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The concept of integrated sensing and communication (ISAC) has recently become a 

pivotal paradigm for future wireless communication systems. In this technology, the 

resources of spectrum and hardware are used in a shared manner for both communication 

and sensing operations. In this context, reconfigurable intelligent surfaces (RISs) have 

attracted significant interest due to their capability to intelligently control wireless 

propagation environments, particularly in millimeter-wave (mmWave) systems. In this 

work, the performance of an RIS-aided ISAC scheme is investigated. While, multiple-

input single-output (MISO) downlink network with multiple users is considered. The 

multi-antenna base station (BS), with the assistance of an RIS, serves multiple user 

equipment (UEs), each with a single antenna, while simultaneously performing sensing 

operations. To improve the performance of the ISAC system, a unified optimization 

framework is developed for optimizing the BS transmit beamforming and RIS reflection 

coefficients, subject to some operational constraints of the BS and RIS. The formulated 

non-convex optimization problem is addressed using weighted minimum mean square 

error (WMMSE) optimization for the beamforming at the BS, while the RIS phase shift 

profile is optimized through manifold optimization with the constraint of unit modulus. 

Numerical evaluations demonstrate that the proposed RIS-aided ISAC scheme provides 

noticeable gains over both the conventional system without RIS and random RIS 

deployment. The performance of the proposed model indicates notable enhancements in 

achievable sum-rate and sensing sum signal-to-noise ratio (sum-SNR), while a reduction 

in outage probability is achieved. The obtained results also highlight the inherent trade-off 

between communication efficiency and sensing performance in integrated ISAC networks. 
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1. INTRODUCTION

Wireless communication systems have advanced rapidly to 

accommodate the stringent requirements of beyond 5G and 6G 

networks. Recently, integrated sensing-and-communications 

(ISAC) attracted considerable attention as a new paradigm that 

integrates wireless communication and sensing within a 

shared spectrum and resource availability. Unlike 

conventional systems, where communication and sensing are 

treated as independent functionalities, ISAC exploits the 

common physical properties of electromagnetic signals to 

enable simultaneous data transmission and sensing. This 

integration improves overall resource utilization efficiency. 

ISAC has proven to be an important enabler of future 

intelligent applications such as intelligent vehicles, unmanned 

aerial vehicles (UAVs), smart cities, and intelligent industrial 

systems. The general aim of this is to improve the accuracy of 

sensing with high communication performance. ISAC has also 

gained much attention from international standardization 

organizations such as 3GPP, IEEE, and ITU, which identify 

ISAC as a promising candidate technology for 6G wireless 

communication [1, 2]. 

To further improve the performance of ISAC, 

reconfigurable intelligent surfaces (RIS) are proposed as a 

prospective candidate. The intelligent control of the wireless 

propagation environment by means of an RIS can be utilized 

to direct the signal towards the intended user to improve the 

received signal quality and reduce interference and fading 

effects [3-5]. Due to the hardware simplicity, energy 

efficiency, and cost-effectiveness of the RIS concept, it is 

widely viewed as a promising candidate to facilitate ISAC in 

the context of 5G/6G wireless systems. Traditionally, ISAC 

systems have been characterized by two paradigms: radar 

communication coexistence (RCC) and dual-functional radar 

communication (DFRC). In RCC-based ISAC systems, radar 

communication and communication tasks are carried out 

independently using separate signals in such a way that 

interference is minimized. In DFRC-based ISAC systems, 

radar communication and communication tasks are carried out 

simultaneously using a single waveform and transmitter.  In 

practical ISAC systems, communication and sensing use the 

same wireless resources, which may cause interference and 
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affect the overall system performance. RIS can help improve 

the wireless channel and enhance both communication and 

sensing performance by adjusting the reflected signals [6, 7]. 
Initial studies of ISAC system design have been centered on 

single-cell systems. Then, these systems have been expanded 

to multi-cell systems, where cooperation among base stations 

(BS) has been utilized to improve the coverage of the system, 

the accuracy of the sensing, and to reduce the inter-cell 

interference. In addition, the ISAC system has moved away 

from traditional sensing towards multimodal sensing systems, 
where edge intelligence has been incorporated to allow for 

efficient data management, as required by next-generation 

system applications [8-10]. 

