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Integrating sensing and communication (ISAC) is a cutting-edge technology aimed at achieving high-resolution target sensing and high data-rate communications using a shared spectrum. This innovative approach optimizes the usage of the radio spectrum with no or minimal level of mutual interference. The capability of reconfigurable intelligent surface (RIS) to control the environment and provide additional degrees of freedom is driving the development of RIS-aided ISAC. In this mini-review, we provide an overview of the current state-of-the-art of RIS-aided ISAC technology, including various system configurations, approaches, and signal processing techniques.
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1 INTRODUCTION
The needs for high-resolution sensing and high data-rate wireless communications demand broader frequency bands, resulting in increased spectrum congestion. An effective solution is to integrate sensing and communication infrastructures. The integrated sensing and communication (ISAC) technology improves spectral and energy efficiencies and reduce hardware costs (Hassanien et al., 2015; Hassanien et al., 2016; Mishra et al., 2019; Liu et al., 2020; Wu et al., 2022; Mishra et al., 2023). ISAC has a wide range of applications across various fields. In addition to supporting typical cellular wireless communications and radar sensing, it can also be used in geoscience, remote sensing, environmental monitoring, human-computer interaction, and autonomous vehicles (Cui et al., 2021; Elbir et al., 2021; Liu et al., 2022a; Cheng et al., 2022; Zhang et al., 2022; Xu et al., 2023).
ISAC systems can be classified into two main approaches, namely, radar-communications coexistence (RCC) and dual-functional radar-communications (DFRC) (Elbir et al., 2021; Chu et al., 2022). RCC systems employ efficient interference management techniques and optimized resource allocation in a manner that allows both communication and radar functions to operate effectively without unduly affecting each other. This involves designing the systems to avoid conflicts, minimize the impact of interference, and maximize system performance. On the other hand, DFRC systems perform both communication and radar tasks simultaneously through a shared transmitter.
Reconfigurable intelligent surface (RIS), also known as intelligent reflecting surface (IRS), is a metasurface typically constructed as a planar array of passive elements. An RIS is typically a two-dimensional array of small, passive, and reconfigurable elements. These arrays are engineered using advanced metamaterials that exhibit unique properties, such as negative refractive index, which enable fine-grained control over the direction and strength of reflected waves. Sophisticated signal processing techniques are employed to control the phase and amplitude of the reflected signals. By manipulating the propagation of electromagnetic waves in a wireless communication system, RISs can enhance signal quality, network capacity, and reduce interference (Basar et al., 2019; Boulogeorgos and Alexiou, 2020; Han et al., 2020).
For the convenience of hardware implementations, the RIS weights are often designed to be constant-modulus and use a limited number of discrete values in the phase shifters. RIS technology has received rapidly growing popularity because of its capability to control the propagation environment, thereby improving the performance of wireless sensing and communication systems. Offerings of RIS include achieving enhanced spectral efficiency, reduced base station (BS) transmit power requirement, better multi-user interference (MUI) mitigation, improved signal direction of arrival (DOA) estimation, and higher target localization and tracking accuracy (Asif Haider et al., 2022; Wei et al., 2022a; Shi et al., 2022; Asif Haider et al., 2023a). RISs have gained significant attention in recent years as a promising technology for 6G communications due to their aforementioned unique features. RISs can be deployed on various surfaces, including building facades, factory ceilings, and even human clothing. RIS-assisted wireless systems have been shown to outperform amplify-and-forward relaying counterparts in terms of signal-to-noise ratio (SNR), outage probability, symbol error rate, and ergodic capacity.
The implementation of ISAC systems faces several challenges. For example, ISAC systems encounter a unique problem of potential mutual interference (MI) between the sensing and communication functions. ISAC systems operating in the millimeter-wave band suffer from high propagation attenuation and their performance severely degrades when the line-of-sight (LOS) between the BS and the communication users (CUs) or targets is obstructed (Wei et al., 2022a; Shi et al., 2022). The RIS technology presents a solution to overcome these obstacles, thereby improving the sensing and communication capabilities and performance. By placing RISs between the BS, CUs, and targets and adaptive steering the beams, we can enhance the strength of both communication and sensing signals, provide LOS connections, extend the communication and sensing coverage, and reduce MI and MUI (Shtaiwi et al., 2021; He et al., 2022; Zhu et al., 2022). The RIS technology can also be used to provide additional physical layer security against eavesdroppers (Mishra et al., 2022). Figure 1 depicts differential scenarios where RIS-aided ISAC systems are used.
