RIS-Aided Integrated Sensing and Communication: Beamforming
Designs and Antenna Selection

Yuying Mai?, Mateen Ashraf?, Huigin Du®* and Bo Tan”

College of Information Science and Technology, Jinan University, 601 Huangpu Avenue West, 510632, Guangzhou, China

bTampere Wireless Research Centre, Faculty of Information Technology and Communication Sciences, Tampere University, 33014 Tampere,
Finland

ARTICLE INFO ABSTRACT

Keywords: This work considers an integrated sensing and communication system, where a reconfigurable
Integrated sensing and communica- intelligent surface (RIS) is utilized to manage interference and radar signals. The sensors
tion are attached to the RIS to sense multiple targets. A joint design of the base station transmit
reconfigurable intelligent surface beamforming and RIS phase shift matrix is proposed to minimize total interference and maximize
beamforming design the worst received signal power at the RIS sensors. Due to highly coupled transmit beamforming
antenna selection and RIS phase matrices, the optimization problem is decoupled into two subproblems and solved
energy efficiency iteratively by semidefinite programming and a manifold-based Riemannian steepest descent

algorithm. We further design energy-aware beamforming to eliminate the interference induced
by radar probing signals. Antenna selection with the £, norm is introduced to exclude redundant
antennas while maintaining the sufficient multiple beams for multiple users and targets with
minimized required antennas. Due to the nonconvexity of the #-norm, we relax the number of
active transmit antennas as a weighted £;-norm and employ a concave approximation for the
constraint on the radar beampattern. Numerical results illustrate that the proposed algorithms
can effectively reduce interference and strengthen the received signal power for radar sensing,
achieving mutual benefit for communication and sensing performance.

1. Introduction

Applications in the sixth generation (6G), including autonomous driving, smart city, and virtual reality, require
significantly improved sensing and communication performance. Specifically, these applications demand ultra high
data rates, ultra low latency, high energy efficiency and high reliability, and high precision/resolution sensing
capabilities [1]. Integrated sensing and communication (ISAC) combines wireless communication functionality with
sensing capability on a single platform, which can reduce hardware costs and overcome spectrum congestion issue.

The integrated functionality of sensing and communication can be achieved through waveform design and transmit
beamforming. Initially, information-embedded transmit waveforms are designed to optimize radar capabilities under
constraints of specific communication requirements. These optimizations include maximization of conditional mutual
information (MI) between radar probing signal and echo [2][3], minimizing / maximizing beampattern mismatch /
similarity [4—6], and minimization of Cramér-Rao bound (CRB) [7][8]. On the other hand, transmit beamforming
designs are developed to maximize achievable sum rate [9][10], minimize multiuser interference (MUI) [11][12],

maximize signal-to-interference-and-noise ratio (SINR) [13][14], while maintaining pre-specified constraints on radar
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performance. Recently, a trade-off between radar and communication has been explored in order to achieve mutual
benefits for both functionalities [2, 15-19]. However, these designs were highly dependent on the number of signal
streams. Even exploiting full multiple-input multiple-output (MIMO) degree-of-freedom (DoF), insufficient signal
streams still result in rank deficiency of the covariance matrix for sensing multiple targets, leading to a singular Fisher
information matrix (FIM) and an infeasible CRB [8, 17, 20]. To address this issue, the works of [5, 8, 21] employ extra
probing streams dedicated to target probing without carrying the communication data that ensures full-rank covariance
matrix and no distortion of MIMO radar sensing. All of the designs mentioned above work primarily on monostatic
sensing, and the potential benefits of a bistatic ISAC system have not yet been investigated.

The reconfigurable intelligent surface (RIS) that can redirect incoming signals has been introduced as a means to
minimize interference at communication terminals [12, 22-25]. It has recently been introduced into the ISAC system
to improve communication and sensing performance. When adjusting the reflecting elements jointly with the dual
functional radar communication waveform, RIS enhances the signal quality by minimizing MUI [23]. Mitigating MUI
with the assistance of RIS is further investigated by optimizing the transmit waveform and the discrete phase shift under
the CRB constraint [12]. In [25], RIS is used to reduce interference between uplink transmission and radar sensing in
mobile edge computing. By optimizing its reflecting elements, the RIS effectively reinforces the desired signals while
maintaining limited total energy consumption. Moreover, multiple RISs are deployed to mitigate interference between
transmission and radar sensing on the transmitter and receiver, respectively [24]. By incorporating RISs, transmit
beamforming facilitates efficient and reliable communication while minimizing interference to the radar system. The
aforementioned studies highlight the potential of integrating RISs with ISAC to eliminate interference and improve

both communication and sensing capabilities.

1.1. Related Work

Besides interference mitigation, a RIS is also utilized to enhance target sensing capabilities. The work in [26]
introduces a self-sensing RIS architecture that relocates the direction of arrival (DoA) estimation of a target to dedicated
sensors integrated at the RIS, rather than at the base station (BS). The omnidirectional RIS beampattern is generated
to maximize the total power of the received signal at the sensors in the worst-case scenario. The work [27] further
develops an atomic norm minimization-based algorithm which reduces the complexity of DoA estimation at RIS.
Leveraging its capabilities of DoA estimation, RISs with dedicated sensors work as bistatic radar system for both
communication and location sensing [28], which is different from conventional ISAC systems that BSs work as a
monostatic radar [12, 23-25]. The work [19] further investigates the potential benefits of incorporating sensors with
simultaneously transmitting and reflecting surfaces (STARS). By adjusting the RIS phase shift matrix, the received

signals at the sensor are maximized while simultaneously reducing interference, thereby enhancing both sensing and
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Table 1
System with RIS and Sensors

System Optimization Loca. of RIS&Sensor
¥ Problem Seperated Co-located
Comm./Sensing [32], [28] [19], [29]. [30], [31]
ISAC
Trade-off our work
Sensing-only DoA/CRB [27] [26]

communication performance. To address the challenges of multiplicative fading induced by multiple reflection, a
sensing-RIS is introduced in an ISAC system to enhance the performance of CRB [29, 30], [31]. Furthermore, the
impact of sensor location on radar sensing is investigated in [32], in which significant improvements can be achieved by
incorporating sensors into an RIS. These valuable insights from advanced RIS applications and bistatic radar techniques
inspire us to further investigate the implementation of sensors at RIS and the utilization of bistatic radar in the ISAC
system. Moreover, Table 1 reveals that the trade-offs inherent in an ISAC system with a co-located sensor and RIS
remain largely unaddressed.