Several research studies have investigated the potential of 

integrating RIS with ISAC systems to improve 

communication as well as sensing. In these research studies, 

the primary aim of the optimization was to enhance the overall 

sum rate for communication users while maintaining 

satisfactory high sensing performance. Motivated by these 

advancements, Luo et al. [11] investigated an RIS-based ISAC 

system where the beamforming and RIS optimization are 

employed to maximize the weighted radar sum signal-to-noise 

ratio (sum-SNR) for the purpose of target detection, under 

communication quality of service (QoS) and power 

constraints. An efficient optimization strategy is employed by 

integrating majorization-minimization, penalty-based, and 

manifold optimization techniques to achieve notable 

performance gains. Samir et al. [12] investigate an RIS-

assisted ISAC system designed to enhance both 

communication and sensing performance. The authors aimed 

to improve the sum-rate while maintaining a required sensing 

quality measured by the SCNR metric. To address the 

associated non-convex optimization challenge, manifold 

optimization techniques were employed for the joint 

optimization of the transmit beamforming and RIS phase 

shifts. The proposed method was developed for multiple-user 

and multiple sensing targets scenarios in cluttered 

environments. Simulation results showed that the manifold-

based approach achieved improved communication 

performance with lower computational complexity and faster 

convergence compared with conventional (Semidefinite 

Programming) SDP-based optimization methods. Zhang and 

Cao [13] proposed an active RIS-assisted ISAC system to 

jointly enhance communication and sensing performance. The 

study considered a joint beamforming design for both the BS 

and the active RIS by employing a deep reinforcement 

learning-based approach to address the high complexity of the 

non-convex optimization formulation in RIS-enabled ISAC 

systems. The results demonstrated that the use of active RIS 

can effectively improve system efficiency and achieve better 

sum-rate and sensing performance compared with 

conventional methods. Wang et al. [14] introduce a design of 

a target localization system using an RIS-assisted passive 

radar system for ISAC in a 6G system. They utilize particular 

algorithms to estimate the number of targets along with the 

target locations based on angle of arrival and time of arrival. 

While Liu et al. [15] investigate an RIS-assisted MU- 

multiple-input single-output (MISO) ISAC system with joint 

beamforming and reflection optimization under SNR and 

Cram ér-Rao bound (CRB) based sensing constraints. 

Efficient algorithms are developed to maximize 

communication sum-rate while ensuring detection and 

estimation performance, and simulations confirm notable 

sensing and communication gains with larger RIS arrays. In 

reference [16], fractional programming (FP) algorithm was 

leveraged to optimize the BS transmit beamforming and RIS 

phase shifts for the RIS-enabled ISAC system with the 

objective of maximizing the sum-rate. 
Recent studies have increasingly investigated RIS-assisted 

ISAC systems for 6G networks, focusing mainly on joint 

active beamforming at the BS and passive beamforming at the 

RIS. Most existing works formulate the problem as a non-

convex optimization problem and solve it using FP, 

majorization-minimization, penalty-based methods, or 

semidefinite relaxation. Although these methods can achieve 

promising performance, their computational complexity may 

increase significantly with the number of RIS reflective 

elements and active users. In addition, many existing studies 

mainly emphasize achievable sum-rate or sensing SNR 

separately, while the joint impact of RIS optimization on sum-

rate, outage probability, and sensing sum-SNR is less 

explicitly discussed. Therefore, this work aims to address this 

limitation by employing a Weighted minimum mean square 

error (WMMSE)-based beamforming framework integrated 

with manifold optimization for RIS phase shifts, while 

evaluating both communication reliability and sensing 

performance. This paper investigates the beamforming 

strategies of an RIS-aided ISAC system, in which a multi-

antenna BS simultaneously provides communication services 

to multiple single-antenna user equipment (UEs) and performs 

target sensing. 

The objective is to jointly optimize the beamforming matrix 

and reflection coefficient profile matrix to improve both the 

communication sum-rate and sensing sum-SNR while 

satisfying the communication QoS and other communication 

constraints. WMMSE-based optimization approach is 

employed to efficiently design the transmit beamformers at the 

BS under a certain power constraint. Meanwhile, the RIS 

reflection coefficients under unit-modulus requirements are 

optimized via manifold optimization techniques. Considering 

constraints on the beamforming matrix and the phase shifts of 

the RIS elements, an alternating optimization approach is 

employed to alternately update the optimization variables. 

The key contributions of this study are presented below:  

•A joint beamforming framework is introduced for RIS-

assisted MU-MISO ISAC systems,  where the BS 

beamforming and RIS phase shifts are optimized together. 

•WMMSE is used to optimize the transmit beamforming at 

the BS for sum-rate improvement under the transmit power 

constraint. 

•The RIS phase shifts are optimized using manifold 

optimization while maintaining the unit-modulus constraint. 

•The proposed system is assessed in key metrics of 

achievable sum-rate, outage probability, and sensing sum-

SNR. 

•Furthermore, utilizing WMMSE instead of conventional 

approaches, such as the FP method in reference [16], reduces 

computational complexity, as highlighted in references [17, 

18]. 

•The simulation results confirm the performance 

improvement of the proposed RIS-assisted ISAC system 

compared with random RIS and without RIS cases. 