[image: Figure 1]FIGURE 1 | Examples of ISAC systems where RIS plays different roles: (A) RIS aids in interference management in RCC systems. (B) RIS assists communication only in DFRC systems where there is a strong LOS link between the BS and the targets. (C) A more general RIS-aided DFRC system involving both LOS and NLOS links. (D) In DFRC systems where the direct paths between the BS and the targets/users are blocked, RIS assists both sensing and communication. (E) Partitioning of the RIS elements for sensing and communication (F) Semi-passive elements are sparsely placed in the RIS for target detection and communication channel estimation. (G) Communication and sensing system aided by multiple RISs. (H) RIS-mounted users enhance localization and communication performance. (I) An RIS-aided DFRC system to enhance the secrecy rate in the presence of an eavesdropper.
In this mini-review, we provide an overview of the state-of-the-art research of RIS-aided ISAC systems. Such systems are classified based on their applications and configurations, and the optimization techniques exploited for maximizing system performance are also described. Table 1 summarizes the literature being studied in this mini-review.
TABLE 1 | RIS-assisted ISAC systems.
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The applications of the RIS are vast in both RCC and DFRC systems. A critical issue in RCC systems is the interference management between the sensing and communication functions and among densely deployed wireless devices (Shtaiwi et al., 2021; Chu et al., 2022). By controlling the wireless environment, RIS can be used to boost desired signals and suppresses interference signals, thereby improving the performance of both communication and sensing tasks (He et al., 2022; Shi et al., 2022). As a result, exploiting an RIS in DFRC systems offers a range of benefits, including improved target detection, enhanced communication quality, more effective MI and MUI mitigation, and increased physical layer security (Jiang et al., 2021; Sankar et al., 2021; Wang et al., 2021; Liu et al., 2022b; Mishra et al., 2022; Song et al., 2022; Yan et al., 2022; Zhang, 2022; Zhu et al., 2022; Asif Haider et al., 2023b).
2.1 RIS-aided RCC
In (Shtaiwi et al., 2021), a large RIS is used in a multiple-input multiple-output (MIMO) RCC system to achieve a high beamforming gain and mitigate MI between communication and RADAR system, thereby improving the sum rate of the communication system subjected to the radar performance constraints. The transmit power of both the radar transmitter and the BS is kept within their respective budgets. The optimization problem of the BS transmit beamformer and the RIS phase shifters is solved using a local search approach. Incorporating RIS in NLOS systems establishes a communication link between users and the BS, and it is confirmed that using more RIS elements improves beamforming gain, enhances interference mitigation, and leads to a monotonically increasing sum-rate in the communication system. An RIS-aided multi-user MIMO RCC system is illustrated in Figure 1A.
A double-RIS RCC system is considered in (He et al., 2022) to improve the communication performance and reduce MI while guaranteeing the radar detection performance for each detection direction. To achieve this objective, a double-loop penalty dual decomposition-based algorithm is employed. Two scenarios are considered in which the radar transmit power is respectively high and low. In the former, a closed-form optimal solution for joint beamforming is derived, while in the latter, the MI is minimized using the block coordinate descent method. It is shown that introducing a single 100-element RIS to an RCC system improves the output communication signal-to-interference-plus-noise ratio (SINR) by 6 dB. On the other hand, a double-RIS-assisted system further suppresses interference and enhances the output communication SINR by 11 dB, highlighting the effectiveness of deploying two RISs.
2.2 RIS-aided DFRC
Studies conducted on DFRC systems that utilize RIS are concentrated on either optimizing communication performance while upholding a certain level of sensing performance, or optimizing the sensing performance while preserving a certain communication rate. Figures 1B, C respectively depict the scenarios where RIS assists either the communication or the sensing function. In Figure 1D, the targets are detected through virtual LOS connections from the BS to the targets via the RIS.
