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Abstract—This paper delves into an integrated sensing and
communication (ISAC) system bolstered by a simultaneously
transmitting and reflecting reconfigurable intelligent surface
(STAR-RIS). Within this system, a base station (BS) is equipped
with communication and radar capabilities, enabling it to com-
municate with ground terminals (GTs) and concurrently probe
for echo signals from a target of interest. Moreover, to manage
interference and improve communication quality, the rate split-
ting multiple access (RSMA) scheme is incorporated into the
system. The signal-to-interference-plus-noise ratio (SINR) of the
received sensing echo signals is a measure of sensing performance.
We formulate a joint optimization problem of common rates,
transmit beamforming at the BS, and passive beamforming
vectors of the STAR-RIS. The objective is to maximize sensing
SINR while guaranteeing the communication rate requirements
for each GT. We present an iterative algorithm to address
the non-convex problem by invoking Dinkelbach’s transform,
semidefinite relaxation (SDR), majorization-minimization, and
sequential rank-one constraint relaxation (SROCR) theories.
Simulation results manifest that the performance of the studied
ISAC network enhanced by the STAR-RIS and RSMA surpasses
other benchmarks considerably. The results evidently indicate
the superior performance improvement of the ISAC system with
the proposed RSMA-based transmission strategy design and
the dynamic optimization of both transmission and reflection
beamforming at STAR-RIS.

Index Terms—Simultaneously transmitting and reflecting re-

This work was supported by the National Key R&D Program of China under
Project 2024 YFE0200600, in part by the National Natural Science Foundation
of China (NSFC) under Grant No. 62301077 and No. 62401513, in part by
the Natural Science Foundation of Shaanxi Province under Grant 2024JC-
YBQN-0646. The work of Dusit Niyato is supported by the National Research
Foundation, Singapore and Infocomm Media Development Authority under its
Future Communications Research & Development Program (FCP-NTU-RG-
2022-010 and FCP-ASTAR-TG-2022-003), Singapore Ministry of Education
(MOE) Tier 1 (RG87/22 and RG24/24), the NTU Centre for Computational
Technologies in Finance (NTU-CCTF), and the RIE2025 Industry Alignment
Fund - Industry Collaboration Projects (IAF-ICP) (Award 12301E0026),
administered by A*STAR. (Corresponding author: Yongdong Zhu.)

Yuan Liu is with the Research Center for Space Computing System, Zhe-
jiang Laboratory, Hangzhou, 311100, China (e-mail: liuyuan@bjtu.edu.cn).

Ruichen Zhang and Dusit Niyato are with the College of Computing and
Data Science, Nanyang Technological University, Singapore 639798 (email:
ruichen.zhang @ntu.edu.sg, dniyato@ntu.edu.sg).

Ruihong Jiang is with the State Key Laboratory of Networking and
Switching Technology, Beijing University of Posts and Telecommunications,
Beijing 100876, China (e-mail: rhjiang@bupt.edu.cn).

Yongdong Zhu is with Cambridge Mechatronics Ltd., Cambridge, CB1
2PH, United Kingdom (e-mail: zhuyongdong @hotmail.com).

Huimin Hu is with the School of Communications and Information Engi-
neering and the School of Artificial Intelligence, Xi’an University of Posts and
Telecommunications, Xi’an 710121, China (e-mail:huiminhu@xupt.edu.cn).

Qiang Ni is with the School of Computing and Communications,
Lancaster University, Lancaster, LAl 4WA, United Kingdom (e-mail:
q.ni@lancaster.ac.uk).

Zesong Fei is with the School of Information and Electronics, Beijing In-
stitute of Technology, Beijing 100081, China (E-mail: feizesong@bit.edu.cn).

configurable intelligent surface, integrated sensing and commu-
nications, rate-splitting multiple access, beamforming design.

I. INTRODUCTION
A. Background

Recently, a large number of new intelligent applications
have emerged, such as autonomous vehicles, smart indus-
try, and cellular networks for 5G and beyond, which have
increasingly stringent communication requirements for high
bandwidth and high transmission capacity, as well as per-
ception requirements for high-precision and high-resolution
[1]-[3]. Meanwhile, because of the restricted accessibility of
spectrum resources coupled with the communication perfor-
mance progressively nearing its theoretical limit, the research
into integrated sensing and communication (ISAC) systems
has consistently gained momentum, attracting strong attention
from both academic and industrial sectors [4]-[6]. Precisely,
the key idea of ISAC is to integrate both communication
and sensing functionalities over shared time-frequency-power-
hardware resources in one single system [7]. By leveraging a
unified signal processing framework, spectrum, and hardware
platform, ISAC technology has the potential to boost spectral
and energy efficiencies, thereby tackling spectrum congestion
and resource wastage issues, while simultaneously reducing
hardware and signalling costs [8]. Thus, the ISAC technology
is meaningful for supporting diverse applications to access
wireless networks and meet their high-quality wireless com-
munications and high-accuracy sensing requirements [9].

Furthermore, as the number of ground terminals (GTs),
such as autonomous vehicles and intelligent robots increases,
inter-user interference emerges as a substantial factor that in-
hibits communication performance. Fortunately, rate-splitting
multiple access (RSMA) has been proposed, which is widely
recognized as a promising manner for achieving robust inter-
ference management and communication enhancement [10].
Using the RSMA scheme at the transmitter, the information
streams are selectively encoded into a shared common stream
and individual private streams by means of linear precoded
rate-splitting [11]. Particularly, the common stream should
be decoded by all receivers, while the private streams are
required to be encoded independently and decoded by the cor-
responding receivers with successive interference cancellation
(SIC) [12]. By this way, the RSMA scheme can alleviate the
tensions arising from the scarcity of wireless resources and
multi-user communication requirements, thereby improving
the performance of communication systems including ISAC



[13]. In [14], the RSMA was applied in cell-free (CF) massive
multiple-input multiple-output (MIMO) system for maximiz-
ing the sum spectral efficiency.

On the other hand, sensing performance is also an important
indicator for ISAC systems, which may be restricted by severe
path loss fading. In this regard, reconfigurable intelligent
surface (RIS) can construct additional transmission links and
enhance the signal strength of desired directions by simulta-
neously manipulating the amplitudes and phases of reflective
elements [15]. Thus, RIS can assist in signal enhancement for
sensing direction and provide new degrees of freedom (DoF)
for ISAC system designs [16]. However, since the general
reflecting-only and transmitting-only RISs can only provide
half-space coverage of 180°, GTs distributed on one side of
the RIS only be isolated due to the geographical restriction. So
far, relying on the superiority of the simultaneous transmitting
and reflecting reconfigurable intelligent surface (STAR-RIS)
for providing full-space signal coverage of 360°, it has been
devolved into different networks [17] [18]. In particular, the
STAR-RIS possesses the ability to bifurcate the incident
signal, simultaneously directing one segment as transmitted
signals and another as reflected signals thereby providing
services to users on both sides of STAR-RIS [19]. Therefore,
compared with traditional RISs, STAR-RIS has superior versa-
tility in network deployment due to its comprehensive spatial
coverage, and can also provide enhanced signal propagation
towards sensing targets and GTs with a higher DoF [20].

