and notations

The remainder of this paper is organized as follows. Section 2 intro-
duces the system model and formulates the optimization problem aimed 

Fig. 1. The IRIS-aided multi-user communication system.

at maximizing the system WSR. Section 3 develops the proposed algo-
rithm to solve the resulting non-convex problem. Simulation results are 
provided in Section 4 to demonstrate the effectiveness of the proposed 
algorithm. Finally, Section 5 concludes this paper.

Notations: Scalars, vectors and matrices are represented by lower-
case, boldface lower-case and boldface upper-case letters, respectively. 
ℂ𝑁×𝑀  denotes the set of all 𝑁 ×𝑀 complex-valued matrices. 𝔼[𝐀], 𝐀T

and 𝐀H represent the statistical expectation operators, transpose and 
Hermitian transpose of matrix 𝐀, respectively. diag(𝐚) represents a di-
agonal matrix with the entries of vector 𝐚 on its main diagonal.

2.  IRIS-Aided multi-user system

2.1.  System model

The IRIS-assisted multi-user wireless communication system investi-
gated is illustrated in Fig. 1. The system includes a BS, which is equipped 
with 𝑀 antennas, and an IRIS, which is equipped with 𝑁 reflective el-
ements. The BS and IRIS work together to serve 𝐾 single-antenna UEs, 
which are denoted by the set 𝑘 ∈  = {1,… , 𝐾}. The IRIS extension sur-
face has 𝑁𝑠 = 𝑁𝑥 ×𝑁𝑦 grid points in which 𝑁 reflective elements are 
unevenly arranged, where 𝑁𝑠 > 𝑁 . The coordinates of BS and IRIS are 
given by 𝐈BS=(0, 0, 0) and 𝐪 = (𝑥R, 𝑦R, 𝑧R), respectively. 1 The UEs are 
uniformly and randomly distributed in a circle with center (𝑥0, 0, 0) and 
diameter 𝑐0. The coordinate of the 𝑘-th UE is 𝐈UE,𝑘 = (𝑥UE,𝑘, 𝑦UE,𝑘, 0).

All channels in this paper experience quasi-static flat fading, similar 
to [21], and the direct link connecting the BS to the UEs is completely 
blocked by obstacles. The baseband equivalent channels linking the BS 
to the IRIS and linking the IRIS to the 𝑘-th UE can be expressed respec-
tively as

𝐆 =
√

𝜌𝑑−𝛼BRBR 𝐆̃, (1)

𝐡𝑘 =
√

𝜌𝑑−𝛼RURU,𝑘 𝐡̃𝑘. (2)

Here 𝜌 denotes the channel power gain at unit distance, while 𝛼BR
and 𝛼RU represent the corresponding path loss exponents. Furthermore, 
𝑑BR=‖𝐪 − 𝐈BS‖ denotes the distance from the BS to the IRIS and 𝑑RU,𝑘=
‖𝐪 − 𝐈UE,𝑘‖ is the distance from the IRIS to the 𝑘-th UE. Additionally, the 

1 Considering that practical RIS deployments are commonly integrated into 
building facades [19], similarly to [20], we solely optimize its horizontal de-
ployment 𝑥R along a corridor, while keeping other coordinates constant.
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small-scale fading 𝐆̃ and ̃𝐡𝑘 are given respectively by

𝐆̃=

√

𝛽BR
1 + 𝛽BR

𝐆LoS
BR +

√

1
1 + 𝛽BR

𝐆NLoS
BR , (3)

𝐡̃𝑘=

√

𝛽RU
1 + 𝛽RU

𝐡LoS𝑘 +

√

1
1 + 𝛽RU

𝐡NLoS𝑘 , (4)

where 𝛽BR and 𝛽RU are the Rician factors and the non-line of sight 
(NLoS) channel matrix and vector, 𝐆NLoS

BR  and 𝐡NLoS𝑘 , obey the Rayleigh 
distribution, while the line-of-sight (LoS) components are expressed as 
𝐆LoS

BR =𝐚RIS(𝜑̂R, 𝜑̃R)𝐚HBS(𝜑B) and 𝐡LoS𝑘 =𝐚RIS(𝜙̂𝑘, 𝜙̃𝑘). The BS transmit ar-
ray response vector, the IRIS receive array response vector and the IRIS 
transmit array response vector are given respectively by

𝐚BS(𝜑B)=
[

1, 𝑒
−𝑗 2𝜋𝑑

𝜆0
cos(𝜑B),… , 𝑒

−𝑗 2𝜋𝑑
𝜆0

(𝑀−1) cos(𝜑B)
]H
, (5)

𝐚RIS(𝜑̂R, 𝜑̃R)=
[

1, e
−𝑗 2𝜋𝑑

𝜆0
(sin(𝜑̂R) sin(𝜑̃R)+cos(𝜑̂R) sin(𝜑̃R)),… ,

e
−𝑗 2𝜋𝑑

𝜆0
((𝑁𝑥−1) sin(𝜑̂R) sin(𝜑̃R)+(𝑁𝑦−1) cos(𝜑̂R) sin(𝜑̃R))

]
H
, (6)

𝐚RIS(𝜙̂𝑘, 𝜙̃𝑘)=
[

1, e
−𝑗 2𝜋𝑑

𝜆0
(sin(𝜙̂𝑘) sin(𝜙̃𝑘)+cos(𝜙̂𝑘) sin(𝜙̃𝑘)),…,

e
−𝑗 2𝜋𝑑

𝜆0
((𝑁𝑥−1) sin(𝜙̂𝑘) sin(𝜙̃𝑘)+(𝑁𝑦−1) cos(𝜙̂𝑘) sin(𝜙̃𝑘))

]
H
, (7)

where 𝑑 is the spacing between adjacent antennas and 𝜆0 is the carrier 
wavelength, and 𝜑B is the BS’s angle of departure, while 𝜑̂R and 𝜑̃R are 
the azimuth and elevation angles of arrival from the BS to the RIS, and 
𝜙̂𝑘 and 𝜙̃𝑘 are the azimuth and elevation angles of departure from the 
RIS to the 𝑘-th UE.