2.2.1 RIS enhancing communication performance
In (Zhu et al., 2022), the transmission rate of an ISAC system is enhanced while meeting the radar’s desired beampattern requirement by jointly designing the radar signal covariance matrix, the communication system’s beamforming vector, and the RIS phase shifters. The non-convex optimization problem is solved by splitting it into two sub-problems. First, a closed-form solution is obtained for the radar signal covariance matrix that achieves the desired beampattern. Joint optimization of the communication beamforming vector and RIS phase shifters is then carried out using the quadratic transformation and alternating optimization (AO) technique. The computational complexity is reduced by applying the majorization-minimization algorithm to optimize the RIS phase shifters using AO. By incorporating RIS, this algorithm attains a greater beam pattern gain and achieves a higher CU sum rate compared to the scenarios without using an RIS.
2.2.2 RIS deployed for enhanced sensing
In (Jiang et al., 2021), a solution is proposed to address the issue of a weak echo signal received by radar-aided BS in crowded areas with significant channel attenuation. Placing an RIS in the vicinity of the DFRC system provides additional transmission links to reduce channel attenuation and fading effects, thereby enhancing the radar detection performance. A joint optimization problem is formulated to maximize the output SNR at the radar receiver while satisfying both sensing and communication constraints. The optimization problem involves optimizing the precoding matrix of the radar-aided BS and the RIS phase shifters. The non-convex problem is solved using an AO approach and the majorization-minimization algorithm, followed by the semi-definite relaxation approach.
The problem addressed in (Yan et al., 2022) is similar to that in (Jiang et al., 2021), but it considers all the reflecting paths among the BS, RIS, and targets. This problem is divided into two sub-problems, which respectively optimize the transmit beamformer and the RIS phase shifters. The former sub-problem has a closed-form solution, while the latter is solved using the successive lower bound maximization (SLBM) method. By taking all the reflecting paths into account, this approach provides higher target output SNR compared to (Jiang et al., 2021).
In (Song et al., 2022), the transmit beamformer at the BS and the reflective beamformer at the RIS are jointly optimized in a situation where the BS cannot establish direct LOS links with the targets but can leverage both direct and reflected LOS/NLOS links with the CU for efficient communications. Utilizing the AO approach, the proposed design attains higher beampattern gains towards all targets while meeting the minimum output SNR requirement at the CU.
2.2.3 Performance trade-off
Performance trade-offs can be made between the sensing and communication functions. Consider a scenario that a BS has LOS only to the CUs but not to the targets, as illustrated in Figure 1E. A multi-stage hierarchical codebook method is developed to locate a single NLOS target and establish a reliable communication link with a single CU (Sankar et al., 2021). During the surveillance operations in the absence of detected targets, a small subset of RIS elements are used to perform surveillance with wide beams, while most of the RIS elements are utilized for the communication task. When targets are detected, to achieve high-precision target localization, more RIS elements can be designated for target localization. The proposed algorithm requires fewer snapshots compared to an exhaustive search scheme. Numerical results show that, by exploiting the RIS, the spectral efficiency of the MIMO system is more than doubled. More specifically, in the surveillance mode, as most of the RIS elements are used for communications, the spectral efficiency is increased by 30 bps/Hz. On the other hand, in the target localization mode, the spectral efficiency is improved by 28 bps/Hz, only slightly lower than that achieved in the surveillance mode.
Unlike multi-target detection approaches that are based on multiple rounds of channel estimation, the beampattern towards all targets is optimized using combined mutual information from all target channels (Zhang, 2022). This approach maximizes the overall utility, which combines information for sensing and the total data rate for communication. The optimization problem is divided into two sub-problems, with the first one optimizing the BS beamformer using a successive convex approximation (SCA), whereas the second one optimizing the RIS phase shifters using a manifold optimization-based algorithm. The RIS-aided system achieves a higher overall utility which increases with the number of elements. Such increase ranges between 20% and 45% when the number of RIS elements varies between 20 and 120.
3 CHANNEL ESTIMATION WITH RIS-AIDED ISAC SYSTEMS
Achieving the offerings of RIS-aided ISAC systems requires the channel state information (CSI) of the links between the BS, RIS, CUs, and targets. In this section, we outline various channel estimation approaches for RIS-aided ISAC systems.
