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Abstract— Simultaneously transmitting and reflecting recon-
figurable intelligent surfaces (STAR-RISs) enables full-space
manipulation of signal propagation. In this work, we con-
sider a multi-STAR-RIS-assisted multiple-input multiple-output
(MIMO) system for multi-users and investigate the impact
of different STAR-RIS schemes on the system performance.
We jointly optimize the beamforming matrix of the base station
and the transmitting and reflecting coefficient (TRC) matrix of
each STAR-RIS to maximize the sum rate of users. We propose
a block coordinate descent (BCD) algorithm to optimize the
beamforming matrix and the TRC matrices. We reformulate
the optimization problem and optimize the beamforming matrix
using the Lagrange duality method to reduce the computational
complexity and then employ the constrained concave-convex
procedure to tackle the optimization problem for the TRC
matrices. When the energy splitting (ES) scheme is applied,
our proposed method achieves a remarkable improvement of up
to 17.97% in the user sum rate compared to the mode switching
and the equal ES schemes in the multi-STAR-RIS-assisted system.
Furthermore, when compared with systems assisted by multiple
conventional RISs, our system can achieve a substantial gain
of 38.99%. The improvement is even more pronounced compared
to systems with a single STAR-RIS or a single conventional RIS.

Index Terms— Resource allocation, simultaneous transmitting
and reflecting, reconfigurable intelligent surfaces, multiple-input
multiple-output (MIMO), sum rate maximization.

I. INTRODUCTION
ITH the gradual maturity of the fifth-generation (5G)
wireless communication technology, more and more
research is turning to the upcoming beyond 5G (B5G) and
sixth-generation (6G) wireless network communications in
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order to meet the higher requirements in terms of spectrum
efficiency and energy efficiency, microsecond-level latency,
and full-dimensional network coverage [1], [2]. These chal-
lenging technology requirements necessitate the development
of new communication modes [3]. For example, metasurface
is considered as a promising enabling technology for B5G
and 6G wireless communications. Reconfigurable intelligent
surface (RIS), which is a type of metasurface, has gained
significant attention from both academia and industry in recent
years. RIS is a two-dimensional artificial surface that con-
sists of a large number of low-cost passive element devices.
Each element can independently adjust the phase shift of the
incident signals, enabling collaborative signal reflection and
three-dimensional passive beamforming. The vision of the RIS
technology is to create a smart radio environment (SRE) [4],
[5], [6], where the wireless propagation conditions can be
controlled by physical-layer signaling.

RIS has the potential to revolutionize communication
technologies by offering cost-effective and energy-efficient
solutions for improving wireless communications; however,
conventional RIS functionality is limited to scenarios where
both the transmitter and receiver are located on the same side
of the RIS. To tackle this issue, simultaneously transmitting
and reflecting RIS (STAR-RIS), also known as intelligent
omni-surface (IOS), has been proposed [7], [8]. This novel
concept overcomes the single-side operation limit of the con-
ventional RIS and attains full spatial coverage. The incident
signals of a STAR-RIS element are divided into two parts [9]:
reflected signals and transmitted signals. The reflected signals
bounce back into the same space as the incident signals.
In contrast, the transmitted signals penetrate through the
surface and are transmitted to the opposite side of the incident
signal space. By adjusting the transmitting and reflecting
coefficients (TRCs), STAR-RIS offers additional flexibility for
wireless communication system design, potentially enhancing
the overall system performance. Considering that each element
of a STAR-RIS can dynamically adjust its TRC,the STAR-
RIS operation can be categorized into three schemes [10]:
i) the energy splitting (ES) scheme, ii) the mode switch (MS)
scheme, and iii) the time switch (TS) scheme, as depicted in
Fig. 1. In the ES scheme, each element can simultaneously
transmit and reflect signals, allowing dynamic adjustment of
the TRCs. Therefore, greater flexibility in wireless communi-
cation can be achieved. In the MS scheme, each element can
only operate in a single state, either reflective or transmissive,
which is easier to implement but cannot achieve the full-space
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Fig. 1. Three operating schemes of STAR-RIS. (a) Energy splitting (ES)
scheme, (b) Mode switch (MS) scheme. (c) Time switch (TS) scheme.

gain as the ES scheme. In the TS scheme, the STAR-RIS
operates in either full reflection or full transmission states
in a certain time slot. The TS scheme achieves decoupling
of the TRCs in the time domain, but it cannot achieve
the full-space gain either and has higher requirements for
synchronization. One of the three operating schemes can be
selected according to the required service in wireless net-
works. Despite offering increased flexibility and controllability
compared to conventional RISs, the study of STAR-RISs is
still relatively limited to date. Therefore, this work aims to
investigate the applications of STAR-RISs in multiple-input
multiple-output (MIMO) wireless networks while considering
different operating schemes.