The phase shift matrix is commonly used to represent the ability of an 
individual element on the IRIS to adjust the phase of an electromagnetic 
wave, which is given by
𝚯 = diag

(

𝛽1𝑒
𝑗𝜃1 ,⋯ , 𝛽𝑛𝑒

𝑗𝜃𝑛 ,⋯ , 𝛽𝑁𝑠
𝑒𝑗𝜃𝑁𝑠

)

, (8)

where the 𝑛-th IRIS element’s the reflection amplitude and phase shift 
are denoted as 𝛽𝑛=1 and 𝜃𝑛 ∈ [0, 2π], for ∀𝑛∈ ={1, 2,⋯ , 𝑁𝑠}. In addi-
tion, the phase shift of any IRIS reflection element can only take a finite 
number of discrete values due to the practical hardware implementation 
of RIS [22,23]. Let the number of quantized bits of finite discrete phase 
shifts be 𝑏 and set 𝐿 = 2𝑏. Then, the discrete phase shift values for each 
reflection element are defined by the set
 = {0,Δ𝜃,⋯ , (𝐿 − 1)Δ𝜃}, (9)

in which Δ𝜃= 2π
𝐿 . Define 𝐳=[𝑧1, 𝑧2,⋯ , 𝑧𝑁𝑠

]T, where 𝑧𝑛∈{1, 0} is the bi-
nary indicator determining whether there is a reflection element de-
ployed at the 𝑛-th grid point or not. Then the topology matrix of the 
IRIS can be expressed as
𝐙 = diag(𝐳). (10)

Let 𝐰𝑘 ∈ ℂ𝑀×1 be the transmitted precoding vector for the transmission 
symbol 𝑠𝑘 of the 𝑘-th UE. Then the BS’s complex baseband transmit 
signal can be written as

𝐱 =
𝐾
∑

𝑘=1
𝐰𝑘𝑠𝑘, (11)

where the symbol vector 𝐬=[𝑠1, 𝑠2,… , 𝑠𝐾 ]H ∈ ℂ𝐾×1 is assumed to sat-
isfy 𝔼[𝐬𝐬H]=𝐈. Accordingly, the received signals at the 𝑘-th UE can be 
expressed as 
𝑦𝑘 = 𝐡H𝑘𝐙𝚯𝐆𝐱 + 𝑛𝑘, (12)

where 𝑛𝑘∼ (0, 𝜎2) denotes the additive white Gaussian noises. There-
fore, the signal to interference plus noise ratio at the 𝑘-th UE is calcu-
lated as

𝛾𝑘 =
|

|

|

𝐡H𝑘𝐙Θ𝐆𝐰𝑘
|

|

|

2

∑𝐾
𝑖=1,𝑖≠𝑘

|

|

|

𝐡H𝑘𝐙Θ𝐆𝐰𝑖
|

|

|

2
+ 𝜎2

. (13)

2.2.  System optimization formulation

The joint optimization problem of BS active beamforming, IRIS de-
ployment, IRIS passive beamforming and IRIS topology is constructed 
with the objective of WSR maximization, which is formulated as 

1 ∶ max
𝐖,𝐪,𝚯,𝐙

𝑓1(𝐖,𝐪,𝚯,𝐙) =
𝐾
∑

𝑘=1
𝜔𝑘 log(1 + 𝛾𝑘), (14a)

s.t. C1 ∶ 𝑃T ≤ 𝑃 , (14b)

C2 ∶ 𝜃𝑛 ∈  , ∀𝑛 ∈  , (14c)

C3 ∶ 𝑧𝑛 ∈ {1, 0}, ∀𝑛 ∈  , (14d)

C4 ∶ 𝟏T𝐳 = 𝑁, (14e)

C5 ∶ 𝑥min ≤ 𝑥R ≤ 𝑥max, (14f)

where 𝐖 = [𝐰1,𝐰2,⋯ ,𝐰𝐾 ] ∈ ℂ𝑀×𝐾 is the beamforming matrix, 𝑃T =
∑𝐾

𝑘=1‖𝐰𝑘‖
2 is the total transmit power, 𝜔𝑘 and 𝑃  denote the weight for 

the 𝑘-th UE and the maximum power threshold at the BS, respectively. 
Furthermore, C1 restricts the total transmit power, C2 represents the 
discrete phase shift constraint, C3 and C4 are the sparse constraints, and 
C5 denotes the IRIS deployment region constraint.

3.  Joint optimization algorithm

In order to effectively solve the challenging non-convex optimization 
problem 1, we propose a novel BAO algorithm framework to maximize 
the system WSR by jointly optimizing 𝐖, 𝐪, 𝚯 and 𝐙. The optimization 
problem 2 is divided into two blocks based on the continuous and dis-
crete characteristics of the variables, as shown in Fig. 2.