Furthermore, energy and hardware efficiency are crucial considerations in ISAC systems, leading to a heightened
focus on maximizing energy efficiency [33][34] and hybrid beamforming design [35]. In early 2004, antenna selection
emerged as a low-cost low-complexity alternative to explore the benefits of MIMO systems [36, 37], and has recently
been integrated into ISAC systems [17, 18, 38—41]. In [18], an antenna selection scheme is proposed to improve energy
efficiency by activating the best subset of antennas using the ¢; ,,-norm with better utilization of limited resources.
Furthermore, advanced machine learning algorithms are utilized to accurately perform antenna selection [38, 39, 41]
for selecting the optimal subset of the antenna to further improve the performance and efficiency of the MIMO radar
with hybrid analog-digital beamforming [38]. All these designs strive to select the minimum activated antenna subset
for energy efficiency and cost efficiency. However, minimizing only the activated antenna subset would cause the
transmit covariance matrix to be rank-deficient, which would degrade the performance of MIMO radar, particularly
in the transmit waveform design [20]. The trade-off between the energy efficiency of communication and the DoF for

radar sensing has been largely overlooked.

1.2. Main Contributions

This work investigates a RIS-assisted bistatic ISAC system where sensors are located near the RIS. The BS transmits
signals to multiple users while concurrently sensing targets with uncertain locations. The dual-functional operation
inevitably leads to MUI and mutual interference between sensing and communication. The joint design of the transmit
beamforming and RIS phase shifts is proposed to minimize total interference of the ISAC system while maximizing
the minimum received signal power for radar sensing under various constraints, including the mismatch of the transmit

beampattern, the transmit power, and the unit modulus constraint on the RIS phase shift. Simulation results validate
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the importance of the minimum DoF provided by the covariance matrix of transmitted signals to sensing targets in
the beamforming design. The proposed designs can reduce interference and strengthen the received signal power for
sensing. Hardware cost and interference can be further reduced by energy-aware beamforming design with antenna

selection. The contributions of this paper can be summarized as follows:

e We propose a RIS-assisted bistatic ISAC system, where sensors are positioned at the RIS to enhance radar
sensing capabilities. Unlike conventional RIS-assisted ISAC systems, where the BS acts as a monostatic radar,
this work introduces a configuration where the BS transmits radar probing signals while the sensors co-sited
with RIS are deployed near the target area to receive signals for estimating the DoAs of potential targets.
The developed configuration holds promise for reducing the severe product-distance round-trip path loss and
provides less interference from the transmit array compared to a mono-stastic system, potentially enhancing the
sensing accuracy. Since the beamforming designs in conventional RIS-assisted ISAC systems cannot be directly

implemented, we develop optimum beamforming designs for the proposed RIS-assisted ISAC system.

e We develop a joint linear precoding design to ensure MIMO radar and communication performances. By
combining linear precoded communication symbols and radar waveforms, the proposed approach generates a
transmit signal with a rank-sufficient covariance matrix, facilitating accurate multiple-target sensing. Moreover,
in contrast to conventional ISAC systems, RIS introduces an additional capability of enhancing the received
power of reflected sensing signals at RIS sensors by adjusting its phase shifts. Therefore, the power of worst

received radar signals and interference can be optimized.

e We develop an energy-aware beamforming that incorporates antenna selection to generate sufficient beams
towards multiple targets while mitigating interference from radar probing signals. To ensure the minimum DoF
for radar sensing, we determine the necessary number of activated antennas and investigate the relationship
between the rank of the covariance matrix and the number of activated antennas. The proposed design reduces
redundant transmit antennas by minimizing the £y-norm of active beamforming,while ensuring that the number
of activated antennas exceeds the minimum required rank of transmit covariance matrix for forming beampattern.
The proposed design can reduce energy consumption of RF chains and achieve essential DoF for radar sensing

without inducing radar interference at users.

1.3. Organization and Notations
The rest of this paper is organized as follows. Section 2 introduces the system model. Section 3 explores the joint
transmit beamforming and passive beamforming design. Section 4 then proposes the energy-aware beamforming design

with antenna selection. Simulation results are presented in Section 5, and the paper concludes with Section 6.
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Figure 1: RIS-aided ISAC system.

Notations: Bold lower-case and upper-case letters denote column vectors and matrices, respectively. Normal font
represents scalars. (-)7, (-)*, and ()" indicate the transpose, the complex conjugate, and the Hermitian transpose,
respectively. R and C represent the set of real numbers and complex numbers, respectively. Re(-) denotes the real part
of its argument. [E (-) stands for statistical expectation. |a|, ||a||, ||all; and ||A|| r denote the magnitude of a scalar a,
the £, norm and £; norm of a vector a, and the Forbenius norm of a matrix A. © stands for the Hadamard product. #r(-)
takes the trace of the argument. CN (0, X) designates the Gaussian distribution with mean 0 and covariance matrix
2. diag(-), blkdiag(-) and vec(-) denote diagonalization, block diagonalization and vectorization, respectively. 6(-) is

the delta function with respect to the argument. rank(-) denotes the rank of the argument.