A. Prior Studies

1) Conventional RIS-Assisted Networks: Passive reflective
surfaces have found extensive applications in radar, remote
sensing, and satellite systems, with emerging utilization in
mobile communication systems recently [11], [12]. Research
on RIS in wireless communications has focused on active
and passive beamforming design, channel estimation, and
reliability analysis. The authors of [13] optimized the active
beamforming of a base station (BS) and the passive beam-
forming of the RIS to maximize the weighted sum rate of
the downlink. In [14], a two-stage algorithm was proposed to
estimate the cascaded channels between the transmitter, the
RIS, and the receiver. A modified block coordinate descent
algorithm (BCD) was proposed to design near-optimal phase
shift values for the RIS in [15]. In [16], the BS intentionally
transmitted artificial noise through the RIS to interfere with the
eavesdropper, thereby enhancing physical layer security. The
uplink weighted sum-rate maximization problem involving
both the primary and IoT transmissions for a symbiotic radio
system was investigated in [17]. The authors of [18] pro-
posed an convex approximation method to jointly design the
active and passive beamforming in an RIS-empowered non-
orthogonal multiple access (NOMA) network. The research
of optimal RIS placement and orientation in wireless networks
is also an important topic. In [19], the authors addressed an
RIS placement optimization problem aimed at maximizing the
cell coverage by optimizing the RIS orientation and horizontal
distance. They derived a closed-form optimal RIS orienta-
tion expression. Meanwhile, the authors of [20] considered
minimum spacing constraints in a multiple RIS scenario.
The utilized genetic algorithms to optimize the deployment
positions of multiple RISs.
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2) STAR-RIS-Assisted Networks: STAR-RIS is proposed
to address the limitations of conventional RIS. Thanks to
the breakthroughs in metasurface material technology, STAR-
RIS can be implemented using various metasurface-based
designs [21], [22]. In [9], a general hardware model, as well
as the near- and far-field channel models, were presented
for STAR-RIS. The sum rate maximization problem of a
full-duplex communication system assisted by a STAR-RIS
was investigated in [23]. By optimizing the TRC matrices
of the STAR-RIS and selecting the operating schemes, the
STAR-RIS-based full-duplex system outperformed the conven-
tional RIS system. In [24], a BCD algorithm was proposed
to maximize the sum rate in a STAR-RIS-assisted MIMO
communication system, and various operating schemes were
compared. The authors of [24] considered the joint optimiza-
tion of STAR-RIS positions and beamforming in a wireless
network to maximize the user rates, where they proposed an
alternating optimization algorithm to solve this problem.

The authors of [25] compared the orthogonal multiple
access (OMA) and NOMA schemes in a STAR-RIS-assisted
wireless communication network, and they showed that the
NOMA scheme was superior to the OMA scheme in such a
system. The authors of [26] investigated a STAR-RIS-assisted
multi-user downlink MISO communication system, where they
proposed a hybrid reinforcement learning (RL) algorithm to
jointly optimize the active and passive beamforming to solve
the high-dimensional mixed continuous and discrete problems
caused by the coupled phase shifts. In [27], the trajectory
and the active beamforming of an unmanned aerial vehicle
(UAV) were jointly optimized with the TRC matrices of the
STAR-RIS to maximize the sum rate of users, where an
RL-based algorithm was employed to circumvent the high
computational complexity in the STAR-RIS coefficient opti-
mization.

B. Motivation and Contribution

Current research on STAR-RIS primarily focuses on wire-
less systems assisted by a single STAR-RIS [23], [28].
Although STAR-RIS can provide wireless communication
services with an entire 360° coverage, the effective service
range of a single STAR-RIS is still limited. Given the vast
potentials of the RIS and STAR-RIS in the next-generation
communication systems, we consider a more realistic scenario
with multiple STAR-RIS collaborations and we summarize the
main contributions of this paper as follows:

e This study first proposes a multi-STAR-RIS-assisted
MIMO communication system model. With the novel
model, a sum rate maximization problem is formulated
and solved by jointly optimizing the coupled beam-
forming matrix of the BS and the TRC matrices of
all STAR-RISs under non-convex constraints. Optimizing
the coupled matrices is nontrivial and the optimization
problem is challenging.