B. Related Work

Recently, considerable efforts have been devoted to de-
veloping ISAC systems empowered by RIS and RSMA. In
[21], a RIS-assisted MIMO ISAC system was taken into
account, where the waveform and passive beamforming were
collaboratively designed with the goal of elevating the SINR
of radar, while mitigating multi-user interference during com-
munication. In [22], the RIS-aided ISAC system was studied,
focusing on the investigation of robust beamforming and
RIS phase shifts design with the aim of maximizing radar
mutual information. However, in [21], [22], only the traditional
RISs were considered instead of STAR-IRS, the achievable
system performance gain is limited. At present, STAR-RIS
with full spatial coverage has been integrated into ISAC
systems in many studies. In [23], the communication rate and
sensing power were concurrently maximized for the STAR-
RIS assisted ISAC system. In [24], in pursuit of attaining the
optimal sensing SINR of ISAC network, they simultaneously
refined the transmit beamforming at the base station (BS)
and meticulously adjusted the transmission and reflection
beamforming configurations of the STAR-RIS. In [25], the
STAR-RIS was utilized to maximize the weighted sum-rate
of users while improving sensing functionality. In [26], the
intelligent omni surface was applied to enable seamless 360-
degree ISAC coverage, where the minimum SINR of multi-
target sensing was maximized. However, the transmission
scheme based on space division multiple access (SDMA) was
adopted in [23]-[26], which is difficult to provide effective
interference suppression when the number of users increases.

Meanwhile, driven by RSMA’s capability to mitigate inter-
ference, certain studies have delved into integrating RSMA
into the ISAC system. In [27], the cooperative ISAC system
with RSMA transmission scheme was investigated, where
the performance region built on the system sum rate and
the boundary limit of positioning error for radar target were
characterized. In [28], the uplink RSMA enabled ISAC system
was studied, where the transmitted and received beamforming
were jointly optimized to realize the optimal sensing SINR,
at the same time guaranteeing the fulfillment of users’ rate
demands. In [29], the dual-functional radar-communication
system assisted by RSMA approach was contemplated, where
the message splitting, precoders for communication streams,
and radar sequences were collaboratively devised to optimize
the weighted sum rate and minimize the mean square error in
radar beampattern approximation. In [30], a RSMA-powered
ISAC system was researched, emphasizing the minimization
of the Cramer-Rao lower bound (CRLB) with respect to the
sensing response matrix, which was achieved through the
design of RSMA structure and associated parameters. In [31],
the RIS-aided ISAC system incorporating the RSMA approach
was analyzed, where the sensing SNR was elevated through
meticulous design of rate splitting coupled with precise ad-
justments of beamforming at BS and STAR-RIS, respectively.
Nevertheless, in [27]-[31], the STAR-RISs with both reflecting
and transmission functionalities was not involved.

C. Motivation and Contributions

In this paper, the BS assisted by STAR-RIS provides com-
munication services for GTs based on the RSMA transmission
scheme, and concurrently performs target sensing through the
beamforming design. Specifically, the STAR-RIS employs the
energy splitting (ES) mode to partition the incident signal,
directing a portion into the transmission space for sensing
the target and another portion into the reflection space for
communicating with GTs. The contributions are outlined as
follows.

o Regarding the STAR-RIS-enhanced ISAC system incor-
porating the RSMA scheme, the SINR of the received
sensing echo signals is treated as a measure of sens-
ing performance. We formulate an optimization problem
aimed at maximizing the sensing SINR by jointly opti-
mizing the rate splitting for the common stream, the trans-
mit beamforming at BS, and the passive beamforming at
STAR-RIS, respectively. To the best of our knowledge,
this is the first work integrating RSMA and STAR-RIS
in an ISAC system.

o The considered optimized problem involves signal coor-
dination, interference management, and amplitude adjust-
ment, and the optimization variables are coupled together.
This leads to the formulated problem being non-convex
and difficult to handle. To address this, firstly, the primary
problem is decomposed into two sub-problems. Secondly,
the variable substitution, semidefinite relaxation (SDR),
first-order Taylor expansion, dinkelbach’s transform, and
the sequential rank-one constraint relaxation (SROCR)
are introduced to deal with the first sub-problem. Through
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Fig. 1. STAR-RIS empowered downlink ISAC system with RSMA scheme.
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this approach, the optimized transmit beamforming of
the BS and common-stream rate allocation are obtained.
Thirdly, the SDR and SROCR methods are also used to
tackle the second sub-problem, and the optimized trans-
mission and reflection beamforming matrices of STAR-
RIS are obtained. Ultimately, by iteratively alternating
and solving two sub-problems, we can obtain the solution
of the original problem.

o Simulation results demonstrate the efficacy of the pro-
posed algorithm in addressing the non-convex problem.
It also reveals that the transmission and reflection beam-
forming design of STAR-RIS and RSMA-based scheme
play an important role in enhancing the performance of
the ISAC system. Besides, we discover that in the ex-
amined ISAC network encompassing a single target, the
sensing SINR in the case of transmitting communication
signals only is the same as that in the case of transmitting
both communication and sensing signals simultaneously.
That’s to say, from the perspective of sensing SINR,
dedicated sensing waveforms are not always necessary.
This finding significantly simplifies the implementation
complexity of the network under investigation.

The remainder of this paper is structured as follows. Section
II puts forward the STAR-RIS enabled ISAC system model.
Section III formulates an optimization problem for maximizing
the sensing SINR, and proposes an iterative algorithm for
solving the formulated problem. Section IV analyzes the
simulation results. Section V concludes this work.

II. SYSTEM MODEL

A. Network Model

As shown in Fig. 1, a STAR-RIS-enabled downlink ISAC
system with RSMA transmission is examined. Specifically,
the ISAC BS is configured with N transmit antennas and
N receive antennas with half-wavelength spacing, which are
arranged in the form of uniform linear arrays (ULAs). This BS
not only transmits information to multiple GTs but also is able

to detect one target ! through multi-antenna beamforming. Fur-
thermore, to overcome the limitations imposed by traditional
RISs in terms of half-space coverage, the STAR-RIS with full-
space coverage is employed to coordinate with the BS through
a controller for signal enhancement. On the other hand, during
downlink transmission, the RSMA scheme is employed to
serve K single-antenna GTs with k& € {1,2,...,K}. The
RSMA scheme involves splitting the message transmitted to
the k-th GT, denoted as sy, into two parts: the common (or
public) part, denoted as sy, and the private part, denoted as
Sp,k- Subsequently, by using a commonly shared codebook,
the common components of all GTs {s¢1,8¢2, ..., Sc.k } are
combined into a common stream s., while the beamforming
vector for the common stream s, is denoted as o, € CN*1,
The private part of k-th GT is encoded using a private
codebook known exclusively by the BS and itself, and the
beamforming vector associated with the private message of k-
th GT is denoted as @, ;, € CV*!. Moreover, the dedicated
radar signal transmitted for sensing the target is sy with
beamforming vector denoted as woy € CV*1,