2. System Model

This work considers a RIS-aided ISAC system that senses radar targets and serves downlink users simultaneously.
As shown in Fig.1, BS equipped with N, transmit uniform linear array (ULA) antennas communicate with K single-
antenna users while sensing T' point targets. The targets are assumed to be located within distinct target areas, with
their specific positions unknown. To enhance sensing capabilities and mitigate mutual interference between radar and
communication, an ULA-based RIS, equipped with N passive reflecting elements, is deployed close to the areas of
interest where targets and users are located. Different from previous RIS-assisted works where the BS performs the
sensing function by processing the echo signals which have experienced multi-hop reflections and multiplicative fading,
this work follows the configuration of [26] that deploys the sensors at RIS. This configuration avoids the high path-loss
effects during the complex propagation. Meanwhile, the sensors on the RIS would have more stable and improved
sensing signals, which can enhance detection and estimation performance. According to the configuration, sensors N

are installed adjacent to the RIS elements, which can receive the signals from the targets and passively sense the targets
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[32] [42]. Due to co-location fact of sensors and RIS, when the echo signal from the target is arriving at sensors, it will
be interfered by two interfering signals: i). BS—RIS signal; ii). RIS—user signal. These unwanted interfering signals
can be eliminated by the generalized sidelobe canceller [43] or background channel estimation [26]. These unintended
signals can be eliminated by advanced techniques. For simplicity, we focus on the target angle estimation based on the
received signals at the RIS sensors in this paper. Moreover, in this study, we assume the availability of perfect channel
state information (CSI) and synchronization, concentrating our efforts on the effectiveness of beamforming design to
optimize the trade-offs inherent in the bistatic RIS-assisted ISAC system. The scope of our research currently excludes

scenarios with imperfections at this stage.

2.1. Communication Model
In this system, the BS transmits the communication symbols and radar probing signals concurrently. The
transmitted signals X € CN*M from BS are the weighted sum of communication symbols and dedicated radar probing
signals [5][21], that is
X=WS=W.S,.+W,S,, (H

where W = [WC,W,] € CNX(K+N) § = [SC;Sr] € CK+HNIXM  the matrix W, = [wy,...,wg] € CN*K denotes

C

the communication precoder, and S, = [sl,.

-8yl € CKXM represents the transmitted communication symbols
with M length of blocks. Similarly, W, = [wy, ..., W RS CNNi denotes the precoder for the radar probing signal
S, = [sg, sﬁw] € CN*M _Besides, tr(WWH) = P, and P, is the transmit power. Without loss of generality, it
is assumed that E [s¢ (s5)"| = Tgyg, E [s,,(57)7] = Ty «n,, and E [s¢(s],)7] = Ogyy . The covariance matrix

R € CNXN:i of the transmitted signals can be given by
R = EXX") =W W/ + w wH, )

With the aid of the RIS, the users receive signals transmitted by the BS through the direct link and the RIS-reflected

link. Let H,, € CNr*N: denote the channel from the BS to the RIS, it can be modelled as

H,, = &HLOSJF ;HNLOS’ 3)
" 1+ Kpg 1+ Kpg

where Ky is the Rician factor, H; ¢ is the line-of-sight (LOS) deterministic component and Hy ;s denotes the
non-LOS (NLOS) Rayleigh fading component. Let H,, = [hbu’l, oo Py, K]T € CKXNi be the downlink channels
between the BS and the users, which follow the Rayleigh distribution, and it can be presented as hy,, , = v/a;hy, ;.

where @, contains the path loss of BS to the user k and the shadow fading coefficients, and ilbu,k ~CN (0, Iy, ) The
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. T
channels between the RIS and users are represented as the matrix H,, = [hm,p o Py K] € CKXNi | whose column

1/2

f h,, . with the path loss @ and h,, ; ~ CA° (0, Iy, )

vectors can be similarly defined as h,, ;, = @

The received signals Y € CK*M at the downlink users through two links can be given by [12, 15, 44]

Y = (Hbu + HruG)Hbr)X + NO (4)
=H, WS, +H, WS, +N,
=(H, WS, -S,)+ H,W,S, +S,+N,.
—— — ——

MUI radar interference

where the phase shift matrix of RIS @ = diag(0) is defined by reflection vector 6 = [ei, ..., eOny 17 with unit modulus
0, =1,Vvn=1,..,Ny, ﬁbu = (H,, +H,0H,,), and N, = [nl, nK]T € CKXM jg the zero-mean white Gaussian
noise (AWGN) matrix withn, ~ C N (0, (721) , Yk =1, ..., K. The desired constellation symbol matrix is defined as
Sc = \/F,Sc = [§;, ..., Sys]. Note that the aforementioned channels are under quasi-static block flat fading [20].

In an ISAC system, without cooperation among users or prior information on the received radar probing signal,
simultaneous communication and radar sensing result in not only MUI but also radar interference, leading to severe
degradation of system performance [45]. The total interference can be measured as the sum of MUI and radar
interference, that is,

2
. ®)

Pintf = “ﬁbuwcsc - Sc i + ||ﬁbuwrsr

= [ ws, -],

where S, = [S,,0] and S; = blkdiag (S,, S,) € CK+N*2M It should be noted that, as demonstrated in Eq.(4) of
[15], the SINR of the communication users is a monotonically decreasing function of MUI, assuming that the signal
power and the system noise level remain constant. Therefore, minimizing MUI is equivalent to maximizing SINR, and

in turn leads to the enhancement of the achievable sum rate [15, 23].

2.2. Radar Model

From the sensing perspective, the system can be viewed as a bistatic radar configuration wherein the BS transmits
the probing signals and the sensor at RIS captures the reflected signals from targets.

In practice, the distance can be estimated by measuring the round-trip time [46], but the exact locations of the
targets are unknown, with only the possible regions based on prior knowledge [47][48], such as the unmanned aerial

vehicle localization scenario. Specifically, the T targets are assumed to be located in 7" distinguish subareas, each with
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Q possible angles. The total possible angles ¢ € CL*! of all targets are denoted as

— T
¢ = [¢1, ¢Q, cees ¢(;_1)Q+1, Cb;Q, s ¢(T—1)Q+1’ d)TQ] P (6)
N—— ~ ~ - N ~~ -
1 - stsubarea t - th subarea T - thsubarea

where L =T X Q and the [-th element ¢;, | € L é {1,..., L}, is defined as the possible angle / of target.

The sensors at RIS receive signals reflected by possible target ¢ through two distinct links. One is from the BS to
the potential target ¢ and then to the sensors at the RIS, that is, BS — target — RIS sensors, represented by the channel
matrix G,; € CN+*Ni. The other involves transmission from the BS to the RIS elements, reflection to the potential
target ¢, and finally reception at the sensors near the RIS, that is, BS — RIS elements — target — sensors at RIS, which
is denoted by the channel matrix G, ; € CNsXNi Tt is important to note that the channels between BS/RIS and UAV
targets are ground-to-air links. It can be treated as a clutter-free environment [49][50].