3.1 Active or semi-passive RIS
In (Liu et al., 2022b), a distributed RIS system consisting of both passive and semi-passive RISs conducts location sensing and data transmission simultaneously for a single user scenario. A semi-passive RIS contains some active sensors that can be used to estimate the CSI associated with the RIS. Unlike other ISAC systems which aim to perform separate sensing and communication functions, the purpose of sensing here is to assist the communication function in the sense that the estimated CU location facilitates the optimization of the RIS beamformer. Each transmission period is divided into two-time blocks. During each time block, passive RIS elements reflect the uplink transmission signals from the CU to the BS while the semi-passive RIS elements estimate the CU’s location in a sensing mode. This is achieved by using the total least squares ESPRIT method and pairing the effective two-dimensional DOAs using the MUSIC algorithm. The estimated location from the first time block is then used for beamforming design at the BS in the second time block. By implementing this location sensing scheme, it is possible to achieve millimeter-level positioning accuracy. Additionally, the proposed beamforming design enables near-optimal bit rates at a single CU, even when only a small number of RIS elements are used.
In (Asif Haider et al., 2023b), a semi-passive RIS-aided ISAC system is considered where a small number of active RIS elements are sparsely placed in an L-shape structure, as shown in Figure 1F. With the large array aperture, this structure improves channel estimation performance and reduces the required length of the pilot overheads. The CU and target channels are first estimated using a two-dimensional interpolated covariance matrix of the array data signal and the MUSIC algorithm. Joint optimization of the BS beamformer and RIS phase shifters maximizes the beamforming gain towards the direction of desired sensing and ensures minimum output SNR at the CU. The study provides insights into the design for different arrangements of the active sparse elements for performance improvement without increasing hardware costs.
3.2 Deep learning approaches
A deep learning-based framework is considered for the estimation of the sensing and communication channels in an RIS-aided ISAC system (Liu et al., 2022c). Two deep neural networks (DNN) architectures are proposed where the first one is located at the ISAC BS to estimate the sensing channel, whereas the second one is assigned to each downlink CU equipment to estimate its communication CSI. The BS is operated in a full-duplex mode. The self-interference due to full-duplex operation is pre-estimated and compensated before estimating the BS-target-BS channel. The deep learning framework contains three hidden layers with two convolutional layers and a flattened layer which are used for the estimation of the communication CSI, whereas two feed-forward layers with the tanh activation function are used for sensing channel estimation. By training the DNN using multiple SNR conditions, this method can be applied to a broad range of SNR regions. It achieves better sensing and communication channel estimation performance compared to the least squares estimator benchmark scheme.
4 MISCELLANEOUS CONSIDERATIONS IN RIS-AIDED ISAC
4.1 Discrete phase shifters
RIS beamformers often exploit discrete phase shifters to facilitate low-cost hardware implementations compared to continuous phase shifter counterparts. Discrete phase shifters use a limited number of phase levels, such as those based on PIN diodes or varactor diodes (Wu and Zhang, 2019). It is shown, however, that there is a trade-off between the discrete quantization levels and the achievable sum rate as well as sensing performance (Wang et al., 2021; Wei et al., 2022b; He et al., 2022; Zhu et al., 2022).
4.2 Wideband scenarios
Wideband signals support the transmission of a high data rate and provide higher sensing resolutions. An RIS-aided wideband DFRC system with multi-carrier signaling is considered in (Wei et al., 2022b). Because the direction of the beam can change significantly over the operating frequency range, the beam squint problem becomes more severe as the signal bandwidth increases. When this problem is not properly addressed, the beam may no longer be aligned with the intended target, thereby leading to degraded performance. The quantized phase-shifter model utilizes frequency-dependent transmit beamforming to overcome the beam-squint effect in a wideband DFRC system. By jointly designing the radar receive filter, transmit precoding matrix, and discrete phase shifters, the radar output SINR is maximized while the required level of communication SINR is maintained for single-antenna CUs. The resulting optimization problem is solved using the alternating maximization method.