B. Transmission Model

The STAR-RIS encompasses M elements capable of both
transmission and reflection. Each element engages the ES
mode to split incoming signals into two segments, subse-
quently redirecting them towards the transmission and reflec-
tion spaces to perform their respective communication and
sensing tasks. The transmission (t) and reflection (r) coefficient
matrices of STAR-RIS are represented as

P =diag( Bre®t | [pPed% . ﬁp,ej‘g?/f> ,
P VA1 \/ P2 \ Pm )
vV pe{tr}

where /5, € [0, 1] signifies the amplitude and 6%, € [0, 27)
signifies the phase-shift value of the m-th STAR-RIS element
with m € {1,2,..., M}. To uphold the principle of energy
conservation [23], the amplitude adjustments of all STAR-
RIS elements should meet specific criteria, i.e., ﬁfn +p55, = 1.
We consider that the GTs are stationed on the front face of
STAR-RIS, receiving the reflected signals, whereas the target
is positioned on the rear side of STAR-RIS, capturing the
transmitted signals. With both the direct link and STAR-RIS
link considered, the received signal at the k-th GT can be
represented as

Y = (hfk + hg@ng) TS
K

+ (R + hGHT) Y

+ (hglk + hf{g(I)ng) woSo + Nk,

1 @p.kSp.k @

where hy, € CNVx1 represents the communication channel

from BS to k-th GT, h,;, € CM*! signifies the communication

'In this paper, we focus on a single target. For scenarios involving multiple
targets, a time division (TD) sensing scheme can be utilized. By sequentially
sensing each target in distinct, orthogonal time slots, it becomes feasible
to utilize all the elements of STAR-RIS to concentrate the beam pattern
exclusively towards on a target at any particular moment. The interference
among different targets can be prevented. The scenario of single-target sensing
can be regarded as a special case of multi-target sensing with the TD sensing
approach.



channel linking STAR-RIS to k-th GT, and H,,, € CNV*M
represents the communication link from BS to STAR-RIS.
Besides, @, indicates the reflecting coefficient matrix asso-
ciated with the STAR-RIS, nj stands for the additive white
Gaussian noise (AWGN) with the power of ai at k-th GT.
For GTs, they should firstly decode common message s,
by sharing the commonly code-book among GTs, where the
private message and sensing signal are treated as interference.
Thus, by defining hy = hyy + Hy,, P, h,, the achievable rate
for GT k to decode common message s. is expressed as

[ff |

Re=logy | 1+ =

2 2

> ||+ [hifwo|” + o

i=1

3)
Subsequently, the common message is subtracted from the
received signal yy through SIC, ensuring that private messages
are able to be decoded independently, avoiding by interference
from the common message. Therefore, the attainable rate
for GT k to decode its designated private message sp j iS
determined as follows:
2
|thwp7k’ )

ZJ'I;k |thwp»j|2 + |h1€1w0|2 +oi

Ry 1 = log, <1 +

Furthermore, to ensure successfully decoding of common
messages by all GTs, the achievable rates for each GT should
exceed the allocated data rates [32]. This implies that, for every
GT to accurately detect its designated information from the
common message, the following constraint should be fulfilled,
ie.,

K
Zk*l g < Rca Rc = min{RcﬁlaRc,Qa ---aRc,K}a (5)

where ¢, represents the actual data rate assigned to k-th GT.

C. Sensing Model

The ISAC signals emitted by the BS initially arrive at the
detection target through both the direct link and the refractive
path facilitated by STAR-RIS. Subsequently, the echo signal,
upon reflection from the target, traverse similar paths back to
the BS. By defining hy,, € CV*! and h,, € CM*! as the
channel links connecting the BS to target, and the STAR-RIS
to target, respectively, and ®; as the transmission coefficient
matrix associated with STAR-RIS, the echo signal reflected by
the target and I scatters is represented as

Ybs = (ot + Hipe®ihot) (hoy + Hy @by )T A(0) x
K

Q.

where the intended target for detection is located at an
angle of 6y, and A(0y) = Boa(fy)a(fy)? with a(fy) =
[1,e/msin(00) eim(N=1)sin(00)]T denoting as the steering
vector of the antenna array at the BS [33] [34]. Besides,
Bo € C denotes the complex reflection factor, z; € CNV*!
represents the undesired single-independent interference from
I uncorrelated scatters positioned at angles {6;} 25:1 with
0; # 60y and i € {1,...1}, ny € CN*! denotes the

(6)

I
1 Tp,kSp,k T WeSe T WOSO) + § ie1 zi + ng,

AWGN at the BS with ng; ~ CN(0,021y). By defining
hy = hy, + Hp, Pyh,, the output sensing SINR is given
by

|| P Tr (heh{ A(6)) QA (60)™)

Tbs = y (7
(L, I Phhf AG)QA M) + o21y) 7

where Q = w @ + Y1 w, @i + wowd!. More-
over, h; = hy; + Hy . ®.h,;, where hy; and h,; are the
communication channel connecting the BS to i-th scatter and
the communication link connecting STAR-RIS to i-th scatter.

D. Problem Formulation

To maximize the sensing SINR while ensuring the com-
munication rate requirements of all GTs can be guaran-
teed, an optimization problem is formulated by simultane-
ously optimizing the transmit beamforming vectors of the
BS {w., @}k, ™o}, alongside the transmission and reflection
beamforming matrices {®, ®,}, and the rate allocation vector
¢ for the common stream. Specifically, the sensing SINR
maximization problem is mathematically modeled by

P, : max
e, Wp,kT0,Ck; Pt , Pr

K
s.t. Tr(ww.w) + Tr(zk_

+ Tr(wowéi) S Pmaxv

Vbs

1 wp,kwgk)

(8a)
K
>, ¢k < Re,Re=min{Re1, Rea, ..., Rec}, (8b)

ek + Ryx > RP, (8¢)
>0, Vke{l, . . K}, (8d)
B+ =1, Vme{l,.., M}, (8e)

B €10,1], 62 € [0,27), p € {t, 1}, (8f)

where (8a) is the transmit power constraint with Py, being
the maximum available power at the BS. Constraint (8b)
signifies that the total actual rate assigned to the GTs must
not exceed the attainable common-stream rate among all
GTs. (8c) is the minimum rate requirement for each GT,
where R represents the rate threshold of k-th GT, with
the unit being bps/Hz. (8e) signifies that, owing to passive
characteristics of STAR-RIS, the amplitude responses of all
elements are confined by the principle of energy conservation.
(8f) represents the permissible range of the transmission coef-
ficients (TCs) and reflection coefficients (RCs) of STAR-RIS
elements, respectively. It should be noted that the beamforming
vectors {wo., @p i, ™o} and the TCs and RCs {®y, P, } are
multiply coupled together in the optimization objective and in
constraints (8b) and (8c).

III. PROPOSED SOLUTION

Consequently, problem P, is non-convex. Hence, we intend
to utilize the SDR, MM, and SROCR methods to devise
the successive convex approximation (SCA)-based iterative
algorithm, which is capable of finding the solution of Py.