Suppose the steering vector of an N-element ULA towards direction ¢ is given by a(@, N). The RIS-reflected link

G, ; can be defined as
G, = Gy OH,, = py, frale;, N Ja’ (¢, N)OH,,, N

where p;, and f; are the complex path loss from RIS elements to sensors via possible target ¢ and the reflectivity of
possible target ¢, respectively. The link G, ; is clutter-free channel and can be defined as the path RIS elements —
target — sensors at RIS. The angle of arrival (AoA) ¢; from the possible angle [ of target ¢ to the sensors at RIS can
be considered identical to the angle of the RIS elements to the target ¢ under the condition of the far field. The direct

link associated with the potential target ¢ is denoted by G, ; € CNsXN: | that is,

Gy = pabiale;. Npa (¢ Ny, 8)

where p;; is the complex path loss from BS to sensors via possible target ¢.

The superimposed signals received at the sensors from the potential target ¢ can be given by
Y, =(Gyy + G, )WS; + N, ®

T
where N = [nl, ...,nNY] € CN*M g the noise matrix at the sensors with n;, ~ CN (0, aSzI). Note that, in the

clutter-free environment, there is no signal-dependent interference typically associated with ground-based reflections.
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Hence, the received signals power at the sensors co-sited with RIS from the potential target # can be given by

P =Gy, + Gr,l)WSIHi"

=tr((Gy; + G, )WWH (G, + G, ™), (10)

where S;S; 21 k+n,- In the absence of precise target locations, maximizing the worst-case received signal power at
sensors can enhance the sensing capabilities.
To sense potential targets, the transmitted beampattern points to the target area by designing the beamforming

matrix. The transmit beampattern in the direction ¢, is
P(¢g, W) = a" (o) WW" a(¢,), (11)

where a(¢,) is the transmit steering vector of direction ¢,;. The beampattern similarity can be measured by calculating

the mean square error (MSE) between the desired beampattern and the obtained beampattern [6], that is,
! D
2
L(W.2) =+ dgl |4d($g) = P(dg. W[, (12)

where A is a scaling factor restricted by the transmit power, d(¢) is the desired beampattern, and {¢, }521 are sampled

angles with D discrete grids covering the location sectors of interest (i.e., target area).

3. Joint Transmit Beamforming and Passive Beamforming Design

With the constraints of the radar and RIS phase shift, we design the transmit beamforming and passive beamforming

for both radar and communication and then reformulate the optimization problem into a tractable problem.

3.1. Problem Formulation

In this work, we design the transmit beamforming and RIS phase shift matrix to balance communication and radar
performance. Focusing on unit consistency, we utilize power as the unified metric. The objective is to minimize the
interference power for enhancing communication quality while maximizing the worst received signal power at sensors

to maintain sensing capabilities, that is,

~ 2 —
min 2 [, ws, -S| + =2 (—minp (132)
Wou 0, TS S2f] 5 n £y
D
1 2
s.t.BZ|/1d(¢d)—aH(¢d)WWHa(¢d)‘ <e, (13b)
d=1
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tr (WWH) =P, (13c)

6, =1, Vn=1,.,N,, (13d)

where O, and Q, are empirically determined, balancing the total interference and the received signal power, and
p € (0,1) is the weighting factor determining the trade-off between radar and communication performance. The
underlying problem involves a multiple-objective optimization task focused on reducing interference power and
augmenting the received signal power at sensors co-sited with RIS. Moreover, since one of the sensing signals reaching
the target is from BS to target via RIS, optimizing the RIS phase shift matrix can further enhance the signal power at
target, and consequently, amplify the received signal power at sensor. Constraint (13b) guarantees that the MSE of the
beampattern is less than the threshold ¢,. (13c) represents the transmit power budget constraint. The constraint (13d)
denotes the unit-modulus constraint of the RIS phase shift.

Remark I: In ISAC systems, it is common to optimize the multi-objective optimization problem across various
scales and units [15, 16, 51]. However, our approach guarantees unit consistency by adopting power as a unified
metric, with a focus on minimizing interference power for communication and maximizing the worst case received
signal power at sensors for sensing.

Furthermore, the constraint (13b) from (12) is a convex quadratic function w.r.t the variable A. The optimal A can

be obtained by taking the derivative of (13b) with respect to A and setting it equal to O [4], that is,

D
=3 2Ad6,) - 2d(@pa" () WW! a(,)] =0, (14)
d=1
* 1 o H
AT = - Z d(p )vec(Avec(WW™), (15)
Z (@) =

where vec(A ) vec(WWH) = af (¢ )WWHa(¢,) and A, = a(¢,)a’! (¢ ) for brevity. Substituting (15) into (12), the

MSE of the beampattern L.(W, 1) is reduced to

D
Lw=Y |d§’uec(WWH) 2 (16)
d=1

D
where df = —L Ay T d(pvecH (Ay) - %vecH(Ad).
VD ¥ (¢, d=1 D
d=1
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Since the variable A is only related to the constraint (13b), the optimization problem (13) is reformulated as

rvrvlig QL ||flbuWS1 - 82“2F + IQ_ P (—mlinP,> (17a)
, ¢ s
D
sty ‘df Uec(WWH)’2 <e, (17b)
d=1

(13c), (13d).

However, the variables W and ® are highly coupled in (17a) and all constraints, which makes the problem (17)

quite challenging. To address this problem, W and @ can be optimized via an alternating optimization algorithm.

3.2. Optimization of W with Given @

With given @, the problem (17) with respect to W can be recast as follows,

. p 1—p
min —I(W)+ —t 18a
w0 (W) 0. (-1) (18a)
sit. tr ((Ggy + G, )WWH(G,, + G, ") > 1, V1, (18b)

(17b), (13¢),

where 7 is the introduced auxiliary variable and I(W) = tr (WWH Bl) —2Re (tr (ITIbuWDf )) with B| = ﬁﬁ, ﬁbu
and Dy = stf{ = [PIgxk: Okxn,]-

However, the underlying problem is a nonconvex quadratically constrained quadratic programming (QCQP)
problem, generally NP-hard. To address this issue, the SDP approach can be applied by relaxing (2) as a positive
semi-definiteness constraint R — WW# > 0. By applying the Schur complement [52], the subproblem (18) can be

written as

l-p

p
i QCI(W,R)+ = (0 (192)
D 2
sy, |d§’uec(R)j <&, r(R)=P, (19b)
d=1
tr (G + G, PR(Gy,; + G, ") = 1, v, (19)
R W
> 0. (19d)
wWH 1

Now, it can be efficiently solved in polynomial time by using off-the-shelf solvers such as the CVX toolbox.
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3.3. Optimization of ® with Given W

By defining 6 = diag(®), the interference (5) is recast as
1(0)=6" (B,oCl)6+2Re(a’0-6"d,), (20)

where B, = HzHru, C = Hb,WWHHg, a= diag(HbrWWHHngm) andd, = diag(HZDIWHHg).
The minimum received signal power P;: at the sensors of the potential target t' can be found by searching {P }lel.