Specifically, the original objective function 𝑓1 is first converted into 
a tractable equivalent form. Then, the optimization task is decomposed 
into two distinct blocks, with the first block jointly optimizing the BS 
active beamforming 𝐖 and IRIS deployment 𝐪, the second block ad-
dressing the IRIS passive beamforming 𝚯 and topology 𝐙.

3.1.  Transformation of the optimization problem

Owing to the high coupling of the optimization variables 𝐖, 𝐪, 𝚯
and 𝐙, along with the non-convexity of the constraints, the complex 
non-convex optimization problem 1 is difficult to solve. To tackle this 
challenge, the original problem is converted into a multiple-ratio frac-
tional programming optimization task [24]. Specifically, by leveraging 
the quadratic transformation and Lagrangian dual transformation while 
introducing the non-negative auxiliary variable 𝛼𝑘, the objective func-
tion (14a) can be equivalently transformed into 

𝑓2(𝜶,𝐖,𝐪,𝚯,𝐙)=
𝐾
∑

𝑘=1

(

𝜔𝑘 log(1+𝛼𝑘)−𝜔𝑘𝛼𝑘+
𝛼̃𝑘𝛾𝑘
1 +𝛾𝑘

)

, (15)

where 𝜶=[𝛼1, 𝛼2,⋯ , 𝛼𝐾 ]T, 𝛼̃𝑘=𝜔𝑘(1 + 𝛼𝑘), and the optimal 𝛼𝑘 = 𝛾𝑘 is 
achieved by setting 𝜕𝑓2𝜕𝛼𝑘

= 0. For a given 𝜶, the optimization problem 
1 can be reformulated as 

2 ∶ max
𝐖,𝐪,𝚯,𝐙

𝑓3(𝐖,𝐪,𝚯,𝐙) =
𝐾
∑

𝑘=1

𝛼̃𝑘𝛾𝑘
1 + 𝛾𝑘

, (16a)

s.t. (14b) − −(14f). (16b)

Despite the reformulation, obtaining the global optimum of 2 directly 
remains mathematically intractable due to the persistent non-convex 
constraints and the intricate coupling among the variables 𝐖,𝐪,𝚯 and 
𝐙. To circumvent this obstacle, a BAO framework is developed to de-
couple the optimization variables into two tractable subproblems. The 
detailed procedures for solving these two subproblems are elaborated in 
the following subsections.
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Fig. 2. The BAO algorithm framework.

3.2.  Block 1: Joint optimization of BS active beamforming and IRIS 
deployment

Given the optimization variables 𝚯 and 𝐙, 2 can be transformed 
into 

3−1 ∶max
𝐖, 𝐪

𝐾
∑

𝑘=1

𝛼̃𝑘𝛾𝑘
1 + 𝛾𝑘

, (17a)

s.t. (14b), (14f). (17b)

To solve the non-convex subproblem 3−1, an inner iterative procedure 
is performed within Block 1. Specifically, for a fixed IRIS deployment 
𝐪, the BS active beamforming 𝐖 is first optimized. Subsequently, the 
deployment 𝐪 is updated based on the previously optimized beamform-
ing 𝐖. This internal process iterates until the first block converges, as 
detailed in the following steps.

3.2.1.  Optimization of BS active beamforming
Given 𝐪, by utilizing the quadratic transformation algorithm while 

introducing the auxiliary variable 𝝉 = [𝜏1, 𝜏2,⋯ , 𝜏𝐾 ]T, 3−1 is equiva-
lently transformed into 
3−2 ∶max

𝝉 ,𝐖
𝑓4(𝝉 ,𝐖), (18a)

s.t. (14b), (18b)

where 𝑓4(𝝉 ,𝐖)=
𝐾
∑

𝑘=1

(

2
√

𝛼̃𝑘(𝜏
†
𝑘 𝐟𝑘𝐰𝑘)−|𝜏𝑘|2

(

𝐾
∑

𝑖=1
|𝐟𝑘𝐰𝑖|

2+𝜎2
)

)

, 
𝐟𝑘=𝐡H𝑘𝐙𝚯𝐆. Given 𝐖, the optimal 𝜏𝑘 can be obtained by setting 
𝜕𝑓4
𝜕𝜏𝑘

= 0, which can be expressed as

𝜏∗𝑘 =

√

𝛼̃𝑘𝐟𝑘𝐰𝑘
𝐾
∑

𝑖=1

|

|

𝐟𝑘𝐰𝑖
|

|

2 + 𝜎2
. (19)

Given 𝜏∗𝑘 , 3−2 is a convex optimization problem. By using the La-
grange multiplier method, the optimal 𝐰𝑘 can be achieved as

𝐰∗
𝑘 =

√

𝛼̃𝑘𝜏𝑘
(

𝜆𝐈𝑀 +
𝐾
∑

𝑖=1
|𝜏𝑖|

2𝐟H𝑖 𝐟𝑖
)

−1

𝐟H𝑘 , (20)

where 𝜆 denotes the Lagrange multiplier, which can be optimized via 
the bisection search method.

3.2.2.  Optimization of IRIS deployment
Given 𝐖, 3−1 is nonconvex since 𝐪 is coupled in both 𝑑RU,𝑘 and 

𝑑BR. To address this challenge, the first-order Taylor expansion method 

is employed to determine the optimal 𝐪 using the SCA algorithm. The 
details are as follows.