4.3 Multiuser interference cancellation
In ISAC systems, the inclusion of sensing functionality presents a significant challenge as it limits the available degree of accuracy for waveform design, leading to increased MUI and reduced communication performance. In (Wang et al., 2021), RIS is explored to mitigate MUI, with joint optimization of beamforming at the BS and discrete RIS phase shifters to meet the Cramer-Rao bound (CRB) requirement for multi-target DOA estimation. To achieve this objective, the exact penalty method and manifold optimization approach are used for constant-modulus waveform optimization at the ISAC BS, and manifold optimization and successive optimization methods are used to optimize the discrete RIS phase shifters. The proposed algorithm yielded a significantly increased multi-user sum rate compared to pure ISAC systems without RIS.
4.4 Multiple RIS-aided ISAC
As shown in Figure 1G, multiple RISs can be utilized in ISAC systems to further enhance object tracking performance, maximize communication bit rate, mitigate MI, and increase user SINR (Wei et al., 2022a; He et al., 2022). In (He et al., 2022), the use of multiple RISs in an RCC system improves the MI suppression performance compared to a single-RIS scenario. The study in (Wei et al., 2022a) focuses on the joint design of frequency-dependent beamforming and phase shifters for a wideband orthogonal frequency division multiplexing (OFDM) transmit signaling scheme, aiming to maximize the average radar output SINR and the minimal communication output SINR among all users using an alternating maximization method. The non-convex problem comprises a maximin objective function with a difference of convex constraint, which is solved through the alternating direction method of multipliers (ADMM) and Dinkelbach’s methods. It is shown that, by utilizing two RISs, the proposed method achieves a 3.3 dB improvement of the radar output SINR improvement and a 0.9 dB enhancement of the minimal communication output SINR compared to the single-RIS counterpart.
4.5 RIS-mounted communication users and targets
In (Shao et al., 2022), the BS communicates with multiple devices in a full-duplex mode while simultaneously sensing their positions. As shown in Figure 1H, each device is equipped with an RIS to enhance the reflected echoes and passively transfer information to the BS through the reflection modulation. To address the challenges of joint localization and information retrieval at the BS, a grid-based parametric model is constructed and the problem is formulated as a compressive sensing problem. The study focuses on designing the BS receiver to jointly locate the positions of the devices and retrieve the information, which is transmitted from the CUs and transferred by the RISs, through the exploitation of the sparsity in the considered parameter grid. The results confirm that the proposed algorithms outperform commonly used compressive sensing algorithms, such as orthogonal matching pursuit (OMP) and sparse Bayesian learning (SBL), in terms of the achieved minimal error in the recovered transmit information, particularly in multi-user off-grid scenarios.
4.6 Clutter consideration
The presence of clutter can have a significant impact on the performance of target detection in ISAC systems. In (Liu et al., 2022d), the problem of target detection is considered in the presence of strong clutter while ensuring the quality of multi-user communications. The space-time adaptive processing technique is used in the BS to achieve effective target detection in the presence of strong clutter that spreads out over large ranges and angular regions. By optimizing the nonlinear spatio-temporal transmit waveform and receive filter, this method makes use of all available degrees of freedom in both the spatial and temporal domains to improve the target detection performance.
4.7 Physical layer security
The issue of eavesdropping in a DFRC system, as illustrated in Figure 1I, is considered in (Mishra et al., 2022). In this system, the radar target acts as an eavesdropper that receives a high-energy signal, leading to additional security challenges. A multi-antenna DFRC system is considered in the presence of multiple eavesdroppers, and a physical-layer approach is designed to maximize the secrecy rate while meeting the total transmit power constraint and maintaining a required output SINR for each radar target. The multi-eavesdropper multi-cast multi-antenna DFRC system is optimized to maximize the secrecy rate. The RIS is used to enhance the quality of signal transmission to users, which indirectly allows additional degrees of freedom for the injection of artificial noise to distort signals arriving at eavesdroppers.
5 CONCLUSION
This mini-review offers an overview of the latest research outcomes in the field of RIS-aided ISAC systems. RIS-aided ISAC systems have been proven to be effective in achieving efficient spectrum sharing between sensing and communication tasks in both DFRC and RCC systems. By incorporating RIS, ISAC systems can overcome a range of problems encountered in sensing and communication, including MUI, user channel estimation and NLOS target detection, data rate and target detection performance improvement, physical layer security, clutter suppression, and more. With RIS technology still evolving, there are numerous possibilities yet to be explored that could greatly enhance the performance of ISAC systems.
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