According to the formulation of P, after omitting the terms not related to @, Py; (®) is recast as
s'@)=6" (B;oCl)0+c;0+06"c, 1)

where ¢; = diag(H, WWHG! G, 1), By = Gl G, v with G, i = ppr.frae, Ns)a (@, Ny) and
Gd,ﬁ = ﬂﬁdﬁﬁa((l’ﬁs Ns)aH (¢1’r, N)).

Given W, the problem of (17) can be formulated as a subproblem of 6, that is,

min Qiz ) + IQ;” (-s'(0) (22a)

c N

st. |6,|=1, ¥Yn=1,. Ny (22b)

Due to the unit-modulus constraint, the problem (22) is non-convex. The manifold optimization algorithm can
effectively address the constraint (22b) by introducing a complex circle manifold M, = {0 | |9n| =1 }, which defines
the feasible region of (22). To obtain Riemannian gradient corresponding to the steepest ascent direction of the

objective function [12], the Euclidean gradient of (22a) is first calculated, that is,

2 ~ 2(1 -
VI ®=5 (B,0Cho+a - d,) - %(

c N

B;0C))O+c;). (23)
By projecting V f () onto the corresponding tangent space, we can obtain the Riemannian gradient of (22a) as follows,

grad f (@) =Vf(0)—Re{Vf(©)06}00. (24)
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The RSD algorithm is utilized to update @ iteratively. The descent direction at the i-th iteration is 7@ =
—grad f (6%). 691 is updated by retraction Ry [23], that is,
(9(1) + 5(1)1(1))"

AN e | -
n

where the stepsize £?) can be computed by Armijo rule [53].

3.4. Overall Algorithm and Computational Complexity

The optimal W and @ are obtained via alternating optimization by using SDP and RSD, respectively. The primary
complexity of solving (19) to obtain W arises from handling the SDP constraint (19d), with the worst-case complexity
being of the order O ((ZN, + K )6'5> [54]. In (22), finding the worst-case P, has the complexity of order O(L). In
the manifold-based algorithm, the dominant complexity originates from computing the Euclidean gradient (23), and
updating O in each iteration has a complexity of @ (N N 12) [12]. Therefore, the total computational complexity of the
optimization problem (17) is approximately of order O <N,-m’o <(2Nt + K)6'5 + NieriN; N2+ L> ), where Ny, ,

and Ny, ; denote the number of outer iterations and inner iterations in RSD, respectively.

4. Antenna Selection-based Beamforming Design

In the previous section, the integrated signal design with a linear combination precoder ensures sufficient
beampatterns towards multiple target subareas, overcoming the rank deficiency of radar waveforms [5]. However, by
observing (4), we notice that the communication users are interfered by the radar probing signals. To completely
remove interference from radar probing signals to communication users, we exclude radar probing signals W,.S,
from composite signals X = W,S, + W,S,. As a result, the transmitting signal is comprised solely of dual-
functional communication signals, i.e., W,S,, with W, € CN*X being the beamforming matrix designed for both the
communication and sensing functionalities. It further incorporates antenna selection to reduce the energy consumption

of the RF chain while maintaining sufficient beam patterns toward multiple targets. Further details are provided below.

4.1. Antenna Selection and DoF for radar sensing

To enhance the accuracy of target detection in the ISAC system, multiple transmit antennas are used to provide
additional DoF, but it could also result in high hardware costs, energy consumption, and computational complexity.
Since the number of targets and users of interest is limited, redundant transmit antennas can be reduced by antenna

selection.
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With the beamforming W, the transmit signal for communication information and radar sensing can be presented
as

X=W,s 6)

with the covariance matrix R = WCWf. Basedon W, = [wy, ..., Wk ], it defines the vector w,, = [w;(n), ..., wx(n)]T €
CKXl where W) (n) is the n-th component of w;, and n € {l, - N,}. We use the power of active beamforming as the

criterion of a discrete indicator for the n-th antenna, i.e.,

0 if |IW,lI2=0,

I3} = w13, = @7

1 otherwise.

More specifically, if the n-th antenna is selected, its beamforming power ||w,,| |§ is positive and the corresponding
indicator should be 1; otherwise, the indicator should be 0. To achieve high energy efficiency for information
transmission, redundant antennas can be effectively reduced by minimizing the £,-norm of activated transmit antennas,
that is, ||[W||, with W = [||w, ]2, ..., ||WN,||§]T € RNX1,

However, in the ISAC system, simply minimizing the number of activated transmit antennas may not be able to
provide sufficient DoF for radar sensing, since the transmit beampattern entirely depends on the covariance matrix of
the transmitted signals [6][15]. Therefore, we first need to determine the minimum required DoF of the transmit signal.

In order to form sufficient beampattern towards all target subareas, we need to investigate the minimum number of

required transmit antennas. It can be determined by minimizing the £;,-norm of the transmit beamforming, that is,

in ||W 28
min [Iwllo (28a)
D
2
st Y |l veeW W[ < e, (28b)
d=1
tr (WWH) =p, (28¢c)

where (28b) presents the MSE of transmit beampattern. Various algorithms can be implemented to solve the nonconvex
optimization problem, such as exhaustive search [55] and simultaneous orthogonal matching pursuit (SOMP) [56].
Once the optimum ||W]|, is achieved, the minimum required DoF for covering target area can be obtained by counting
the nonzero elements of the beamforming, that is, Dy = ||W||,*.