Given 𝐖, the objective function of 3−1 can be written as

𝑓5(𝐪) =
𝐾
∑

𝑘=1

𝛼̃𝑘𝐥𝑘
𝐯𝑘 + 𝜎2𝑑𝛼RURU,𝑘𝑑

𝛼BR
BR

, (21)

where 𝐥𝑘=𝜌2|
|

𝐟𝑘𝐰𝑘
|

|

2, 𝐯𝑘=𝜌2
∑𝐾

𝑖=1
|

|

𝐟𝑘𝐰𝑖
|

|

2, and ̃𝐟𝑘= 𝐡̃𝑘𝐙𝚯𝐆̃. Then 3−1 can 
be re-expressed as 

4−1 ∶max
𝐪

𝐾
∑

𝑘=1

𝛼̃𝑘𝐥𝑘
𝐯𝑘 + 𝜎2𝑑𝛼RURU,𝑘𝑑

𝛼BR
BR

, (22a)

s.t. (14f). (22b)

Introducing the slack variables 𝑢𝑘 and 𝜇, 4−1 can be transformed into 

4−2 ∶ max
𝐪,𝑢𝑘 ,𝜇

𝑓6(𝐪, 𝑢𝑘, 𝜇) =
𝐾
∑

𝑘=1

𝛼̃𝑘𝐥𝑘

𝐯𝑘 + 𝜎2𝑢
𝛼RU
2

𝑘 𝜇
𝛼BR
2

, (23a)

s.t. 𝑢𝑘 ≥ 𝑑2RU,𝑘, (23b)

𝜇 ≥ 𝑑2BR, (23c)

(14f). (23d)

Using the SCA algorithm, the first-order Taylor expansion of 𝑓6 at the 
fixed points 𝑢𝑘,0 and 𝜇0 is

𝑓6 ≥
𝐾
∑

𝑘=1
𝐴𝑘,0 + 𝐵𝑘,0(𝑢𝑘 − 𝑢𝑘,0) + 𝐶𝑘,0(𝜇 − 𝜇0), (24)

where

𝐴𝑘,0 =
𝛼̃𝑘,0𝐥𝑘,0

𝐯𝑘,0 + 𝜎2𝑢
𝛼RU
2

𝑘,0 𝜇
𝛼BR
2

0

, (25)

𝐵𝑘,0 = −
𝛼RU𝜎2𝛼̃𝑘,0𝐥𝑘,0𝑢

𝛼RU−2
2

𝑘,0 𝜇
𝛼BR
2

0

2
(

𝐯𝑘,0 + 𝜎2𝑢
𝛼RU
2

𝑘,0 𝜇
𝛼BR
2

0

)2
, (26)

𝐶𝑘,0 = −
𝛼BR𝜎2𝛼̃𝑘,0𝐥𝑘,0𝑢

𝛼RU
2

𝑘,0 𝜇
𝛼BR−2

2
0

2
(

𝐯𝑘,0 + 𝜎2𝑢
𝛼RU
2

𝑘,0 𝜇
𝛼BR
2

0

)2
. (27)

Based on the aforementioned derivations, 4−2 can be transformed 
into 

4−3 ∶max
𝐪,𝐮,𝜇

𝑓7(𝐪,𝐮, 𝜇) =
𝐾
∑

𝑘=1
𝐵𝑘,0𝑢𝑘 + 𝐶𝑘,0𝜇, (28a)

s.t. (14f), (23b), (23c), (28b)

where 𝐮=[𝑢1, 𝑢2,… , 𝑢𝐾 ]T. Problem 4−3 is a convex problem, which can 
be solved by standard convex optimization tools such as CVX.

3.3.  Block 2: Joint optimization of IRIS passive beamforming and IRIS 
topology

Given 𝐖 and 𝐪, 2 can be transformed into 

5 ∶max
𝚯,𝐙

𝑓8(𝚯,𝐙) =
𝐾
∑

𝑘=1

𝛼̃𝑘𝛾𝑘
1 + 𝛾𝑘

, (29a)

s.t. (14c), (14d), (14e). (29b)

To solve the non-convex subproblem 5, an inner iterative procedure is 
performed within Block 2. Specifically, for a fixed IRIS topology 𝐙, the 
IRIS passive beamforming 𝚯 is first optimized using the NECE algorithm. 
Subsequently, the IRIS topology 𝐙 is updated based on the previously 
optimized passive beamforming 𝚯 by employing the proposed GA-TS al-
gorithm. This internal process iterates until the second block converges, 
as detailed in the following steps.
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3.3.1.  Optimization of IRIS passive beamforming
For given 𝐙, 5 can be rewritten as 

5−1 ∶max
𝚯,𝐙

𝑓8(𝚯) =
𝐾
∑

𝑘=1

𝛼̃𝑘𝛾𝑘
1 + 𝛾𝑘

, (30a)

s.t. (14c). (30b)

It is observed that 5−1 is intractable owing to the finite discrete phase 
shift constraint. Moreover, traditional methods relying on continuous 
relaxation followed by simple quantization operations often lead to se-
vere performance degradation. To address this challenge, we leverage 
the NECE algorithm [16] to solve 5−1. The specific procedures of the 
NECE algorithm are detailed as follows.