This paper is organized as follows. Section 1 introduces the 

background and motivation of the study. Section 2 describes 

the system model. Section 3 presents the proposed algorithm 

and its analysis. Section 4 discusses the simulation model and 

results. Finally, Section 5 concludes the paper.
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2. SYSTEM MODEL 
 

The considered multiple-user MISO downlink ISAC system 

consist of a BS employing 𝑀  antennas serves  𝐾 single-

antenna UEs with the assistant of RIS has 𝑁 elements, while 

performing sensing operations for 𝑇 targets. In particular, the 

RIS is placed close to the served users to enable effective 

support for downlink multi-user communication, where the 

targets locations are far away from the RIS and have a strong 

direct line-of-sight (LoS) path with the BS, the sensing echo 

signals observed by the RIS are weak and can be ignored, as 

assumed in reference [19]. This deployment scenario is 

adopted to follow commonly used RIS-assisted ISAC models, 

where the RIS mainly enhances the communication links 

while the BS-target LoS path dominates the sensing process. 

Although the considered setup assumes a LoS-dominant 

environment, more challenging propagation conditions such 

as NLoS transmission, shadowing effects, and interference-

rich environments may influence the overall system 

performance. These scenarios are considered important future 

research directions for RIS-assisted ISAC systems. The 

considered system is shown in Figure 1. 

 

 
 

Figure 1. The reconfigurable intelligent surfaces (RIS)-

enabled integrated sensing-and-communications (ISAC) 

model 

 

The transmit signal at the BS can be given by [11, 20], 

 

𝑥 = 𝐹𝑐𝑠𝑐 + 𝐹𝑠𝑠𝑠 = 𝐹𝑠 (1) 

 

where,  𝐹𝐶 ∈ ℂ𝑀×𝐾 denotes the communication beamforming 

matrix, 𝐹𝑠 ∈ ℂ𝑀×𝑀 represent the sensing beamforming matrix. 

The 𝑠𝑐 ∈ ℂ𝐾  and 𝑠𝑠 ∈ ℂ𝑀  represent the communication 

symbol vector with 𝔼{𝑠𝑐𝑠𝑐
𝐻} = 𝐼𝐾  and the sensing signal with 

𝔼{𝑠𝑠𝑠𝑠
𝐻} = 𝐼𝑀 , respectively, and they are assumed to be 

statistically uncorrelated. Specifically, the complete 

beamforming matrix is represented by 𝐹 ≜ [𝐹𝑐𝐹𝑠] ∈ ℂ𝑀×(𝐾+𝑀) 

and the transmit symbol vector can be written as 𝑠 ≜

[𝑠𝑐
𝑇𝑠𝑠

𝑇]𝑇 ∈ ℂ(𝐾+𝑀) [11, 20]. 

The received signal at the UE is delivered through two 

propagation paths: the direct LoS link and the RIS-reflected 

virtual line-of-sight (VLoS) link, which is the RIS-assisted 

reflected link.  Then, the channel model will consist of the 

direct path channel ℎ𝑑 ∈ ℂ𝑀, from the BS to and the UE, and 

the cascaded path channel ℎ𝑉𝐿𝑜𝑆, from BS to RIS then to UE, 

which consist of forward channel ℎ𝑓 ∈ ℂ𝑁×𝑀 extending from 

the BS toward the RIS and backward channel ℎ𝑏 ∈ ℂ𝑁 from 

the RIS toward the UE include the RIS reflection effects and 

can be written as [21, 22]. 

ℎ𝑉𝐿𝑜𝑆 = ℎ𝑏
𝑇𝛷ℎ𝑓 (2) 

 

where, the effect of RIS on the incident signal can be described 

by a diagonal matrix associated with the RIS phase 

coefficients 𝜑 ≜ [𝜑1, … , 𝜑𝑁]𝑇  with |φ𝑛|, ∀𝑛 , i.e., 𝛷 ≜
𝑑𝑖𝑎𝑔(𝜑). Consequently, the received signal corresponding to 

the kth user can be formulated as [11]: 

 

𝑦𝑘 = (ℎ𝑑,𝑘 + ℎ𝑉𝐿𝑜𝑆,𝑘)𝑥 + 𝑛𝑘 (3) 

 

The scalar 𝑛𝑘~∁𝑁(0, 𝜎𝑘
2 ) denotes an additive noise that is 

modeled as a complex Gaussian random variable with 

variance of 𝜎2 . Accordingly, the signal to interference plus 

noise ratio (SINR) experienced by the kth is given by: 
 

𝛾𝑘 =
|(ℎ𝑑,𝑘 + ℎ𝑉𝐿𝑜𝑆,𝑘)𝑓𝑘|

2

∑ |(ℎ𝑑,𝑘 + ℎ𝑉𝐿𝑜𝑆,𝑘)𝑓𝑗|
2

+ 𝜎𝑘
2𝐾+𝑀

𝑗=1,𝑗≠𝑘

 (4) 