A. Proposed Algorithm

In this section, we present the SCA-based iterative algorithm
aimed at solving the formulated problem. Initially, as the
matrices of TCs and RCs are coupled with the variables
associated with transmit beamforming and the actual data rate
assigned to each GT, the initial problem P, is split into two
sub-problems. Firstly, with given initial value of TCs and
RCs {@El), i’ﬁl)}, the first sub-problem Pg; w.r.t. the transmit
beamforming vectors and the real data rate allocation is
successively tackled by implementing Dinkelbach’s transform,
SDR, first-order Taylor expansion and variable substitution.
Secondly, building upon the solution acquired through solving
Pg1, the second sub-problem Pg, w.r.t. the TCs and RCs
of STAR-RIS is tackled by utilizing the SDR, MM and the
SROCR methods. Finally, the overall solution for the original
problem is derived by iteratively solving two sub-problems.

The original problem P, belongs to a Quadratically Con-
strained Quadratic Programming (QCQP) problem, as both
the objective function and the constraints involve quadratic
forms of the beamforming vector. Therefore, the classic SDR-
based approach can be utilized, wherein a new optimization
variable is introduced to replace the quadratic constraint,
reformulating it in the form of a matrix product. Besides, a
semidefinite constraint, namely the rank-1 constraint, should
be imposed on the newly introduced matrix optimization
variable. Specifically, by introducing new matrix optimization
variable, we have the following transformation, i.e., W, =
wcwf, W, = wpﬁkwgk, Wy = wow{;{, with given
H), = hyh and {8!", &1}, the subproblem Pp; w.rt.
{W,, W, ., Wy, i} is given by

P, : S
Bl WmWle,?;},{Wka R
s.t. TI‘(WC + Wp7k; + WO) S Pmaxa (9a)
rank(W.) = 1,rank(W, ;) = 1, rank(Wy) = (9b)
Wp,k t 07 Wc t 07 WO t 07 (9C)
ch < minlog, (1 + — Tr(H W) ), (9d)
1 vk 2 Tr(Hy (Wy i+ Wo))+o}
ek + logy (1 + e W) ) >R (%)

> Tr(HkWp,j-&-Hng)—i-o'ﬁ

i7k
Theorem 1. If the optimized beamforming vectors for sub-
problem Pgy is denoted as {W., W, ., W}, there always
exists another set of solutions {W., W, Wo}. It can
achieve same_system performance not inferior to that of
{WC, pkyWO} where

WC = wc + CCWOa Wp,k = ‘/A\fp,k + Ck‘/ﬁbv
— K
Wo=0, C+) G=

Proof: See Appendix A. ]
From Theorem 1, we can observe that the optimization
variable W is unnecessary. It also reveals that when the
BS only transmits communication waveforms, it can achieve
the same sensing SINR as when transmitting a combination
of communication and dedicated sensing waveforms, which

(10)

is verified by our simulation results in Section IV. In other
words, in each iteration, an optimal solution obtained under the
combined waveform assumption can always be equivalently
transformed into those corresponding to the communication-
only waveform assumption, and this transformation is indepen-
dent of the transmission and reflection beamforming design at
the STAR-RIS. Therefore, the optimization variables of W,
can be eliminated to offer a simplified optimization form of
problem Py;.

However, the simplified problem is still non-convex. In the
following part, we apply Dinkelbach’s transform, SDR, first-
order Taylor expansion to deal with non-convex objective and
constraints. Firstly, the achievable rate for GT k to decode
common message is re-expressed as

H, W
R = log, Tr(H, W) .
Ez  Tr(Hp W ) + 0
To address the non-convex constraint (9d), we introduce a

slack variable aj, and impose additional inequality constraints,
thereby transforming it into the convex one, i.e.,

an

K
peTr (Hy(We ) - Wyg) | +122%,  (12)

and
ajp— K C K
90k (XCr=1ck) > pr'Tr (Hk( E i1 W’pﬂ')) +1, (13)

with pp, = <. Nevertheless, since constraint (13) continues to
be non- convex the first-order Taylor expansion is utilized to
tackle it. Given feasible solution {a(®), ¢ (D}, it fulfills the
condition that

9ar RO Zk 1ck +1H2(2ak() Zk lck )(ak_ak(l))

PILONE o (S K K l
—In 2(2 k Ek:1 k )(Zk:1 CcL — Zk:1 CEC)) 2 (14)

K
kaI‘ <H’“<Zi_1 Wpﬁi)> + 1.

Similarly, for non-convex constraint (9¢), by introducing auxil-
iary variable by, we can convert it into the equivalent inequality
constraints as follows,

K
kaI‘ (Hk(zz_l Wpﬂ)) +1> 2%7

(15)
and

br+cr 7R§ K .
gbeter—Rin > o Ty (Hk(zj# Ww)) +1.  (16)
With the first-order Taylor expansion employed, the (16) is
reexpressed as

g ren =R i g(oh el R (b 4 o — b0 — o) >

o Tr (Hk( i Wp7j)> + 1.

a7
Moreover, by defining Q = W, + Zfil W, i, H; = hsh!?
and A(6;) = B;a(6;)a(0;), H; = h;h, the numerator and
denominator of equation (7) are rewritten as A; and (B;+1y),

respectively, where A; and B, are given by

Ay = HHA(0)QA(6)", (18)



and

vHHITA0,)QA(6,)" (19)

I
B =
e
with ; = 2 and i € {0,1, ..., I'}. To sum up, the optimization
objective 7y can be re- expressed as

TI'(At)
Tr(B; + Iy)’

where both A, and B; are positive linear functions w.r.t
the optimization variable (). Thus, +,s is in the form of
concave-convex fractional programming, which is difficult to
tackle. Dinkelbach’s transform, which effectively converts the
fractional objective function into a difference form, is applied
to reshape 7,¢ into a tractable form [35]. Specifically, by
incorporating a new auxiliary variable w, the objective function
is converted into an alternative form, which is given by

TI'(At),

Tbs = (20)

inn wTr(B; +Iy) — 21)

Tr(A;")
Tr(B{V +1x)
{A;, B}, it can gradually approximate the optimal solution
and demonstrate good convergence and stability.