Let 𝐏=[𝐩1,𝐩2,… ,𝐩𝑁𝑠
] denote the probability matrix of 𝚯, where 

𝐩𝑛 ∈ ℝ2𝑏×1 is the probability vector for 𝜃𝑛 satisfying ||𝐩𝑛||1 = 1. More-
over, each component 𝑝𝑛,𝑙 of 𝐩𝑛 represents the probability that 𝜃𝑛 takes a 
specific value from the feasible set  , where 𝑙∈{1, 2,⋯ , 2𝑏}. Specifically, 
let  (𝑙) be the 𝑙-th element of the set  . To mathematically formulate 
this probabilistic selection process, we introduce an indicator function, 
which can be expressed as 

𝛿(𝑡) =

{

1, 𝑡 = 0,
0, 𝑡 ≠ 0.

(31)

Initially, the probability matrix is set to represent a uniform distri-
bution over all feasible phase shifts, which is given by 

𝐏(1) = 1
2𝑏

× 𝟏2𝑏×𝑁𝑠
. (32)

At the 𝑖-th iteration, we randomly generate 𝐶 candidates {𝚯𝑐}𝐶𝑐=1 based 
on the probability distribution function (PDF) Ξ(𝚯;𝐏(𝑖)), which is for-
mulated as 

Ξ(𝚯;𝐏(𝑖)) =
𝑁𝑠
∏

𝑛=1

⎛

⎜

⎜

⎝

2𝑏
∏

𝑙=1
(𝑝(𝑖)𝑛,𝑙)

𝛿(𝜃𝑛− (𝑙))⎞
⎟

⎟

⎠

, (33)

where 𝚯𝑖 denotes the generated 𝑖-th candidate. Once these candidates 
are obtained, the corresponding WSR {𝑅(𝚯𝑐 )}𝐶𝑐=1 for each candidate is 
calculated and then sorted in descending order, which can be expressed 
as 
𝑅(𝚯[1]) ≥ 𝑅(𝚯[2]) ≥ ⋯ ≥ 𝑅(𝚯[𝐶]). (34)

Based on (34), the top 𝐶pr candidates are selected as the primary elites, 
denoted by the set {𝚯[1],𝚯[2],… ,𝚯[𝐶pr ]}.

Then, to broaden the search space, a neighbor extraction technique is 
developed, which operates by changing the phase shift associated with 
each diagonal entry in 𝚯[1]. It is worth noting that only 𝑁 diagonal el-
ements in 𝚯[1] are effective, whose phase shifts are selected from the 
feasible set  . Thus, we can acquire 𝑁(2𝑏 − 1) additional candidate so-
lutions and subsequently compute their system WSRs.

Let 𝐶elite = 𝐶pr + 𝐶sup denote the updated total number of elites, in-
corporating the 𝐶sup supplementary candidates. To quantify the contri-
bution of each elite, we define a weighting factor 𝜂𝑐 . For the 𝑐-th elite, 
this weight is evaluated by normalizing its individual WSR against the 
average WSR of the entire elite pool, which is formulated as 

𝜂𝑐 =
𝑅(𝚯[𝑐])𝐶elite
∑𝐶elite

𝑐=1 𝑅(𝚯[𝑐])
. (35)

Consequently, candidates exhibiting superior WSR performance are as-
signed proportionally higher weights.

With the elite weights established, the probability matrix for the sub-
sequent iteration, denoted as 𝐏(𝑖+1), is updated based on the probability 
transfer criterion. This process is mathematically expressed as 

𝐏(𝑖+1) = argmax
𝐏(𝑖)

1
𝐶elite

𝐶elite
∑

𝑐=1
𝜂𝑐 ln Ξ

(

𝚯[𝑐];𝐏(𝑖)). (36)

The refined matrix 𝐏(𝑖+1) is subsequently employed in the next iteration. 
This iterative process continues until the predefined maximum number 
of iterations 𝐼N is reached, ultimately yielding the near-optimal passive 
beamforming solution. For clarity, the overall procedure of the NECE 
method is summarized in Algorithm 1. 

Algorithm 1: NECE algorithm for IRIS passive beamforming.

3.3.2.  Optimization of IRIS topology
For given 𝚯, 5 can be recast as 

6−1 ∶max
𝐙

𝑓12(𝐙) =
𝐾
∑

𝑘=1

𝛼̃𝑘𝛾𝑘
1 + 𝛾𝑘

, (37a)

s.t. (14d), (14e). (37b)

Since the feasible set of the topology matrix 𝐙 for the IRIS is dis-
crete and finite, the optimal topology 𝐙opt can be obtained via the ES 
method when the number of RIS elements is small. Specifically, all (𝑁𝑠

𝑁

)

possible topology configurations are traversed. Subsequently, for each 
candidate topology, the phase shift of each IRIS element is continuously 
selected to generate the IRIS passive beamforming 𝚯 from the feasible 
set of 2𝑏𝑁  configurations. This approach can serve as a benchmark for 
other potential solutions due to its global optimality. However, when 
the number of RIS elements is large, the complexity of the ES method 
becomes computationally prohibitive.

To reduce the complexity, a low-complexity topology design based 
on the GA-TS algorithm is applied to optimize the topology matrix. 
While the GA excels in global search, it falls short in local search ef-
ficiency. Conversely, the TS algorithm is highly effective in local search 
but relies heavily on the initial solution [25]. Therefore, the GA-TS al-
gorithm combines the advantages of both methods to boost the overall 
performance.  The proposed GA-TS algorithm is detailed in Algorithm 2, 
as shown at the top of the next page. Its explanations are detailed as fol-
lows.