 

where, 𝑓𝑗  represents the jth column vector of the beamforming 

matrix 𝐹 for 𝑗 = 1, … , 𝐾 + 𝑀. Therefore, the aggregate sum-

rate achieved by all users can be expressed [16]: 

 

𝑅 = ∑ 𝑙𝑜𝑔2(1 + 𝛾𝑘)

𝐾

𝑘=1

 (5) 

 

From a sensing standpoint, to achieve superior sensing 

performance, maximizing signal power is a common adopted 

objective as in reference [11, 23]. Then, the sensing 𝑆𝑁𝑅𝑠 is 

given as [11]: 

 

𝑆𝑁𝑅𝑠 =
𝜂𝑒𝑐ℎ𝑜ℎ𝐵𝑇

𝑇 𝐹𝐹𝐻ℎ𝐵𝑇

𝜎2
 (6) 

 

where, ℎ𝐵𝑇   denotes the channel between BS and the target, 

𝜂𝑒𝑐ℎ𝑜   corresponds to the target reflection coefficient, while 

𝜎2 denotes the noise power. The sensing SNR expression is 

derived from the standard radar signal model, where the 

received power is modeled as ℎ𝐵𝑇
𝑇 𝐹𝐹𝐻ℎ𝐵𝑇  , and then 

normalized by the noise power [23]. 

The matrices of the beamforming and the RIS reflection 

coefficient, 𝐹 and 𝜙, respectively, are optimized in a coupled 

manner to maximize the achievable communication sum-rate, 

subject to the communication QoS constraints and the transmit 

power limitation. The corresponding optimization problem is 

formulated as, 

 

𝑚𝑎𝑥
𝑭,𝝓

∑ 𝑙𝑜𝑔2(1 + 𝛾𝑘)

𝐾

𝑘=1

 (7a) 

 

s.t.∑
𝜂𝑒𝑐ℎ𝑜𝒉𝐵𝑇

𝑇 𝐹𝐹𝐻𝒉𝐵𝑇

𝜎𝑠
2

𝑇
𝑡=1 ≥ Γ𝑠 , (7b) 

 

||𝐹||𝐹
2 ≤ 𝑃 (7c) 

 
|𝜑𝑛| = 1, ∀𝑛, (7d) 

 

where, 𝑃  denotes the available transmit power and 𝛤𝑠 

represents the sensing SNR threshold. The problem in Eq. (7) 

poses significant challenges and difficulties to optimize. That 

is a result of the non-convex objective function in Eq. (7a) and 

the additional sensing and unit-modulus constraints in Eq. (7b) 

 

   

    

𝒉𝑏 
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and Eq. (7d), respectively. Accordingly, the WMMSE 

framework is adopted to handle the objective function in Eq. 

(7a). The original optimization problem is then divided into 

two tractable subproblems, which are solved through iterative 

optimization procedures. The communication QoS can be 

represented by outage probability. The outage probability is 

defined as a reliability metric for the considered system. An 

outage event occurs when the achievable rate falls below a 

predefined threshold due to channel variations, which is a 

widely adopted definition in wireless communication systems 

[24, 25]. Then, based on the achievable sum-rate expression in 

Eq. (5). 

 

𝑃𝑜𝑢𝑡 = 𝑃𝑟(𝑅𝑏𝑝𝑠 < 𝑅𝑡ℎ) (8) 

 

where, 𝑅𝑡ℎ denotes the minimum required data rate. Since the 

system bandwidth is fixed to 𝐵, the achievable throughput in 

bits per second (bps) is obtained as: 

 

𝑅𝑏𝑝𝑠 = 𝐵 × 𝑅 = 𝐵 ∑ 𝑙𝑜𝑔2(1 + 𝛾𝑘)

𝐾

𝑘=1

 (9) 

 

Accordingly, an outage event is declared whenever the 

achievable throughput cannot satisfy the target rate 

requirement. 

 

 

3. PROPOSED ALGORITHM 
 

This section presents a structured algorithm that is proposed 

to be used for solving the non-convex sum-rate maximization 

problem. A WMMSE framework is adopted to reformulate the 

original objective function into an equivalent weighted mean 

square error optimization problem for designing the transmit 

beamforming matrix at the BS. Owing to the different natures 

and constraints of the transmit beamforming variables and the 

RIS phase-shift variables, the overall optimization problem is 

decomposed into two separate subproblems. Specifically, the 

transmit beamformers are optimized using the WMMSE 

approach under the available transmit power limit, while the 

RIS phase vector is optimized under the unit-modulus 

constraint. The interaction between these two subproblems is 

implicitly captured through the effective channel, and the 

overall solution is obtained via an alternating optimization. In 

the proposed alternating optimization framework, the transmit 

beamforming matrix is first updated using the WMMSE 

approach for fixed RIS phase shifts. Then, the RIS phase 

vector is optimized using manifold optimization while keeping 

the beamforming matrix fixed. This iterative process continues 

until convergence or until the maximum number of iterations 

is reached. The RIS phase vector is initially generated with 

random phases satisfying the unit-modulus constraint. 