o To address these challenges, the beamforming matrix and
the TRC matrices are alternately optimized by decou-
pling the beamforming and TRC matrices through a
BCD algorithm. Firstly, we reformulate the non-convex
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objective function through a weighted minimum mean
square error (WMMSE) algorithm. Then, we use the
Lagrange duality method to find the optimal beamforming
matrix through a bisection method to reduce the computa-
tional complexity. Finally, to tackle the mutually coupled
TRC matrices of multiple STAR-RISs, we decouple the
variables and introduce auxiliary variables in the prob-
lem to enable the constrained concave-convex procedure
(CCCP) for optimization.

o The numerical results verify the efficacy of the pro-
posed algorithm. The performance of various operating
schemes of STAR-RISs is evaluated. Further numerical
comparisons show that the proposed method significantly
enhances the communication performance of systems
with multiple STAR-RISs.

e We provide detailed analysis for: i) the convergence
of the proposed scheme, ii) the empirical cumulative
distribution function (CDF) of the sum rate under dif-
ferent schemes, and iii) the impact of the transmit
power and the number of STAR-RIS elements on system
performance. In addition, we show that a multi-STAR-
RIS-assisted communication system can be effectively
optimized under various operating schemes.

C. Organization and Notation

The rest of this paper is organized as follows. Section II
presents the system model considered in this study.
In Section III, the optimization problem is presented based on
the system model and reformulated by utilizing the WMMSE
method. Section IV proposes an algorithm for solving the
reformulated problem, including optimizing the beamforming
matrix and the TRC matrices. Section V provides numerical
results that compare systems using different STAR-RIS and
conventional RIS schemes to verify the performance of the
proposed methods. Section VI draws the conclusion of this
study.

Notations: In this paper, lower- and upper-case boldface
letters denote vectors and matrix, respectively. CM*1 denotes
an M-dimensional complex vector and CM*" represent an
M x N dimensional complex matrix. For two matrix A and
B, A ® B denotes the Hadamard product of them. |A| and
Tr (.) represent the determinant and trace operation of A.

(.)T and ()H denote the transpose and conjugate transpose
operations, respectively. diag(a) returns a diagonal square
matrix with the elements of vector a on its main diagonal,
while diag (A) returns a column vector composed of the main
diagonal elements of A. Iy denotes an identity matrix of size
N x N, and 1y is a length-N vector with all one elements.
CN (0,0°I) denotes a circularly symmetric complex normal
zero-mean random vector, whose covariance matrix is o2L
R {.} returns the real component of a complex argument.

II. SYSTEM MODEL

This section describes a multi-STAR-RIS-assisted MIMO
communication system in which the BS and multiple
STAR-RISs work together to serve multiple users with mul-
tiple antennas. The following subsections introduce the basic
STAR-RIS operation, the channel, and the signal models.
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Fig. 2. System model of multi-STAR-RIS-assisted MIMO wireless network.

A. System Description

As shown in Fig. 2, we consider a multi-STAR-RIS-assisted
MIMO communication scenario with one BS, K users, and
L STAR-RISs. The BS is equipped with Np antennas, each
user has Ny receive antennas, and each STAR-RIS consists
of M passive elements that reflect or transmit the signals
coming from the BS towards the users. To consider a practical
communication scenario of STAR-RISs, we assume that the
direct link from the BS to all users has been blocked by
obstacles and focus on enhancing user services facilitated by
all STAR-RISs.

B. Basic STAR-RIS Operation Model

In this paper, we assume the operating scheme of each
STAR-RIS is configured as the ES mode. According to the
introduction in Section I, the ES scheme has higher flexibility
in adjusting the communication environment and improving
communication system quality compared to other operating
schemes. Let £ = {1,2,--- L} and M = {1,2,--- , M}
represent the set of STAR-RISs and the set of elements for
each STAR-RIS, respectively.

The TRCs of the mth element of the I/th STAR-RIS are
denoted as ,/ ﬂfm lej $m.1 and \/ B, lej Prm respectively, where
m € M and | € L. Here, 8}, € [0,1], ¢;,, € [0,27),
Bru € 10,1], and ¢}, ; € [0,27) represent the transmitting
and reflecting squared amplitudes and phase shift responses
of the mth element of the /th STAR-RIS, respectively. It is
assumed that the surface electric and magnetic impedance
of the STAR-RIS can be adjusted, allowing for independent
selection of ¢£n) , and ¢}, ;. However, the TRCs must satisfy
the energy conservation constraint 3}, ,+ 65, , = 1, Vm € M,
leL. '

Thus, the diagonal TRC matrix of the /th STAR-RIS can be

denoted by ‘I>l§ = diag <,/5f’lej¢§~l,-~ ,\/ﬂifllej(ﬁ%l) €

CMxM " \where ¢ € {t,r} indicate whether the user is
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in the transmission or the reflection side with respect to
the {th STAR-RIS.