In step 1, an initial population of size 𝑂 is generated by randomly 
arranging 𝑁 ones and 𝑁𝑠 −𝑁 zeros. Given the population 𝑂, the fitness 
value 𝑓8 of each individual is evaluated in Step 3. To preserve high-
quality individuals for subsequent generations, the roulette-wheel se-
lection method is adopted in step 4. The step 5 involves the generation 
of new offspring via single-point crossover. In step 6, the mutation is 
performed by randomly selecting two genes with values of 1 and 0, and 
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Algorithm 2: Proposed GA-TS algorithm for IRIS topology.

then flipping them to 0 and 1, respectively. The GA stage is terminated 
after the predefined maximum number of GA iterations 𝐼G is reached.

Following the GA stage, the top 𝑝𝑐4𝑂 elite individuals are selected 
and passed to the TS stage in steps 8−9. In step 13, neighborhood solu-
tions are defined as newly generated topology matrices, where ̃𝑟 denotes 
the neighborhood distance that is adaptively adjusted according to the 
iteration index 𝑗. Specifically, a relatively large ̃𝑟 is adopted in the early 
iterations to expand the search region, while a smaller 𝑟 is utilized in 

later iterations for fine local refinement. In step 14, neighbor solutions 
contained in the tabu list are removed from the candidate set to avoid 
redundant searches, ensuring that 𝑄 admissible candidates are retained. 
The candidate topology with the maximum WSR is then selected as the 
new topology 𝐙𝑗+1, and the suboptimal solution 𝐙opt , along with its cor-
responding fitness value 𝑓8,opt , is updated accordingly. For each selected 
elite solution, the TS procedure is performed until the predefined max-
imum number of TS iterations 𝐼T is reached. Finally, after the tabu list 
is updated in steps 16−20, and all the selected 𝑝𝑐4𝑂 elite solutions have 
been processed by the TS procedure, the individual with the highest fit-
ness value among those processed by the TS procedure is selected as the 
final suboptimal topology matrix 𝐙̂opt in Step 22.

3.4.  Convergence analysis

The original non-convex problem is decomposed into two block-wise 
subproblems, which are alternately optimized until the prescribed stop-
ping criterion is satisfied.

For the continuous-variable block, with fixed IRIS passive beam-
forming 𝚯 and IRIS topology 𝐙, the BS active beamforming 𝐖 and 
IRIS deployment 𝐪 are updated successively. The BS active beamform-
ing subproblem (18) can be optimally solved after the quadratic trans-
formation, while the IRIS deployment subproblem (28) is handled by 
the SCA method. Within Block 1, given a feasible initial point, the al-
gorithm maintains feasibility across iterations, and each update of the 
continuous-variable block does not decrease the system WSR because 
each subproblem is a maximization problem and is solved via a mono-
tonic optimization procedure.

For the discrete-variable block, with fixed 𝐖 and 𝐪, the IRIS passive 
beamforming 𝚯 and topology 𝐙 are optimized by the NECE and GA-TS 
algorithms, respectively. Different from the continuous-variable block, 
the discrete-variable block involves finite feasible sets, since the phase 
shifts are selected from a finite quantization set and the topology vector 
is constrained by binary variables with a fixed number of active reflect-
ing elements. Moreover, an elitist preservation mechanism is adopted 
in both the NECE and GA-TS algorithms, where the best-so-far solution 
is retained during the iterative search. Therefore, the discrete-variable 
update also yields a non-decreasing best-so-far WSR sequence.

Based on the above analysis, the WSR after the 𝑡th outer iteration of 
the BAO framework satisfies 
𝑅(𝐖𝑡+1,𝐪𝑡+1,𝚯𝑡+1,𝐙𝑡+1) ≥ 𝑅(𝐖𝑡+1,𝐪𝑡+1,𝚯𝑡,𝐙𝑡), (38a)

≥ 𝑅(𝐖𝑡,𝐪𝑡,𝚯𝑡,𝐙𝑡). (38b)

Consequently, we can obtain that the system objective function is mono-
tonically non-decreasing. Furthermore, since the transmit power is con-
strained, the deployment region is bounded and the feasible sets for both 
phase shifts and topology are finite, the convergence of the overall BAO 
framework is guaranteed.

3.5.  Complexity analysis

The computational complexity of the proposed algorithm primarily 
arises from solving the subproblems within the two distinct blocks of 
the BAO framework.

Specifically, the first block involves the joint optimization of BS ac-
tive beamforming and IRIS deployment. The optimization of BS active 
beamforming is accomplished by the conic relaxation approach, with a 
complexity of approximately (𝐿1(𝑀3 +𝐾𝑀2)

)

, where 𝐿1 is the num-
ber of iterations. The optimization of IRIS deployment is achieved by 
the SCA method. The variables and constraints involved determine the 
complexity of this process, which is given by (𝐿2(𝐾 + 2)3.5

)

, with 𝐿2
denoting the number of iterations. Consequently, the total complexity 
of the first block is expressed as (𝐼0(𝐿1(𝑀3 +𝐾𝑀2) + 𝐿2(𝐾 + 2)3.5)

)

, 
with 𝐼0 denoting the number of inner alternating iterations.

The second block addresses the joint optimization of IRIS passive 
beamforming and topology. The complexity of the passive beamform-
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Table 1 
Interpretation of different schemes in the simulations.