Furthermore, for the rank-one constraints of rank(W.) =
1 and rank(W,, ;) = 1, instead of dropping the rank-one
constraint completely, the SROCR-based method is utilized to
relax the rank-one constraint gradually such that it is easier
to find a feasible solution [36]. The basic step is to gradually
projects the largest eigenvector of the matrix variable onto an
updated direction until all the power lies in a one-dimensional
subspace, and restrict the ratio of the largest eigenvalue to the
trace of W, through a flexible parameter 7, ranging from 0
to 1. Specifically, the rank-one constraint can be substituted
with

where w®) = . By iteratively updating w and

Umax (Wc)H Wcurnax (Wc) Z T(:Tr(wc)7 (22)
where
) — i emax (WD) | <(1)
T,” = min (1, W) +67 |, (23a)
0] _ emax(W")
o0 € {0,1 - T} (23b)

Besides, upax (W.) is the largest eigenvector of matrix
W,., and ep.x (W) is the largest eigenvalue of matrix
W.. With a similar manner, the other rank-one constraint of
rank(W, ;) = 1 can also be converted into processable forms.
After a series of transformations, the sub-problem Pg; can be
rewritten as

Pp11: min

mwp,k,ck;ak;bk}

()() 15), (17),

wTr(By + Iy) — Tr(Ay)

o+ Z  Wik) < Praax, (24a)
umax(Wg))HWcumax(Wg”) > 70 Te(W,), (24b)
Wi (W) T W il (W) > 70 Te(W, 1), (240)
W, =0, W, >0, (24d)

where ng) and Wg)k represent the optimal solutions of the I-
th iteration, (24b) and (24c) are the relaxed convex constraints

for tackling rank-one constraints, respectively. So far, Pgj.q is
a convex problem, which can be solved by using the following
Algorithm 1. After obtaining the optimization results of W,
and W, ;., we can derive w. and w, 1. either through rank-one
decomposition of W, and W, ;. or by employing Gaussian
randomization.

Algorithm 1 Iterative algorithm for solving problem Ppgy.g

- Tnitialize iteration index [ = 0, ax®, by, ¢, WO,

WS’),C, PO T,El),and calculate w®;

2: Initialize tI>§l) and <I>](rl);

3: Define initial step sizes:
58 € 40,1 — emax(W
58 € {0,1 — epmax (W

4: repeat

5:  Solve problem Pgy.; with 0. T,gl), w®, @El) and ®:

6 if problem Pgy.; is solvable then

7: Obtain optimal W W* o ar*, bi”*, ci*,

8

9

DYWL,
O/ (W

6(l+1 _ 5£z ’ 5(l+1) _ 5(1)

else
10: ngﬂ) (Z) WI()ZH)—W(I)
5§H—1) §(l)/2 6(l+1) 5(1)/2
11:  end if (wi)
I+1 . emax (W, I+1
12: Tc(r ) = min (LT(VV(H'I))—’_(SE ))9
1+1 . emax (WY (1+1
7',5 ) — min 1, T (X(N““))) + 5 )

: until |1— Tcl+1)| <e€,|l1- T(H'l)\ < ¢ and the difference
between adjacent ObJeCthC values for Pg1.1 below es.

—_
W

Based on the obtained {WEZ),WS.)k,ck} of Ppi.1, the
sub-problem w.r.t. {®;,®,.} will be solved in the follow-
ing part. Firstly, as the optimization variables ®; and ®,
are comprised in the expression of transmission channel,
we may attempt to extract variable ®; and ®, from the
channel expression hy and hyg, respectively. By defining
v, = [\/Ble®, \/BLei%, ..., \/Bt e 1]T, the following
transformation is obtained, i.e., hy = [Hp,diag(hyt), hut]ve.
Therefore, A; shown in (18) can be reformulated as

H H
At = YelVy Al’/tVt Bll/t

= %Tr(AlutVf{Bll/tutH)

(i) Yy (Bl

(25)
® A1)Uy,

where U; = vec(vvf!), and step (a) is well-founded due to
the application of the identity Tr(EXFX) = vec(X)?(FT @

E)vec(X), A; and By are defined in (26). By using the same
derivation method, B; shown in (19) is given as

1

Bi=2,
2 Z;l v (B

where Aj; and Bj; are also defined in (26). Therefore, the

Y Tr(Ap v Biavw!)
27
11T ® Aj1)Uy,



Ay — {diagH(hrt)HgHbrdiag(hrt), diagH(hrt)thbt]
htI;ItHbrdiag(hrt), h{;{;h‘bt ’
B1 = |:diagH(hrt)HgQHbrdiag(hrt)a diagH(hrt)Hthbt}
hii QHy,diag(h.), hii Qhuy ’ 26)
A _ |diag™ (hy) H Hidiag(hyi),  diag™ (R HfL
i hil Hy, diag(h.), hilhy ’
B — [diagH(hri)H§{QHbrdiag<hri>, diagH(hri)Hé{thi}
i hiIQH,, diag(h.;), hiIQhy,; '
optimization objective can be re-arranged as and
peTe(MqoVy) +1 2 2867 (0, Tr(Mgs Vi) + 1), (35)

I
min D (Zw% i1’ ®Aq) — (B1T®A1)> Z
i=1

Vi

(28)
The existence of the quartic form of optimization variables
v, can be noticed in (28). Subsequently, the MM method
is utilized to generate an appropriate surrogate function by

leveraging a lower bound defined in (29), i.e.,
ol FD, ~ (01 (F + FNp, - 0")"F©®Y), (29
where F = Z - w%(Bi1T®Ai1)ffyt(B1T®A1). However,
(29) is a conTlex -valued convex function. Thus, by defining

— _ [R(F), —S(F)
Vy = and ﬁ = {S(F), §R(F) , we first convert
(29) into a real-valued one, i.e.,
ol FD, = U TF o,
O Fr - (@) FDY.

Through the executions of multiple complex mathematical
manipulations, the first term in (30) can be expressed as

(30)

TOTFD = 2R3, 31
h H:[ (l)T] 7‘[ (l)T] )
where 3 @) ¥ v Y @) F M241:2M?
Besides, based on the fact that 7y = vec(vvf!) and
xHFHx = vec (F)vec(xx'!), we have

2R(p" D) = 2R(v/ (D) )
= v (D) + (D)) v,
where A(-) denotes the inverse operation of matrix vectoriza-
tion vec(:). Actually, after a series of mathematical transfor-
mations, we have A) = Zi[:l w%(Bllut(l)( t(l))HAil) -
Wo(Blut(l)( )H A;). Up to this point, the objective function
in (28) can be equivalently rewritten as

min v (A@) + (A@)") v, — (FO)TFTD.

Vi

(32)

(33)

Furthermore, by defining V; = VtVt and V, = VTI/ with
rank(Vy) = 1 and rank(V,) = 1, constraint (9d) can be re-
written as (34), and constraint (9e) can be rewritten as (35),
which are given by

prTe (Mg Vy) + 1 > 25504 (p, Tr(Mgo V) + 1)
(34)

where M1, Mg2 and Mgs are shown in (36). Therefore,
the optimization problem related to optimization variables V,
and V; can be represented as

Pg2 :{\I/Ttl,ixlflr} Tr (Vi (A() + (A()T))

s.t. (34),(35), Vi = 0,V, = 0,

[V.] mm T Vi, ==1, (37a)
0< Vil <1 [Vily =1, (37b)
0< [Ve)m <L Vil =1, (37¢)
Umax (VO I Vit (V) > 7 Te(Vy),  (37d)
Wnax (VI IV 0 (VD) > 7. Tx(V,), (37¢)

where VEl) and Vﬁl) represent the optimal solution obtained
from the [-th iteration. To this end, problem Pgs has been
transformed into a convex one, making it solvable through
Algorithm 2.