 

3.1 Weighted minimum mean square error-based 

beamforming optimization 

 

The WMMSE algorithm solves the sum-rate maximization 

problem by equivalently minimizing the weighted MSE. It 

alternates between updating the receiver filter, the MSE 

weight, and the transmit beamformer, where each subproblem 

admits a closed-form solution. The beamformer for the kth, 

which is the solution of the WMMSE, is computed as [18]. 

𝐵̅𝑘 = (∑ 𝐻𝑖𝐴𝑖
𝐻𝑊𝑖𝐴𝑖𝐻𝑖

𝐻 +
∑ 𝑇𝑟(𝐴𝑖

𝐻𝑊𝑖𝐴𝑖)𝐾
𝑖=1

𝐸𝑡𝑥
𝜎2⁄

𝐼𝑀

𝐾

𝑖=1

)

−1

× 𝐻𝑘𝐴𝑘
𝐻𝑊𝑘 

(10) 

 

In Eq. (10), 𝐻𝑖 ∈ ℂ𝑀×1 denotes the channel vector between 

the BS and the ith user, while 𝐻𝑘  corresponds to the channel 

vector of the target user for which the transmit beamformer is 

being updated, the matrix  𝐴𝑖 ∈ ℂ1×1 denotes the MMSE 

receiver coefficient of the ith user, and 𝑊𝑖  represents the 

corresponding MSE weight in the WMMSE framework. The 

operator (Tr) denotes the trace of a matrix, defined as the sum 

of its diagonal elements, 𝐸𝑡𝑥 denotes the total transmit power 

constraint at the BS, while 𝜎2 represents the noise variance, 

and the matrix 𝐼𝑀 denotes the 𝑀 × 𝑀 identity matrix.  

In Eq. (10), for the considered single-antenna users, the 

MMSE receiver coefficient for user 𝐴𝑘 and the MSE weight 

𝑊𝑘  reduce to scalar values given as in reference [17]: 

 

𝐴𝑘 = 𝐵𝑘
𝐻𝐻𝑘 (∑ 𝐻𝑘

𝐻

𝐾

𝑖=1

𝐵𝑖𝐵𝑖
𝐻𝐻𝑘 + 𝜎2)

−1

 (11) 

 

𝑊𝑘 = 1 + 𝐵𝑘
𝐻𝐻𝑘𝐵𝑛𝑘̃

−1𝐻𝑘
𝐻𝐵𝑘  (12) 

 

For the considered single-antenna UEs case, the index 𝑖 
represents a generic user and is employed in the summation to 

model the interference from all users. In each WMMSE update 

step, the MMSE receiver coefficient 𝐴𝑘 and the corresponding 

weighting factor 𝑊𝑘 first evaluated for all k, subsequently the 

power normalization factor is given by 𝑏 = √𝐸𝑡𝑥/𝑇𝑟(𝐵̅𝐵̅𝐻), 

where 𝐵̅ = [𝐵̅1 ⋯ ⋯ 𝐵̅𝑘], 𝐸𝑡𝑥 is the total transmit power, and 

the WMMSE beamformer becomes: 

 
𝐵𝑘

𝑊𝑀𝑀𝑆𝐸 = 𝑏𝐵̅𝑘 (13) 

 

The following algorithm illustrates the steps of the proposed 

procedure. 

 

Algorithm 1. WMMSE-based beamforming optimization 

Input: Channel vectors 𝐻𝑘, noise power 𝜎2, total transmit 

power 𝐸𝑡𝑥 

Objective: Obtain the transmit beamforming solution 

𝐵𝑘  for sum-rate enhancement. 

Initialize: The transmit beamformers 𝐵𝑘  for all users k = 

1,…,K 

Repeat  

1: Update the MMSE receiver filter 𝐴𝑘using Eq. (11) 

2: Update the MSE weight matrix 𝑊𝑘 using Eq. (12) 

3: Update the transmit beamformer 𝐵𝑘  using Eq. (10) 

4: Normalize the beamformers to satisfy the power 

constraint using Eq. (13) 

5: Convergence or maximum number of iterations is 

reached? If not, go to repeat. 