Proposition 1: Suppose that the number of users is larger than the DoF for radar sensing, that is, K > D. The

number of selected antennas N 4 ¢ should be greater than Dy, to guarantee the main lobes of the transmit beampattern.
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Proof: Without extra probing signal, the beamformer W, with antenna selection has
rank(R) < rank(W,) = min { N, ¢, K}, (29)

where N 4 is the number of activated transmit antennas, that is N 45 = ||W||o. The works of [6][15] suggest that the
covariance matrix R determines the transmit beampattern directly. To ensure that there is enough DoF for forming
beampattern to cover target area, the energy-aware beamforming with antenna selection has to satisfy the following
inequality, that is,

Nas 2 Dy, (30)
when K > D,. It completes the proof. [ |

4.2. Beamforming Design Based on Antenna Selection

Instead of joint beamforming optimization (13a)-(13d), we develop an antenna selection-based beamforming design
under the assumption that the number of users is larger than the required DoF for targets sensing. Energy-aware
beamforming is developed by minimizing the MUI and the number of activated antennas while guaranteeing enough

DoF for radar sensing. Mathematically, the optimization problem can be presented as

mini”ﬁbws sl +a-p ¥l _ in 21 (31a)
WC,G)QC " e ¢ F Qa ! QS
D 2
sty ‘dfuec(WCWf)’ <e, (31b)
d=1
[IW]lg > Dy, (3lc)
r (WWH) =p, (31d)
6, =1, Vn=1,..N,, (3le)

where Q,, O, and Q, are determined empirically to balance multiple objective functions. The second term of (31a)
reduces redundant transmit antennas by minimizing ||W||,. According to Proposition 1, constraint (31c) ensures the
necessary DoF for designing the beampattern to cover the sub-areas of targets effectively. Note that the energy-aware
beamforming design only includes the transmit beamforming matrix W,.. Therefore, only the MUI induced by multiple
users is considered.

Remark 2: When the DoF required for radar sensing is sufficient for the given number of communication users or

transmit antennas, the joint linear design of communication and radar precoders may increase the complexity of the
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system and induce additional user interference. It motivates us to develop the energy-aware beamforming of (31a)-
(31e). With the help of (31a) and (31c¢), redundant transmit antennas for sensing and communication can be effectively
reduced, while the DoF for the radar beampattern design is guaranteed. Moreover, without the radar probing signal

precoder, there is no radar interference to the users.
4.3. Alternating Optimization

Due to the highly coupled variables W, and @, the underlying optimization problem (31a)-(31e) is nonconvex.

The alternating algorithm is introduced to optimize W, and ©.

4.3.1. Optimization of W, with Given ©®
Given O, the subproblem w.r.t to W, is a mixed integer problem because of £; norm. To tackle this challenge, we
implemented the reweighted #; norm to provide the closest convex approximation to the £, norm [57]. As a result,

[[#||, in second term of the objective function (31a) can be approximated as

~ =2 ol S =
T | (AT R O AT (32)
0 n=1

where the weight §, associated with the n-th antenna is updated iteratively, that is,

]
W, 15 +¢

B, Vn=1,..,N,. (33)

The non-negative regularization factor ¢ is a relatively small constant, i.e., ¢ > 0, and ||w,,| |§ is obtained from the last
iteration.
Furthermore, the constraint (31c) that guarantees the minimum required DoF for radar sensing is nonconvex due

to the £,-norm. We approximate it as a concave form [58], such as

Sio= SV v\ ~ S =11w,115/¢
1§l = X0 1= 8 (W, = X (1= el (34)
where ¢ is a parameter to control the fitting to the £y norm. As a result, the constraint (31c) can be recast as

N, _
Z a- e—||Wn||2/§) > D,. (35)
n=1

~

Furthermore, R = WCWf yields ||w,,| |§ =R, ,, Vn=1,..,N,, so the (32), (33) and (35) can be reformulated,

and the subproblem of (31) can also be transformed by introducing an auxiliary variable ¢ and utilizing SDP and Schur
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complement, that is,

NT
: P = 1 ~ t
min @ —IW_ ,R)+(1-p)| — p.R,, —— (36a)
A (O AN
D ~ 12
st Y |dffvee®)| <, (36b)
d=1
N, ~
z (1 — e_Rn,n/g) 2 DO’ (36C)
n=1
tr <(Gd’, +G, ) R(Gy, + G,,,)”) > 1, VI, (36d)
- R W,
tr <R) =P, >0, (36¢)

H
wH 1

where I(W,, R)=1r <f{B 1 ) —2Re (tr (Rﬁbuwc) ) It is convex and can be solved by a standard convex toolbox.

4.3.2. Optimization of © with Given W,

Given W, the problem (31a)-(31e) with respect to @ is reformulated in a similar manner as (22a)-(22b), that is,

: P 7 d-p G
min £-T(0) + =3 (5(9)) (37a)

c N

st |0, =1, Vn=1,.,Ny, (37b)

where 7(0) = 6" (B, o CT )0 + 2Re (870 - 0/d, ) and 370) = 6" (B;0 T )0 + &6 + 07 with
definitions of C; = H, W WYHI 3 = diag, W, W/HIH,), d, = PdiagHIWIH), and T, =

u

diag(H, W,WIGH G,y ).

Similarly to (22a)-(22b), this subproblem can also be solved by RSD in the complex circle manifold. The Euclidean

gradient of (37a), the corresponding Riemannian gradient and the update of O at the (i + 1)-th iteration can obtained

respectively
20 :é—’z ((B2 o ElT) 0+ - 52) - 2(1Q: P) ((B3 oll) 9+E§) : (38)
gmdf(e):Vf(e)—Re{vf(o)oe*}@9, (39)
604D = Ry (~£Vgrad 7 (67) ). (40)

Based on (40), the phase shift 6 is successively updated until the objective value of (37a) converges.
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4.4. Overall Algorithm and Computational Complexity

The optimization problem (31) is solved iteratively using SDP and RSD approaches. The complexity to solve
the subproblems (36) via SDP is of order O <(N, + K )6‘5). The complexity of finding the worst-case P, is of order
O(L), and the complexity of updating @ by solving (37) is of order O (N N ?) Consequently, the total computational
complexity of the problem (31) is roughly of the order @ (Nm_,,’o <(N, + K)G'5 + NipriN,N? + L) )