Algorithm 2 Algorithm for solving Ppg;

1: Obtain the optimal solution of W,., W, ;. and c; by
solving problem Pgy.g
2: Define initial step sizes:
51 € {0,1 = emax (Vi) /Tr(V{))},
5 € 40,1 = emax (Vi) /Tr(ViV)}.
3: repeat
4 Solve problem Py, with given T(l), n(l), @El), @Sl);
5. if problem Py, is solvable then
6: Obtain 0pt1ma1 Vi, Vi,
; 6(l+1 5§z ’ 5(z+1) 5(1)
8 else
0 V(l+1) V(l) V(l+1) V(l)
5(l+1)
10:  end if

11: Tt(lH) =min | 1,

5072, 50D Z 50 o,
Crmax V§L+1)
( ) 5§l+1)) i

Tr(VITD)
. 5£z+1)),

emax (VD)
(VD)
(1+1) (1+1)
12: until [1—7;""/| <e, [1—77 /| < €1, and the difference
between adjacent ObjeCthG function values is less than
threshold e5.

ﬂEHl) = min | 1,
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Q1 L h&Qlerd1ag(hrk), h&thbk ] ’Ql ¢ Zi:l b2
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Fig. 2. Flowchart of the proposed algorithm.

By decomposing problem P, into more tractable sub-
problems Pgi.; and Pg;, we can tackle them independently
using Algorithm 1 and Algorithm 2, respectively. Through
iterative refinement of both Pg;.q and Ppg;, the optimization
variables {W., W, i, c,} and {V¢, V,} undergo gradual up-
date with the SCA technique. The entire iterative algorithm
for addressing P, is elaborated in Algorithm 3, as well as in
Fig. 2. When the difference between two consecutive solutions
obtained while solving P, achieves the convergence threshold,
the system will output the desired solutions.

Algorithm 3 SCA-based iterative algorithm for solving P

1: Initialize iteration index n = 1, w(™);

obtain V, V,

constraints

LMI constraints and (K + 2) LMI constraints of dimension
N. Additionally, it encompasses 4K optimization variables.
Consequently, the complexity of solving Pgj.; can be as-
sessed as O(ny - V6K +5- (K +2)(N? +n1N?) + 5K +
5Kny + 3ny + 3 +n?)) with n; = O(4K). Regarding Pp,
involving 2 optimization variables, there are (2K + 3M + 2)
one-dimensional LMI constraints, and 2 LMI constraints of
dimension M. Consequently, the complexity of solving Py,
is assessed as O(ng - /2K + 3M +4) - (2M? + 2M?n, +
2Kng + 2K + 3Mng + 3M + 2ny + n3)) with ny = O(1).
To reveal the complexity of proposed algorithm in a clearer
way, by defining M = (1 K and N = (1 K with ¢; = 1, the
complexities involved in solving the primary problem P, are

2: repeat outlined in Table I.
3:  Solve Pgy.q based on Algorithm 1, update W,., W, ;,

(& .
4:  Solve Pp; based on Algorithm 2, update Vi, V,; C. Convergence Analysis
5:  Update iteration index n = n + 1, W+, Next, we evaluate the convergence performance of the
6 until \W("Hzf)w("w < ¢ is satisfied. proposed Algorithm 3. Let ybs({Wgn),Wé?,z,cén)}) denotes
7: Obtain the desirable solutions: W2, W7, ci, af, b}, the objective value of problem Ppgy.; obtained by Algorithm

Vi, Vi

B. Complexity Analysis of Proposed Algorithm

Based on the interior point method [37] [38], both Pgjy.q
and Pgp; involve linear matrix inequality (LMI) constraints.
Regarding Ppgy.y, it comprises (5K + 3) one-dimensional

1. Subsequently, with given {@é”), <I>£”)}, we have

n n (e) n+1 n+1
YEWE W e}) = y(fW D, WD o)),
(38)
where step (e) arises from the tightness of the first-

order Taylor expansion of local points. As the objective
function ybs({W,, Wy, 1, cx}) is continuous and the set



TABLE I

COMPUTATIONAL COMPLEXITY OF PROPOSED ALGORITHM

System design

Complexity Order

STAR-RIS aided ISAC with RSMA

IO (n1 - V6K +5- (K +2)(N3 +n1N?) + 5K +5Kn1 + 3n1 + 3 +n3)) +
1,0 <n2 /@K ¥ 3M +4) - (2M3 + 2M?ny + 2Kny + 2K + 3Mny + 3M + 2ny + n2)

11
~ K2

Ne—"

STAR-RIS aided ISAC with NOMA

150 (m VEZ 3K 14 (K +2)(N® + nsN?) + K2(ns + 1) + 3Kns + ng))
14O (n4 - VK2 +3M + K +3- (2M3 + 2M?ny + (K2 +3M + K + 1)(na + 1) +n2)
4

K6

N+
X

IO

STAR-RIS aided ISAC with SDMA (

I50 (n5 - V3K +5 - (K +2)(N3 + nsN2) + 2K + 2Kns + 3ns + 3 +n2)) +
ne - /(K +3M +4) - (2M3 + 2M?ng + Kne + K + 3Mng + 3M + 2ng +ng))z K

-
N‘H

of feasible solutions is compact, the objective function
vbs({We¢, Wy, i, ¢ }) is non-increasing, there exits a lower
bound of objective value vbs [24] [39]. Likewise, with given
{WE”“), Wg?_l), C}gn+1)} we have

(f) n n
(@, @M} = (@), @"tD}),  (39)

where step (f) holds since the constructed surrogate
function in Ppgp is tight [40], and the objective
function in Pp, is a lower bound of that in Pa.
Therefore, we have ’y({Wgn) , ng,z,, c,&") , <I>§") , B H
> 7({W£n+1),wl()nk+1),c§€n+1), @EnJrl)’ (I)l(rn+1)})’ the
proposed Algorithm 3 can be guaranteed to converge over
certain iterations.

IV. NUMERICAL RESULTS AND ANALYSIS

This section showcases the simulation results derived from
the proposed algorithm. Furthermore, it offers a comparative
analysis in terms of the system performance of our proposed
algorithm and other benchmark schemes across diverse system
parameters.

A. Simulation Settings

In the studied system, the communication channels repre-
sented by hyy, by, and Hy, are modeled by the combination
of distance-dependent path-loss fading and small-scale Rician
fading characteristics [41], i.e.,

Riink = /Prinkhiink, link = {bk, rk, br} (40)

where Sjink is the path-loss, which is modeled as Sy =
m with (o being the channel power gain of unit refer-
ence distance. Here, dj;,k and ayini correspond to the distance
and path loss exponent associated with the transmission link.
Furthermore, hj;, follows the Rician distribution with Rician
factor Ky = 6dB. The simulation parameter settings in this
paper refer to the works [24], [27], [28], and the specific

parameter configurations are outlined in Table II.