For a given user k, it may be on the transmission side
of some STAR-RISs, while on the reflection side of other
STAR-RISs. However, once the position of the kth user is
fixed, whether it is on the transmission or reflection side
of the [th STAR-RIS is also determined. Therefore, we can
construct an equivalent TRC matrix Qj, € CIMXEM for the
kth user considering its relative position with respective to all
the STAR-RISs, i.e.,

Qk:Dlag(¢é7a¢£)7 (1)

where Diag(:) returns a block diagonal matrix made by
aligning the input matrices along its diagonal.

C. Signal Model

The channel from the BS to the Ith STAR-RIS and the
channel from the [th STAR-RIS to the kth user are denoted
by F, € CM*Ne and HY € CNuXM | respectively. Since
the locations of the BS and the STAR-RIS are fixed, we use
F = [F1,Fy,-- ,F ] € CLM*Ns (o represent the chan-
nel from the BS to all STAR-RISs. Similarly, the channel
from all STAR-RISs to the kth user is denoted as Hy =
[H}C,Hi, e ,H,f] € CNuxXIM once we know the position
of the kth user.

We denote the symbol vector and the active beamforming
matrix for the kth user at the BS by s, € CNv*! and V. €
CNexNu_respectively. The signal transmitted from the BS can
be expressed as

K
X = kask (2)
k=1

Thus, the signal received by the kth user is given as
yr = HyQrFx +ny

K
= HQrFVys, + Z H.QFVysy +ni,  (3)
—_—

Desired signal k'#k

Inter—user interference

where n;, € CNv*1 ig the noise vector at the kth user with
n; ~ CN (0,071), and o7 is the noise power of the kth user.

Here, we denote H, = H,Q.F/or, € CNuvxNu for
simplicity. The achievable rate for the kth user can be written
as

= —=H . _
Ry, = log | Ly, + He Vo VIHL G| @)
where Cj, € CNUXNU jg the interference plus noise covariance

matrix of the kth user and can be written as

K
== —H
Cr= Y H.VuVIH, +1Ly,. (5)
k' #k

7957

IIT. PROBLEM FORMULATION

In this section, we formulate the optimization problem
based on the system model given in Section II and analyze
the objective function and the constraints of the optimization
problem. Then, we transform the objective function of the
originally non-convex problem using the WMMSE method,
facilitating its subsequent solution through the BCD algorithm.

A. Problem Formulation

We aim to maximize the sum rate of all users by jointly
optimizing the beamforming matrix Vj, for the BS and the
TRC matrix Q. The sum rate of all users is R = Zi{:l Ry,
where Ry, is given in (4). Therefore, the optimization problem
can be formulated as

K

imi R 6
m%)il,lézlize ; & (6a)
K
st Y T (ViVE) < P, (6b)
k=1
Q. = Diag (®¢,--- ., ®f), Vk €K, (6¢)
1€
[®L = /05, 0%, €= {Lrh,  (6d)
3, €10,1], ¢, €[0,27), (6e)
L+ By =1, YmeM, leL (61)

Here, the constraint (6b) is the maximum power constraint
for the BS; (6¢) to (6f) are the constraints for optimizing the
TRCs; (6¢) is the equivalent TRC matrix, which takes into
account the relative position between the kth user and all the
STAR-RISs; (6d) to (6f) are constraints for the ES scheme
of STAR-RISs.