5. Simulation Results

In this section, we investigate the performance of the proposed beamforming designs on the RIS-aided ISAC system
operating under sub-6GHz. The simulation layout is shown in Fig.2. The BS equipped with N, = 10 transmit antennas
communicates K = 4 users and tracks T" = 3 potential targets. The RIS equipped with N; = 16 reflecting elements and
N, = 8 sensors, are 105 m from the BS at an azimuth angle of 24°. Users are randomly located within the azimuthal
angle of [—4°, 20°] and at distances ranging from 100 m to 140 m from the BS. The target area is located at a distance of
[90 m, 130 m] from the BS, which is divided into three subareas with corresponding angles ranging from —22° to —14°,
—4° to 4°, and 14° to 22° respectively, with a grid spacing of 1°. Specifically, d,, d,, and d; represent the distances of
subarea-1, subarea-2, and subarea-3 from the BS, respectively. The distance-dependent path loss for user-related links
ismodelled as PL = PL;—10alog;, <di_0), where PLy = —30dB, dy = 1 m, and d represents the distance of the link

[59]. The path loss exponents for channels H,,,, H,, and H,,, are set as a;, = 3.5, a;, = 2.5 and «,,, = 2.2, respectively.

2 2 J2ndp, 2
We adopt the complex path loss p;; = 4 /| —5-3— for the direct link G, and p;, = 4/ 16;:—%12e o “* for the
br

U
342 42 3 4
647 dbldlr 64rn dlr

RIS-reflected link G, [26], where the radar cross section (RCS) k =7 dBsm!, the wavelength o = 0.2 m, and dy;, d,,,
d,, denote the distance from the BS to the potential target 7, the possible target ¢ to the sensors at RIS, and the BS to
RIS, respectively. The reflectivity of the possible target ¢ ; is set as 1. The noise powers at the users and the sensors
are 62 = 0'52 = —117 dBm. The positive constants Q,, Q, and Q,, are set as 108,107 and 300, respectively. These
parameters may be adjusted according to the changes of system parameters. The weighting factor p = 0.2, and the rest
of the coefficients are setas €, = 0.5, ¢ = 1078, & =1077.

The following proposed algorithms are considered.

e JBF-PBF: The joint transmit beamforming and passive beamforming design is proposed in (13), where W =

[WC’ Wr] c CN,X(K+N,).

e AS-BF: The antenna selection-based beamforming design is proposed with the constraint (31c) on the DoF

requirement, where W = W, € CNxK,

For comparison, the following designs are considered.

"The unit dBsm (per square meter) is used to measure the reflectivity of an object for radar signals, i,e., RCS, in a logarithmic scale.
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Figure 2: The top-view layout of a system setup in polar coordinates.

AS-BF-w/oD,: The antenna selection-based beamforming design is considered without the DoF constraint (31c).

AS-BF-w/oSNR: The antenna selection-based beamforming design is considered without maximizing the SNR,

represented by the absence of the third term in objective function (31a).

AS-BF-RanTheta: The antenna selection-based beamforming design is implemented without optimizing RIS

phase shift matrix, that is, the phase shift matrix is randomly generated.

MUI-Only: This benchmark minimizes the MUI of users under the total transmit power constraint in the
communication-only system [60]. The MUI-Only scheme provides an upper bound of communication perfor-

mance without considering sensing metrics.

SNR-Only: This benchmark maximizes the worst-case SNR at sensors adjacent to RIS elements, subject to the
constraint of the total transmit power in the bistatic radar system. It provides an upper limit of the sensing

performance in the radar-only system [26].

5.1. Convergence and DoF Investigation for Beampattern

Fig. 3 shows the convergence behaviour of the proposed algorithms under two power budgets, that is, P, = 0.5 W

and P, = 0.8 W. As expected, the JBF-PBF design can converge after 3 or 4 iterations. The AS-BF and AS-BF-w/oD,,

schemes require more iterations due to the antenna selection process. Moreover, high transmit power would lead to

high converged values. Regardless of the number of communication users, the JBF-PBF design can achieve the lowest

convergent value due to the rank-sufficient covariance matrix of the transmit signal. The AS-BF-w/o D, with the least

number of activated transmit antennas achieves smaller MUI than the AS-BF design.
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Figure 4: Transmit beampattern of AS-BF versus number of users (P, = 0.1 W).

Fig. 4 illustrates the effect of the number of users on the transmit beampattern of the AS-BF design. It shows the
transmit beampattern with high-amplitude main lobes and the low-amplitude sidelobe when K =3 or 4. Proposition 1
suggests that when K is greater than or equal to Dy, i.e. K = 3 and 4, sufficient DoF of the signal can be guaranteed
for target estimation, and sufficient multiple beams can be formed towards the targets and users. Furthermore, the
transmission beampattern with K = 4 has a slightly narrower beam than that with K = 3, indicating that increasing

the number of users can effectively enhance the DoF of the transmission signal, which is desirable for radar sensing

applications.

5.2. Effect of Transmit Covariance Matrix’s DoF on Radar Performance at the Transmitter
Fig. 5 investigates the transmit beampattern under different values of maximum transmit power. The JBF-PBF

scheme exhibits superior performance, and its enhanced sensing capabilities can be achieved by extending the DoF
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Figure 5: Transmit beampattern under different power.

of the integrated signal with an additional dimension of W,.. Although the beamformer W, is not incorporated into
the AS-BF scheme, the lower-dimensional beamforming matrix W, is designed using the antenna selection technique.
As aresult, the beampattern of AS-BF experiences a slight degradation compared to the JBF-PBF design. Moreover,
the difference in beampattern between AS-BF and JBF-PBF becomes small as the transmit power increases. The AS-
BF-w/oD, scheme exhibits inferior beampattern performance due to insufficient DoF for radar sensing. To ensure a
minimum DoF of radar sensing, it is recommended to adopt an antenna selection strategy to guarantee the desired
beampattern. Furthermore, it can be observed that the first main lobe corresponding to the target within subarea-1,
which is the furthest from the sensors, has a higher amplitude than the other target subareas. It suggests that the
proposed designs would allocate high power to compensate for the severe path loss due to the long distance between

the target and the sensor.