B. Benchmark Schemes

To confirm the superiority and effectiveness of the con-
sidered STAR-RIS-enabled ISAC system incorporating the
RSMA-based approach, the following benchmark schemes are
introduced for comparison.

o STAR-RIS: RSMA-N-sensing scheme: In this bench-

mark, the STAR-RIS aided ISAC system incorporating

TABLE II
PARAMETER VALUES

Description | Parameters | Values
Number of GTs K 4
Number of STAR-RIS elements M 64
Number of antennas of BS N 6

Rate thresholds of GTs Rin {5,5,5,5}
Position of target St [89 36 0]
Position of STAR-RIS qr [10 90 10]
The available power of BS Prax 10W
Noise power at the GTs o? 10710 Watt
Noise power at the target 0'§ 10~ 12 Watt
Reference channel power gain Lo -15 dB
Path-loss exponent of BS-GT link bk 2.7
Path-loss exponent of BS-target link Qps 2.6
Path-loss exponent of START-RIS link o 2.8
Rician fading factor Ky 6dB
Convergence accuracy £1,€2,&3 10-5

the RSMA-based approach is investigated, without taking
into account specially designed sensing signals [24].

e STAR-RIS: NOMA scheme: In this benchmark, the
STAR-RIS-aided ISAC system that employs the NOMA
approach is examined, where the decoding order of SIC
is determined by the channel gains of GTs. Specifically,
the GTs with stronger channel gain should first decode
the GTs’ signals with poorer channel conditions, and then
decode their own messages.

e STAR-RIS: SDMA scheme: In this benchmark, the
STAR-RIS aided ISAC system incorporating the SDMA-
based scheme is evaluated, where each GT directly de-
codes its intended message, while disregarding messages
designated for other GTs and perceiving them as inter-
ference.

o Traditional RIS: RSMA scheme: In this benchmark,
two RISs, one with transmission capability and the
other with reflection capability, are collaboratively de-
ployed to provide full spatial coverage. It is assumed
that their positions coincide with that of the STAR-
RIS. Besides, to facilitate equitable comparisons, we
assume that every traditional RIS is composed of M/2
elements, given that M is an even number. It is worth
mentioning that the associated optimization problem re-
lated to traditional RISs is able to be addressed by
setting &, = diag (ejefi,ejeé,...,eja?w/?,(),...,O) and

®, = diag (0, ...,0, /%241 3% ) [42].
¢« Random RIS: RSMA scheme: In this benchmark, the
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Fig. 3. Convergence performances under different rate thresholds and transmit
powers.

TCs and RCs of STAR-RIS elements are set randomly,
and only the transmit beamforming at the BS is opti-
mized.

o Non-RIS: RSMA scheme: In this benchmark, the STAR-
RIS is absent, and the base station solely carries out dual
functionalities via its direct links to GTs and the intended
target.

C. Simulation Analysis

Fig. 3 depicts the achieved sensing SINR and the conver-
gence behaviors of the proposed overall iterative algorithm
versus various rate threshold Ry, and different available power
at BS. It shows that the proposed algorithm converges well
within few iterations. Moreover, it is evident that in scenarios
where the BS has high available power and the GTs have a
low rate threshold, a higher sensing SINR can be achieved.
Specifically, when Ry, = 4, we have Tr(Wj) =1.1241 and
when Ry;, = 8, we have Tr(Wg) =3.9718x10~". The reasons
are explained as follows. When the rate threshold for each GT
is relatively low, the GTs may have an increased tolerance for
interference from sensing signals, and more power at the BS
is used for forming sensing signals. In this case, W,., W, i,
and h; align more closely with each other to provide more
sensing DoF and maximize the sensing SINR. On the contrary,
when Ryy is high, most of the available power may be used
to form information signals to satisfy higher communication
rate requirements, thereby resulting in fewer sensing signals
being imposed on the sensing target since they may introduce
harmful interference to the GTs.

Fig. 4 compares the attained sensing SINR against the
transmit power of our proposed design with other bench-
mark schemes, i.e., the STAR-RIS aided network with
RSMA scheme without sensing signals, the STAR-RIS aided
network involving NOMA/SDMA scheme, and the tradi-
tional/Random/Non RIS aided network with RSMA scheme.
It is observable that as transmit power increases, there is
a notable enhancement in the attained sensing SINR across
all system designs. Besides, the STAR-RIS: RSMA and
STAR-RIS: RSMA-N-sensing schemes yield the same s,
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Fig. 4. Sensing SINR versus transmit power with different system designs.

which is consistent with the conclusion of Theorem 1. Fur-
thermore, it is demonstrated that irrespective of the energy
consumption of STAR-RIS and traditional RISs, the proposed
STAR-RIS integrated with the RSMA approach consumes less
power than those of all other benchmarks while achieving
the same sensing SINR. The reasons may be explained as
follows. Firstly, with the RSMA-based scheme, the inter-user
interference can be effectively mitigated compared with the
NOMA-based scheme and SDMA-based scheme, making it
easier to meet GTs’ communication rate requirements. In
this case, the signal power allocated for sensing is stronger,
resulting in higher sensing SINR performance gain. Secondly,
the STAR-RIS exhibits a remarkable capability to reshape
beam propagation through the dynamic optimization of both
transmission and reflection beamforming, ultimately leading
to an enhancement in sensing SINR compared to traditional
RISs. However, only reflection or transmission phases of
the traditional RIS elements are optimized, which leads to
limited performance gain. Thirdly, in contrast to the random
STAR-RIS and Non-RIS schemes, our proposed scheme
allows for more efficient signal propagation reconfiguration,
thereby yielding a substantial performance enhancement. In
summary, both the RSMA-based transmission strategy design
and the dynamic optimization of STAR-RIS transmission and
reflection beamforming have made tremendous contributions
to the performance improvement of the ISAC system.

Fig. 5 presents the achieved maximal sensing SINR con-
cerning the number of STAR-RIS elements M across various
system designs. It is observable that as the number of STAR-
RIS elements increases, the system’s sensing performance
progressively enhances. Similarly, the results indicate that
the sensing SINR performance gain achieved through the
combination of STAR-RIS and RSMA scheme surpasses that
of other benchmarks, aligning with the conclusions in Fig. 4.
The range of sensing performance gains that are fulfilled
through the application of STAR-RIS and RSMA schemes
are also illustrated in this figure. Notably, with an increase
in the number of STAR-RIS elements, the performance gain
gap between the STAR-RIS scheme and the Traditional RIS /
Random RIS schemes progressively widens. The main factor
driving this performance enhancement is that the STAR-RIS
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Fig. 5. Sensing SINR versus the number of STAR-RIS elements M with
different system designs.

can manipulate both transmission and reflection beamforming
simultaneously. Conversely, the sensing performance gains
achieved by traditional RISs are hindered by their reliance
on phase shift optimization alone. It is worth mentioning that
in the Random RIS scheme, the TCs and RCs of STAR-
RIS are generated randomly. In some cases, the randomly
generated TCs and RCs may align closely with the sensing
channel h;, which can positively impact system performance.
However, due to the randomness of parameter generation and
the alignments, there exists a certain degree of performance
fluctuation. In addition, When the ISAC network transmits
only communication waveforms, it achieves the same sensing
SINR as when transmitting a combination of communication
and dedicated sensing waveforms. This observation confirms
the conclusions stated in Theorem 1.