B. Reformulation of the Proposed Problem

Problem (6) is apparently a non-convex problem because
of the non-convex objective function and the non-convex
constraints. To tackle this problem, we utilize the WMMSE
algorithm [29] to reformulate it. We consider a linear decoding
matrix so that the estimated signal vector of each user is given
by
Vk € K, @)
where Uy, € CNU*NU s the decoding matrix for the kth user.
Since the signal vectors s and the noise ny are mutually

independent, we can derive the mean square error (MSE)
matrix of user k as

A H
sk = Uy v,

E; =Esn [(ék —sk) (8k — Sk)H} (8a)
K —H
=U{ Iy, + Y H Ve VIH, | U,
k' #£k
S —_ H
+ (Iny — UFHLVY) (In, — UZHRVE) . (8b)

By introducing auxiliary semidefinite matrices Z; > O,
we can reformulate Problem (6) as follows:

maximize
Vi, Qk, Uk, Zy,

K
ka (Vi, Qi, Uy, Zy) (9a)
=1
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s.t. Zy = 0, (9b)
(6b) — (61), (%)

where fi (Vi, Qk, Uy, Zy) is given by
Ik Vi, Qi, Uy, Zy,) = log |Zy| — Tr (ZEy) 4+ di,  (10)

and dj, is a constant term. The proof of equivalence between
Problem (6) and (9) can be found in [29, Appendix A].

Different from the original objective function of Prob-
lem (6), we make it more tractable in Problem (9) by
introducing additional optimization variables. Notice that for
a given TRC matrix Qy, fr (Vg, Qk, Uk, Zy) is a concave
function for each set of optimization variables when any two
of the variables {Vy, Uy, Z;} are fixed. Therefore, we utilize
the BCD algorithm to solve Problem (9).

We first solve Problem (9) while fixing {Vy, Qg, Zy}.
In this case, fr (Vi, Qk, Uk, Zx) can be regarded as a func-
tion which is only related to Uy. Hence, we can set the
first-order derivative of fi (Vi, Qg, Uy, Zx) with respect to
Uy to zero, which gives the optimal Uy, as

(1)

Then we solve Problem (9) for Zj, while fixing {V, Qg, Uy }.
Similar to Uy, the optimal Zj, is given by

_ _ —-1__
x = (HkaVfHkH + ck) H,V,.

P=E; ", (12)

where Ej, is given in (8),

Different from U, and Zj, there is no closed form solution
for Vi, and Q. Hence, in the following sections, we focus
on optimizing the beamforming matrices V; and the TRC
matrices Q.

IV. JOINT BEAMFORMING AND TRC OPTIMIZATION

Based on the reformulation given in Section III, we propose
an iterative algorithm to jointly optimize the beamforming
matrix and TRC matrices in this section.

A. Optimization of Beamforming Matrix V

In this subsection, we mainly focus our attention on optimiz-
ing the beamforming matrix 'V, while fixing {Qy, Uy, Zy}.
By substituting Ey, into (9a) and removing the constant terms,
the objective function (13), as shown at the bottom of the next
page.

For simplicity, we introduce auxiliary matrix A =
Z][f/:l ﬁgUk«Zk/Ugﬁk/ and B, = ZkUkHﬁk Hence, the
beamforming optimization problem can be rewritten as

K
min\i/mize Z (Tr (VI AV),) — 2R {Tr (BxVy)})  (14a)
k=1

s.t. (6b). (14b)

Problem (14) can be reformulated as a second-order cone
programming (SOCP) problem, which can be solved using
standard convex optimization packages such as CVX [30].
However, solving SOCP problems using those standard opti-
mization packages has low efficiency. Therefore, we propose
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a closed-form solution for the beamforming optimization
problem using the Lagrange duality method, which is much
more efficient. Because Problem (14) is a convex problem
and satisfies the Slater’s condition,! it follows that strong
duality can be established between Problem (14) and its
Lagrangian dual problem. That is, the optimum solution of
the dual problem is also the optimum solution of the original
problem (14).
Specifically, the Lagrangian of (14) is

K
L(Vi,A) =Y (Tr (VAV}) — 2R {Tr (B, Vy)})
k

+ A (ZK:Tr (ViVi)

k

_Pmax> ) (]5)

where A > 0 is the dual variable associated with the power
constraint of the BS.

By setting the first-order derivative of L (Vg, ) with
respect to Vi, to zero, we obtain the optimal solution of V, as

Vi (\) = (A + Ay, BY, (16)

where (.)T represents the matrix pseudoinverse. Based on the
complementary slackness condition for the power constraint,
the value of A needs to satisfy

A <Zﬂ (V,c (\) Vi ()\)H) - Pmax> —0. (17
k=1

The optimal value of A can be obtained by the bisection search
method [31].

B. Optimization of TRC Matrix Qj

In this subsection, we fix {Vy, Uy, Z;} and focus our
attention on the subproblem with respect to Q. The problem
formulation can be rewritten as

K
minimize > (Tr (VIFAVE) — 2R{Tr (BxVi)})  (18a)
F k=1

s.t. (6b) — (_6f). (18b)

Problem (18) is a non-convex optimization problem due to
the non-convexity of the objective function (18a) and the con-
straints. To tackle this non-convex problem, we first substitute
H, = H,Q.F; /oy into the objective function (18a) and
we have (19) and (20), as shown at the bottom of the next
page. Then, we use the following Lemma to handle the non-
convexity of (19) and (20).