End 

Output: Optimized transmit beamformers 𝐵𝑘  for all users 

 

3.2 Manifold-based optimization of reconfigurable 

intelligent surface phase shifts 

 

In this subsection, the RIS phase shift vector 𝜑 is jointly 

optimized together with transmit beamformers. Owing to the 

passive nature of the RIS, each element is subject to a unit-
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modulus constraint |𝜑𝑛| = 1 . The resulting optimization 

problem is reformulated into an equivalent quadratic form, 

enabling an efficient solution via manifold optimization 

techniques. The optimization problem with respect to the RIS 

phase shifts 𝜙 is given as [26] : 

 

𝑚𝑎𝑥
𝝓

∑(

𝐾

𝑘=1

2√1 + 𝑐𝑘ℜ{𝑔𝑘
∗ ℎ𝑘

𝐻𝑓𝑘} − |𝑔𝑘|2 ∑ |ℎ𝑘
𝐻𝑓𝑗|

2
𝐾+𝑀

𝑗=1

) (14) 

 

𝑠. 𝑡. |φ𝑛| = 1, ∀𝑛 (15) 

 

Then  ℎ𝑉𝐿𝑜𝑆 = ℎ𝑏
𝑇𝛷ℎ𝑓𝑓𝑗 = ℎ𝑏

𝑇𝑑𝑖𝑎𝑔(ℎ𝑓𝑓𝑗)𝜙 , problem re-

arranged as: 

 

min
𝜙

𝜙𝐻𝑄𝜙 − 2ℜ{𝜙𝐻𝑞} − 𝑐 (16) 

 

𝑠. 𝑡. |φ𝑛| = 1, ∀𝑛 (17) 

 

𝑄 ≜ ∑|𝑔𝑘|2 ∑ diag(

𝐾+𝑀

𝑗=1 

𝑓j
Hℎ𝑓

𝐻)ℎ𝑏

𝐾

𝑘=1

ℎ𝑏
𝑇diag(ℎ𝑓𝑓𝑗) (18) 

 

𝑞 ≜ ∑ √1 + 𝑐𝑘

𝐾

𝑘=1

𝑔𝑘diag(𝑓k
Hℎ𝑓

𝐻)ℎ𝑏 

− ∑|𝑔𝑘|2 ∑ diag(

𝐾+𝑀

𝑗=1 

𝑓j
Hℎ𝑓

𝐻)ℎ𝑏

𝐾

𝑘=1

ℎ𝑏
𝑇𝑓j

H 

(19) 

 

𝑐 = ℜ {∑ 2√1 + 𝑐𝑘𝑔𝑘
∗hd,k

H 𝑓𝑘 −

𝐾

𝑘=1

|𝑔𝑘|2 ∑ |hd,k
H 𝑓𝑗|2

𝐾+𝑀

𝑗=1

} (20) 

 

The auxiliary variable  𝑔𝑘  represents the MMSE receiver 

coefficient [16], while 𝑐𝑘 denotes the SINR-related parameter 

associated with user k. Furthermore, 𝑄 ∈ ℂ𝑁×𝑁 is a Hermitian 

matrix that characterizes the overall interference structure 

arising in the quadratic reformulation of the problem and 𝑞 ∈
ℂ𝑁×1 corresponds to the linear component linked to the 

desired signal term.  

The scalar c is a constant independent of the RIS phase 

vector 𝜑 and, therefore, does not influence the optimization 

outcome. Algorithm 2 illustrates the steps of the proposed 

procedure. 

 
Algorithm 2. Manifold-based optimization of RIS phase 

shifts 
Input: ℎ𝑓 , ℎ𝑏 , ℎ 𝑑,𝑘 , 𝑓𝑗 , 𝑔𝑘  , 𝑐𝑘  , 𝑀 , 𝐼𝑚𝑎𝑥  

Objective: Optimize 𝜙 by solving Eq. (16) 

Initialize: RIS phase vector φ such that |φ𝑛| = 1  
Repeat  

1: Compute 𝑄 using Eq. (18) 

2: Compute 𝑞 using Eq. (19) 

3: Compute 𝑐 using Eq. (20) 

4: Update 𝜙 by solving the equivalent manifold using Eq. 

(16) 

5: Retract/normalize 𝜑 ← 𝑒𝑗φ𝑛 to satisfy |φ𝑛| = 1 Eq. (15) 

6: Convergence or maximum number of iterations 𝐼𝑚𝑎𝑥  is 

reached? If not, go to repeat. 

End 

Output: Optimized RIS phase-shift vector 𝜑 
 

3.3 Computational complexity analysis 

 

The computational complexity of the proposed framework 

is incurred during the WMMSE beamforming and the 

manifold-based refinement of the RIS reflection coefficient 

optimizations. In the WMMSE stage, the dominant 

computational operation is the inversion of an 𝑀 × 𝑀 matrix, 

resulting in a complexity order approximately proportional to 

𝑂(𝑀3) . In addition, the iterative updates of the receiver 

coefficients and MSE weights introduce additional complexity 

proportional to the number of users K. In the RIS optimization 

step, the required computational effort is primarily influenced 

by the number of RIS elements N, since the construction of the 

quadratic matrices and manifold gradient updates involve 

operations on N-dimensional vectors and matrices. Therefore, 

the computational burden increases as the RIS size becomes 

larger. Moreover, the overall computational cost of the 

proposed method is affected by the number of alternating 

optimization iterations required for convergence. Although 

larger RIS configurations can provide higher passive 

beamforming gains, they also increase the optimization 

complexity. Nevertheless, compared with conventional FP-

based optimization approaches, the adopted WMMSE 

framework provides a more structured iterative optimization 

process with practical computational scalability for RIS-

assisted MU-MISO ISAC systems. 