Fig. 6 characterizes the relationship between the optimized
sensing SINR and communication rate threshold Ry, with
various system designs. One can see that as the rate threshold
rises, the sensing SINR attained by all system designs expe-
riences a decline. Intuitively, as the rate threshold gradually
increases, a greater amount of energy at the BS is utilized
to meet the heightened communication demands, ultimately
leading to a deterioration in the achievable sensing SINR.
Besides, the integration of STAR-RIS into networks results
in a remarkable enhancement in sensing SINR, surpassing
that achieved by other schemes. Consistent with the finding
presented in Theorem 1 and results in Fig. 4, irrespective
of Ry, the ISAC network consistently maintains the same
sensing SINR, whether or not dedicated sensing signals are
incorporated.

Fig. 7 provides the common rates and private rates of
four GTs, and the corresponding private power allocation of
GTs. It shows that the optimized results of private rates are
consistent with the corresponding optimized power allocation.
In other words, when the allocated common stream can meet
the rate requirement of the GT, no private information stream
will be allocated to it, and the corresponding private rate is
0. Furthermore, when the rate requirement of each GT is
more stringent, a greater amount of power will be assigned to
the private information stream to fulfill the rate requirement,
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Fig. 6. Relationship between sensing SINR and rate threshold across various
system designs.
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Fig. 7. Optimized common rates, private rates and private power of each GT.

thereby leading to the private rates of all GTs increasing.

Fig. 8 depicts the common rates and private rates of four
GTs versus various rate thresholds. It indicates that with an
increase in the rate threshold, the proportion of private rate
for each GT within the total rate also rises. However, the
variation in common rates for each GT is not particularly
evident as the rate threshold increases. The reason could be
that, at a relatively low rate threshold, each GT exhibits a
higher tolerance for inter-interference, and the communica-
tion rate requirements of each GT can be relatively easily
satisfied through the utilization of the common information
flow. Nonetheless, when the communication rate threshold
is high, despite the capability to attain flexible interference
management by dividing user messages into common and cor-
responding private messages, the effect of allocating common
information on interference suppression and rate enhancement
is limited. On the other words, after mitigating interference to
a certain extent by leveraging the common information flow, it
becomes crucial to increase private rates to satisfy the specific
rate requirements of each GT.

Fig. 9 provides the optimized amplitudes for transmission
and reflection of every STAR-RIS element across various rate
thresholds Ryy. It demonstrates that every element possesses
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the capability to adaptively manipulate the incoming signals
based on the corresponding channel condition. In addition,
the transmission amplitude coefficients are relatively larger
than the reflection amplitude coefficients, which means that
more energy is shared for enhancing the sensing performance.
Besides, comparing the optimized results shown in Fig. 9(a)
with that in Fig. 9(b), it is noticed that the reflection amplitude
coefficients of each STAR-RIS element tend to be relatively
greater when the rate threshold Ryy, is high. The reason is that
when the rate requirements of GTs are large, the BS has to
distribute a greater amount of energy into reflection space, so
as to achieve signal enhancement for each GT.

V. CONCLUSION

In this paper, we have explored the integration of STAR-
RIS into an ISAC system employing the RSMA-based ap-
proach, where the maximization of sensing SINR was attained
through the unified design of rate splitting in conjunction with
precise adjustments of beamforming at BS and STAR-RIS,
respectively. To address the formulated non-convex problem,
the SCA-based iterative algorithm incorporating SDR, MM,
and SROCR techniques has been devised. Simulation results
manifest that, in comparison to other benchmark schemes, the
employment of the RSMA scheme in conjunction with the
transmission and reflection beamforming design at the STAR-
RIS is crucial for enhancing the system’s sensing performance.
Additionally, there is a balance to be established between
achieving high-sensing SINR and maintaining reliable commu-
nication performance. For the considered ISAC network with a
single target, the achievable sensing SINR is the same regard-
less of whether specially designed sensing signals are incor-
porated or not. It should be noted that the considered system
framework can be deployed in static scenarios. For different
scenarios, the algorithm proposed in this paper can be used to
obtain the corresponding resource allocation and beamforming
design, although some challenges may be encountered during
the deployment process, such as long deployment time of the
algorithm and parameter adjustment issues. In our future work,
for the mobile scenario featuring multiple sensing targets and
users within the STAR-RIS-enhanced ISAC system, we will
adopt sophisticated sensing techniques, namely Time Division
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Fig. 9. Optimized amplitudes for every STAR-RIS element across different
rate threshold.

(TD) sensing, Signature Sequence (SS) sensing, and a hybrid
approach combining TD-SS sensing, to explore and analyze
the ISAC system in the context of multiple targets.

APPENDIX A
PROOF OF THEOREM 1

According to the optimized solution {Wc,wmk, V/\\/'g} for
sub-problem Pg,, we can reconstruct one set of new solution
{W,, W, ., Wi}, which are mathematical modeled as

Wc = Wc + CCWO, Wp,k = Wp,k + Ckwm
J— K
Wo=0, C+), G=L

By substituting the new set of solution into constraint (8b),
we have

(41)

Tr(H, W,
Rc,k = 1Og2 <1 + r( k ) )

21'121 Tr(HkWp,i) + Jl%

— — K —
Tr(Hi(WetC-Wot 32 (Wp.i+¢Wo))) 4o}

= log, S K Tr(Hi (W i +CWo))+o?
— K __ —
Te(Hy(We + 3 Wy + Wo)) + 0
= log, e =L — 5
> im1 Tr(Hg(Wp i + G Wo)) + o




— K - —~
Tr(Hk(Wc + E Wpﬂ' + Wo)) + O']%

@ i=1

Z 10g2 K — — 2
>im1 Tr(He(Wyi + Wo)) + o

Tr(H, W,
=log, | 1+ —% r(,\k )A 5
> icy Tr(Hg (Wi + W) + o}
(®) K
> Ck-

k=1

The step (a) holds due to the fact that Z .G <1, and
step (b) holds since {VVC,Wp k,WO} is one set of feasible
solutions for Pgy.;. On the other hand, by substituting the new
set of solutions into constraint (8c), we have

The validity of step (c) is attributed to the fact that Z

Tr(H W 1)
Zﬁek Te(Hy W, 5) + 0
Tr(Hk(Z‘:l Wp,z‘ + W)

Ry =logy [ 1+

= log, —
Zj#k Tr(Hk( i +¢GWo)) + o7
© H.(S K W, +W
D gy I EE, W W)
Zj;ék Te(H(W, ; + W) + 0
Tr(H, W
=logy | 1+ —¢ r(/\k p’k)/\ 5
Zj;ﬁk Tr(Hy(Wy,; + Wo)) + oy,
(d) h
> Ry

2: G <

1, and step (d) holds since {Wc,ka,Wo} is one set
of feasible solutions for Pgy.;. Therefore, {W,, W,k Wyl
is also one set of feasible solutions for Ppgjp.;. It can also
achieve the optimal sensing SINR, which is not inferior to

that achieved by {W67

ks WO} The proof for Theorem 1

is completed.
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