 Optimization variables
 Schemes  Proposed scheme (IRIS)  Scheme 1 (IRIS)  Scheme 2 (IRIS)  Scheme 3 (IRIS)  Scheme 4 (Regular RIS)

𝐖  Convex optimization  Convex optimization  Convex optimization  Convex optimization  Convex optimization
𝐪  SCA  SCA  SCA  random  SCA
𝚯  NECE  NECE  NECE  NECE  NECE
𝐙  GA-TS  TS  ES  GA-TS  —

ing design is (𝐼N
(

𝐶 +𝑁(2𝑏 − 1)
))

, and the IRIS topology optimization 
entails a complexity of (𝐼G𝑂 + 𝑝c4𝑂𝐼T𝑄

)

. Here, 𝐼N, 𝐼G and 𝐼T sig-
nify the iterations required for the convergence of the NECE, GA and 
TS algorithms, respectively. Thus, the total complexity of the second 
block is (𝐼00

(

𝐼N(𝐶 +𝑁(2𝑏 − 1))
)(

𝐼G𝑂 + 𝑝c4𝑂𝐼T𝑄
))

, where 𝐼00 denotes 
the number of inter-block alternating iterations. This complexity is sig-
nificantly lower than that of the traditional ES method, which entails a 
prohibitive complexity of 

(

(𝑁𝑠
𝑁

)

2𝑏𝑁
)

.

4.  Simulation study

This section provides comprehensive simulation results to evaluate 
the effectiveness of our proposed algorithm. To verify its superiority, we 
conduct a comparative analysis against four benchmark schemes:

• Scheme 1: In this scheme, the IRIS topology is optimized leverag-
ing the TS algorithm to evaluate the contribution of the GA stage 
utilized in the proposed scheme. This baseline aims to reveal the 
TS algorithm’s heavy reliance on initialization and its comparatively 
limited global search capability.

• Scheme 2: This benchmark employs the ES method for IRIS topol-
ogy optimization while keeping all other variables optimized iden-
tically to the proposed scheme. By traversing all possible topology 
configurations to find the global optimum, this scheme provides a 
performance upper bound for the IRIS setup.

• Scheme 3: In this baseline, the deployment position of the IRIS is 
generated randomly to serve as a comparative benchmark. Conse-
quently, this scheme is specifically designed to quantify the perfor-
mance gains yielded by strategic physical placement.

• Scheme 4: This benchmark utilizes a regular RIS to facilitate auxiliary 
communication links for the UEs. As a result, topology optimization 
is not involved in this configuration, with all other variables opti-
mized exactly as in the proposed scheme.
For clarity, the explanations of different schemes in the simulations 

are summarized in Table 1.

4.1.  Simulation setup

The parameters of the simulation system are set as follows. The BS 
is located at (0, 0, 0)m. The coordinate parameters of IRIS are set as 
𝑦R = 30m and 𝑧R = 20m, while its deployment along the 𝑥-axis is con-
strained within 0 ≤ 𝑥R ≤ 100m. The UEs are uniformly and randomly 
distributed in a circular area centered at (𝑥0, 0, 0) with 𝑥0 = 100m and 
the diameter is 𝑐0 = 10 m. The numbers of BS antennas, UEs, RIS ele-
ments, and IRIS grid points are 𝑀 = 4, 𝐾 = 4, 𝑁 = 8, and 𝑁𝑠 = 16, re-
spectively. The number of quantization bits 𝑏 = 1[26], the noise power 
𝜎2 = −100dBm, the BS transmit power 𝑃T = 20dBm, the UE weight 𝜔𝑘
is set to be 1, ∀𝑘 ∈ . The parameters of the NECE algorithm are set to 
𝐼N = 15, 𝐶 = 200, 𝐶pr = 40. The iteration parameters of the proposed GA-
TS algorithm are set to 𝑂 = 50, 𝑝c1 = 0.8, 𝑝c2 = 0.3, 𝑝c3 = 0.04, 𝑝c4 = 0.1, 
𝑄 = 15, 𝐼G = 15 and 𝐼T = 20. The neighbor distance 𝑟 changes dynami-
cally, starting with 𝑟 = 3 and reducing 𝑟 to 2 once the iteration arrives 
at the midpoint of the maximum number of iterations.

To investigate the performance upper bound of the proposed BAO-
based joint optimization framework, we assume the channel state infor-
mation (CSI) of the UEs is available at the BS. The case of imperfect CSI is 

Fig. 3. WSR versus transmit power.

Fig. 4. WSR versus the number of RIS elements.

beyond this scope and is reserved for future studies. The channel power 
gain per unit distance 𝜌 = −30dB, the path loss exponents 𝛼BR = 𝛼RU = 2, 
the Rician factors 𝛽BR = 𝛽RU = 1. The iterative algorithm is considered to 
have converged and terminates when the fractional change in the WSR 
between two consecutive iterations falls below the convergence toler-
ance 𝜖 = 10−4. Furthermore, all simulation results are averaged over 100
independent channel realizations.

4.2.  Performance analysis

Fig. 3 depicts the WSRs as the functions of the transmit power at-
tained by various schemes. Three key phenomena can be observed. First, 
compared with Scheme 4, the proposed scheme offers significant perfor-
mance gain, primarily because IRIS introduces additional spatial degrees 
of freedom and optimizes signal propagation paths, effectively mitigat-
ing the “multiplicative fading effect”. Second, the performance of the 
proposed scheme is infinitely close to that of Scheme 2. However, as 
illustrated in Section 3.5, the proposed scheme’s algorithmic complex-
ity is significantly lower than that of Scheme 2, especially as 𝑁 and 
𝑁𝑠 increase. Third, the proposed scheme outperforms Scheme 1 due to 
the GA-TS algorithm’s incorporation of the GA to obtain a better initial 
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Fig. 5. WSR versus the number of IRIS grid points.