 

 

4. SIMULATION MODEL AND RESULTS 

 

The performance of the proposed joint beamforming design 

and phase shift profile for the RIS-assisted ISAC system is 

numerically evaluated in this section. The considered system 

has BS integrated with M = 8 antennas with half-wavelength 

spacing. Also, K = 4 single-antenna users are served with the 

assistance of an RIS consisting of N  = 169 elements. In 

addition, a noise of power  𝜎𝑢
2  =  −80 dBm is considered. 

Furthermore, the distances of BS-RIS is set as 50 𝑚, nd RIS-

UE is set as 4 𝑚 . A distance-dependent path-loss model is 

modeled, where the path-loss exponents are set to 𝛼𝐵𝑢  = 3.5, 

𝛼𝐵𝑟  = 2.5 and 𝛼𝑅𝑢 = 2.5 for the BS-UE, BS-RIS, and RIS-

UE links, respectively. In terms of the channel model, the 

channel is assumed to be subject to Rician fading with Rician 

factor 𝛽𝑅𝑢  =  3 dB and 𝛽𝐵𝑢  = 0, The considered values are 

consistent with the suggested literature such as in reference 

[16, 27]. 

 

 
 

Figure 2. Sum-rate vs transmit power (dBm) 
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Figure 2 presents the sum-rate plotted versus the transmit 

power for both ISAC and communication systems under 

different RIS deployment strategies. It can be observed that the 

sum-rate consistently increases with transmit power across all 

configurations. From all these systems, the optimized RIS 

configuration attains the highest performance, outperforming 

both the random RIS and without RIS scenarios. Furthermore, 

the communication only system achieves higher sum-rate 

values than the ISAC system, since ISAC jointly allocates its 

available resources to sensing and communication 

functionalities. In communication only system, the sum-rate 

reached 49 bps/Hz without RIS. However, by integrating the 

proposed RIS, the performance significantly increased to 76 

bps/Hz, achieving a remarkable improvement rate of 55%. 

Figure 3 illustrates the impact of varying the number of RIS 

elements on the sum-rate for both the ISAC system and the 

communication only system. A comparison between random 

and optimized phase shifts strategies, in addition to without 

RIS case. It can be observed that increment in the number of 

RIS elements leads to a higher sum-rate for both random and 

optimized RIS phase configurations, which can be attributed 

to the array gains and the effectiveness of passive 

beamforming for increasing the equivalent channel and signal 

power received. As the number of RIS elements increases, the 

sum-rate continues to improve for both ISAC and 

communication-only systems. However, the improvement 

becomes smaller at large values of N. It is due to the reason 

this behavior can be attributed to the limited transmit power 

budget and the residual multi-user interference. In the ISAC 

framework, a portion of the available transmit power is 

allocated to sensing operations, which reduces the amount of 

power available for communication compared with the 

communication-only system.  Additionally, it is clear that the 

performance of the phase optimization configuration is better 

compared to the random phase shift configuration for all 

values of N. However, the communication-only system is 

higher compared to the sum-rate achievable for the ISAC 

system for all values of N. This is expected since in the 

conventional system, the entire power is used for the 

communication signal, while in the ISAC system, the power is 

divided between the communication and sensing signals. 

 

 
 

Figure 3. Sum-rate vs numbers of reconfigurable intelligent 

surfaces (RIS) elements 

 

Figure 4 illustrates the effect of the number of BS antennas 
𝑀  on the achievable sum-rate for the ISAC and the 

communication only system. It is observed that the achievable 

sum-rate improves as the number of BS antennas M increases. 

Among all configurations, the optimized RIS, followed by the 

random RIS configuration compared with no RIS case. 

Figure 5 presents the impact of varying the number of users 

K on the achievable sum-rate in both ISAC and 

communication-only systems. The sum-rate increases with 𝐾 

in all cases due to multi-user diversity. The optimized RIS 

configuration achieves the highest performance, followed by 

the random RIS case compared with the case without RIS. 

Moreover, the communication only system consistently 

outperforms the ISAC system since ISAC shares its resources 

between sensing and communication. In this work, all users 

are assumed to have similar communication requirements. 

Future studies may consider users with different QoS demands 

in order to further evaluate the performance of RIS-assisted 

ISAC systems under heterogeneous user conditions. 