5.3. Effectiveness of Antenna Selection on Power Consumption
Fig. 6 illustrates the average achievable sum rate and the number of selected antennas versus transmit power, where

K
the achievable sum rate of users is defined as R = Y. log,(1 + y;). In this work, we maintain constant transmission

k=1

signal power, and consequently, minimizing total interference is equivalent to maximizing the achievable sum rate of
users. It is reasonable that the MUI-Only and JBF-PBF designs achieve a higher sum rate compared to the remaining
designs, as they utilize all the transmit antennas. Additionally, the JBF-PBF design exhibits comparable performance

to the MUI-Only, which suggests that the proposed design can effectively eliminate interference. Furthermore, the
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Figure 6: Average achievable sum rate and number of selected antennas versus transmit power.

AS-BF design can achieve superior performance with a reduced number of selected antennas compared to AS-BF-
RanTheta design. It highlights the superiority of utilizing antenna selection and the deployment of RIS with the optimal
phase shifts. When the transmit power increases, more antennas are activated, as the proposed antenna selection-based
designs prefer to distribute the power across all antennas. Furthermore, the absence of a lower bound constraint (31c) in
antenna selection means that the number of activated antennas in the AS-BF-w/o Dy design is less than the other designs.
Among all mentioned designs, the AS-BF-w/oD,, design utilizes the fewest transmit antennas, consequently resulting
in the lowest achievable sum rate. Furthermore, recalling Fig. 5 and Fig. 6, it can be seen that the AS-BF-w/0 D, design

without constraint (31c) performs worse in the beampattern than the AS-BF design due to the less activated antennas.

5.4. Effect of Transmit Covariance Matrix’s DoF on Sensing Performance at Sensors

Fig. 7 illustrates the worst SNR received in the sensors versus the transmit power, where the worst SNR is
determined by the ratio of the worst received signal power at sensors to noise power. As a benchmark, the SNR-Only
design provides the upper bound of the worst SNR, and the AS-BF-w/0SNR scheme provides a lower bound. The
proposed JBF-PBF design exhibits only a slight degradation in SNR performance compared to the SNR-Only scheme,
while manifesting an improvement compared to the AS-BF-w/0SNR scheme. Besides, the AS-BF and AS-BF-w/oD,
designs achieve higher worst SNR than the AS-BF-w/0SNR scheme, indicating incorporating antenna selection with
the joint design of beamforming matrix and RIS phase shift matrix effectively enhance the worst SNR at sensors.
Meanwhile, the AS-BF-w/o D, design without constraint (36c) achieves lower worst SNR than the AS-BF design, as
it prioritizes reducing transmit antenna redundancy for communication performance while neglecting the necessary
DoF for target sensing.

Fig. 8 demonstrates the impact of the distance of subarea-1 from BS on the received SNR at sensors while P,=0.5W.

The target area consists of three subareas with d; being the distance from 100 m to 128 m and d, = 101.1 m and
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d; = 121.6 m. As the target in subarea-1 undergoes the farthest path from the BS to the sensors, d; is closely related
to the worst case of the SNR received at the sensors. Specifically, when d; becomes more extensive, the received SNR
performs worse. The AS-BF scheme exhibits superior performance to the AS-BF-w/0SNR design, indicating that the

AS-BF scheme can achieve good sensing performance while reducing hardware complexity by using antenna selection

to design W_..

5.5. Impact of Target Movement on Angular Separation

Fig. 9 further investigates the impact of the relative target locations on the sensing capabilities. Specifically, prior

simulation results are predicated on the assumption that the target region are well-separated. Next, we explore the
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scenario where one of the targets is moving from 110 m to 119 m, resulting in a degradation of angular separation of

the target relative to the sensor. In Fig. 9(a), the root-mean-square-error (RMSE) is used as a metric to assess DoA

T

estimation performance, where RMSE = 4 |E { % > (5, - (’ﬁt)2 , @, is the actual angle and @, is the estimated
r=1

angle for the #-th target. The DoAs of targets are estimated via the multiple signal classification (MUSIC) algorithm.
When d; varies from 110 m to 119 m, the DoA difference between Target 1 and 2 increases, leading to a degradation
in RMSE. As d; increases from 122 to 128 m, and the DoA difference between targets 1 and 2 is large enough, DoA
can be well estimated by MUSIC, which is indicated by a smaller RMSE. The SNR-Only scheme provides the best
performance in RMSE without considering the communication performance. With enough DoF of transmit integrated
signal for sensing, JBF-PBF design can provide lower RMSE without considering reducing the number of activated
antannas.

Fig. 9(b) illustrates the probability of successful DoA estimation, where d; varies from 110 m to 128 m. DoA
estimations are considered successful if |@, — ;| < &, with a tunable constant §,, such as 6, = 0.01° [61]. The
proposed algorithms are observed to exhibit better performance compared to the AS-BF-w/o D, and AS-BF-w/0SNR
designs. It is because the available DoF of the transmit signal covariance matrix for sensing targets is higher than
that of the AS-BF-w/oD,, design. It indicates that maximization of received signal power is essential for accuracy in
target estimation. Furthermore, as the DoA difference between Targets 1 and 2 increases, the probability of successful
estimation gradually improves across all mentioned designs within the range of d;. Once the radial coordinate of Target
1 exceeds 125 m, the DoA difference between Targets 1 and 2 becomes sufficiently large to achieve high accuracy and

success rates using the MUSIC algorithm.

6. Conclusion

In this work, we consider a RIS-assisted bistatic ISAC system, where the sensors are deployed near the RIS. To
guarantee sufficient DoF for radar sensing, the joint precoding of communication symbols and radar probing signals
with RIS phase shift is designed to minimize the total interference and maximize the worst received radar power at
sensors. The SDP-RSD-based alternating optimization algorithm is utilized to obtain the optimum precoders and the
RIS phase shift matrix. To further reduce the power consumption induced by RF chains and avoid interference from
probing signals, an energy-aware beamforming design is developed where the minimum DoF for radar sensing is
guaranteed by antenna selection based on the £ norm. Numerical results illustrate the effectiveness of the proposed

designs in sensing targets and reducing interference.
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Figure 9: Sensing performance at sensors.
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