Fig. 6. WSR versus the IRIS horizontal distance from the BS.

solution, which enhances the TS algorithm’s global search capability 
and ultimately achieves a better topology. These observations collec-
tively validate the effectiveness of the proposed scheme, as well as the 
necessity of jointly optimizing the physical deployment and irregular 
topology.

The relationship between the WSR and the number of RIS elements is 
shown in Fig. 4, where 𝑁𝑠 = 100. Compared to the regular RIS scheme, 
the IRIS scheme achieves higher WSR. However, as the irregularity ra-
tio increases, the WSR performance gap between the IRIS scheme and 
the regular RIS scheme narrows. At very high irregularity ratios, the 
performance gain from increasing the RIS elements becomes negligible. 
Thus, it is crucial to balance the cost of the irregularity ratio against the 
performance improvement it provides.

As depicted in Fig. 5, the relationship between the WSR and the num-
ber of IRIS grid points is illustrated for 𝑁=20. It can be observed that 
as the number of BS antennas 𝑀 increases, the system WSRs for both 
the IRIS and regular RIS schemes exhibit a steady increase. This perfor-
mance enhancement is primarily attributed to the additional spatial de-
grees of freedom introduced by the larger antenna array, which facilitate 
higher array gains and more precise active beamforming capabilities. 
Furthermore, taking the regular RIS scheme with a fixed surface size as 
a benchmark, it is evident that enlarging the surface area to modify the 
irregular ratio of RIS elements to grid points can significantly enhance 
the WSR. More remarkably, when the number of grid points is increased 
to 𝑁𝑠=40, 𝑁𝑠=60, 𝑁𝑠=80, IRIS with 𝑀=4 demonstrates superior per-
formance compared to the regular RIS configurations with 𝑀=7, 𝑀= 8, 
𝑀=9, respectively. A similar trend is observed for the IRIS with 𝑀=5, 
which also surpasses regular RIS setups equipped with more antennas 
by moderately scaling up the number of grid points. This is particularly 

Fig. 7. Convergence behaviors of two algorithm frameworks.

notable as these regular RIS setups involve a higher number of BS anten-
nas. Therefore, the IRIS can improve the system performance without 
increasing the antennas and radio frequency (RF) chains at the BS.

Fig. 6 illustrates the system WSR versus the horizontal distance from 
the IRIS to the BS. It is observed that the curve exhibits a distinct double-
peak characteristic, where the maximum WSR is achieved when the 
IRIS is deployed close to the BS or the UEs. This can be explained by 
the deployment-dependent path-loss product in (22). During the IRIS 
deployment optimization, the term 𝑑𝛼RURU,𝑘𝑑

𝛼BR
BR  plays a dominant role in 

determining the quality of the cascaded channel. When the IRIS is de-
ployed close to the BS, the reduced BS-IRIS path loss enables more ef-
ficient illumination of the IRIS by the BS beamforming. When the IRIS 
is deployed close to the UEs, the strengthened IRIS-UE links facilitate 
more effective delivery of the reflected signals. Consequently, these two 
favorable deployment regions lead to the two WSR peaks. In contrast, 
when the IRIS is located around the middle of the deployment region, 
both propagation links become relatively long, resulting in a larger cas-
caded path-loss product and a more severe multiplicative fading effect. 
Thus, the WSR decreases and forms a valley around the middle region. 
This significant performance fluctuation reveals the critical importance 
of the IRIS deployment in mitigating the “multiplicative fading effect” 
and enhancing multi-user system capacity.

Fig. 7 depicts the convergence behaviors of the proposed BAO frame-
work and the conventional AO algorithm frameworks. The simulation 
results reveal that the BAO framework exhibits a significantly faster con-
vergence rate, reaching a stable state in approximately 5 iterations while 
achieving a superior WSR performance. This is attributed to its unique 
block-based iteration mechanism, validating the effectiveness of the pro-
posed framework in addressing highly coupled and non-convex joint op-
timization problems.

5.  Conclusions

In regular RIS-assisted multi-user wireless communication systems 
where the number of RIS elements is restricted, the system faces the 
problems of “multiplicative fading effect” and capacity constraints. In 
order to effectively improve the system achievable WSR, a BAO al-
gorithm framework has been proposed by jointly optimizing BS ac-
tive beamforming, IRIS deployment, IRIS passive beamforming and IRIS 
topology. For IRIS topology optimization, the GA-TS algorithm has been 
designed to address the strong dependence of the TS algorithm on the 
initial solution. Simulation results have demonstrated that the BAO algo-
rithm framework achieves faster convergence than the AO framework, 
and our IRIS scheme significantly boosts the system achievable WSR. 
Furthermore, this work provides valuable design guidelines for practi-
cal communication systems. First, the IRIS should be strategically posi-
tioned in close proximity to either the BS or the user clusters to maxi-
mize the mitigation of the “multiplicative fading effect”. Second, when 
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the number of BS antennas is limited, system designers are advised to 
increase the number of available grid points for the IRIS. This strategy 
effectively trades cost-efficient passive spatial degrees of freedom for ex-
pensive active RF chains, while guaranteeing the system performance.
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