 

 
 

Figure 4. Sum-rate vs numbers of base station (BS) antennas 

 

 
 

Figure 5. Sum-rate vs numbers of users 

 

Outage probability versus SNR for different numbers of RIS 

elements under the proposed RIS phase is analyzed and the 

results are depicted in Figures 6 and 7. Figure 6 shows the 

outage probability for ISAC, while Figure 6 presents the 

outage probability for communication only scenario. A 

noticeable reduction in outage probability is achieved with 

increasing SNR across all considered values of 𝑁, indicating 

improved communication reliability in both ISAC and 

communication only cases. Due to the power consumption for 

sensing in the ISAC case, a part of the available transmit power 

is reserved for sensing operations, reducing the power 
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resources available for data transmission. Furthermore, 

increasing the number of RIS elements results in a clear 

reduction in outage probability. This improvement can be 

explained by the enhancement of the effective channel gain 

due to the increased array gain provided by a larger RIS. 

 

 
 

Figure 6. Outage probability vs SNR for ISAC 
Note: signal-to-noise ratio (SNR); integrated sensing-and-communications 

(ISAC) 

 

 
 

Figure 7. Outage probability vs SNR for communication 
Note: signal-to-noise ratio (SNR) 

 

 
 

Figure 8. Sensing sum-SNR (dB) vs transmit power 

 

Figure 8 shows the sensing sum-SNR at BS versus the 

transmit power for both sensing-only and ISAC systems. It can 

be observed that the sensing-only scheme achieves the highest 

SNR since all transmit power is dedicated to target sensing. By 

incorporating RIS, the proposed ISAC scheme achieves a 

noticeable improvement in sensing SNR, which enhances the 

capability of the system to detect the target more reliably, 

while without RIS shows reduced sensing performance. This 

improvement is attributed to the enhanced effective channel. 

In this work, the sensing performance is evaluated using the 

sensing sum-SNR metric. Other sensing metrics, such as target 

detection accuracy and localization performance, are not 

considered and may be investigated in future studies. 

 

 

5. CONCLUSIONS 

 

The performance of an RIS-assisted ISAC system is studied 

in this paper, with particular emphasis on sum-rate 

enhancement and reliability improvement in addition to the 

sensing sum-SNR. The WMMSE optimization approach is 

used to obtain the transmit beamforming at BS, while a 

manifold-based approach is used to optimize the RIS phase 

shift profile under certain constraints. From the simulation 

results, it is found that the proposed RIS-assisted ISAC design 

achieves superior performance compared to both the system 

without RIS and the randomly configured RIS case, in terms 

of sum-rate. Furthermore, outage probability is considered as 

a reliability-metric to assess the performance of the proposed 

ISAC framework. Also, sensing sum-SNR is considered, and 

comparison between the communication-only system and the 

ISAC system is evaluated. An intrinsic trade-off between 

communication efficiency and sensing performance exists, 

thus forming a fundamental property of ISAC systems. So, the 

proposed approach can be considered as a good solution to 

ISAC systems with the help of an RIS, thus forming a 

foundation for future research in this direction.  In practical 

systems, the performance of RIS-assisted ISAC may also be 

affected by hardware limitations, imperfect channel 

estimation, and phase noise. Although additive noise is 

considered in the system model, other practical impairments 

were not investigated in this work and may affect the overall 

system performance in real deployment scenarios. Future 

work can study the use of more than one RIS in the ISAC 

system. In this case, better performance may be achieved, but 

the optimization and system design will become more 

difficult. Dynamic RIS adaptation can also be considered in 

future studies. 
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NOMENCLATURE 

 

𝑠  transmit symbol vector 

𝑠𝑐   communication symbol vector 

𝑠𝑠 sensing symbol vector 

ℎ𝑑 direct path channel 

ℎ𝑓 forward channel 

ℎ𝑏 backward channel 

ℎ𝑣𝐿𝑜𝑠 cascaded channel 

𝑦𝑘  observed signal at the kth user 

ℎ𝐵𝑇  channel between BS and the target 

𝛾𝑘  SINR 

R sum rate 

𝜎2 additive noise power 

𝑃𝑜𝑢𝑡  outage probability 

B bandwidth 

𝑅𝑏𝑝𝑠 achievable throughput in bits per second 

𝑅𝑡ℎ minimum required data rate 

P transmit power 

𝐴𝑘 MMSE receiver filter 

𝑊𝑘 update the MSE weight matrix 

𝐵𝑘 transmit beamformer 

𝑔𝑘 MMSE receiver coefficient 

𝑐𝑘 SINR-related parameter associated with user k 

Q Hermitian matrix 

q 

 

linear component linked to the desired signal 

term 

 

Greek symbols 

 

𝛷 RIS phase matrix 

𝜂𝑒𝑐ℎ𝑜 target reflection coefficient 

𝛤𝑠 sensing SNR threshold 

i i-th user 

𝛼 path-loss 

𝛽 Rician factor 
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