Lemma I [32]: For any diagonal matrix D =
diag (dy,- -+ ,dn) € C™*™, we have

Tr (D¥C,DC,) =d” (C; © CJ)d, 1)

Tr (DY CY) = cf'd, (22)

Tr (DCs) =1 (Do CJ)1=d"c,, (23)
where d = diag(D) and ¢y = diag(Cs).

' According to Step 2 in Algorithm 1, we can always find a feasible point
Véo) that strictly satisfy constraint (6b) so that the Slater’s condition holds.
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According to Lemma 1, we can transform (19) and (20) into

K K
> Ir (Q? H'U,Z, Uy H,QuF > Vi V] )

k=1 k’'=1

K
=> qfG

k=1

KAk (24)

and

K K
229&‘: {Tr (Z: U H, Qi FVy) } = ZQ?R{quk}, (25)
k=1 k=1
where q; = diag(Qy), px = diag (FVkaUHHk) and
Gy = (HIULZ UL H,) o (i 1Vk/Vk,>
Based on the above transformation, we can reformulate
Problem (18) as

K
mmérkmze kzl qy Gka/Gk — 2R {qk pk} /o'k) (262)
st qx = diag(Qx), (26b)
Q. = Diag (®¢,--- . ®f), (26¢)
Broas € [0,1], (26d)
B+ B =1, YmeM, LeL (26¢€)

Constraint (26¢) represents the equivalent TRC matrix of the
kth user considering all the STAR-RISs. The main difficulty
in solving Problem (26) is (26e), which shows the transmitting
and reflecting TRCs are coupled. Unlike the single STAR-RIS
case, the resource allocation involving multiple STAR-RISs is
more challenging. This is because each user may be located on
the reflection side of one STAR-RIS but on the transmission
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side of another. Depending on their location, the TRC matrices
Q) of different users may also be coupled.

In the case of multi-users, this coupling makes it difficult
for us to directly use the algorithm proposed in [28] to
solve the optimization problem of TRC. Based on the above
analysis, we introduce auxiliary variables ( to reformulate
constraint (26e), where ( € {t,r} and ¢ = £ That is,
¢ = t, when £ = r; and ¢ = r, otherwise. We define
matrix <I>lC to represent the TRC matrix with state ¢. Similar

to (1), we define Qk = Diag (‘I'%, e ,<I>CL). Hence, we have
q, = diag (Qk)

Moreover, we introduce ®; = qxqi’, and O = arqll.
Thereby we can use diag (®y) to represent the TRCs for
user k, while diag (ék)
diag (®y). Problem (26) can be transformed to

represents the opposite state of

K

minimize Z af Grar/oy — 2R {a)/pr} /or)  (27a)
A,k 1

st. O = qrafl, O = qdy’, (27b)

diag (@k + (:)k) — 1. 27¢)

To handle the non-convex constraint (27b), we use the
following lemma.

Lemma 2 [33]: For any matrix satisfying W = ww
following conditions equivalently hold:

H the

M1 A%% w
WH M, w| = 0, (28)
whH whH 1
Tr (ww? —M;) > 0, (29)

K K
ka (VkakaUkvzk) = _ZTT (ZkEk)
k=1

I
M=
=

k' #k
K

k=1 k-/;ék-

k=1

Z, |UF |1+ HoVe VEH,

Uy + (T- UFHV,) (1- USHELV,)

Z, U 1+ H,V, VEH, | Uy -Tr [zk (I-UH,V,) (I- Ufﬁkvk)”}

k=1 k=1

K K K
ZTr Z,UFH, V) +Z Tr (zkvk H, Uk) S (ku,{? (Z Hk/vk/vf,Hﬁ) Uk>
=1
K

=2 Z R{Tr (2, UfH, V) } —
k=1

Z Tr (V,?
k=1

3 (ﬁ,’jUk,ZklUﬁﬁk,) vk> (13)

k=1

VIAV,) ZTr(

K

> Tr

k=1
K
> 2R{Tr (B Vi)} = Z 2R {Tr (Z, U H,QF V) } ok
k=1

k=1

K
FHIULZ U HLQLF ) | V;«V}j) Jo?

(19)
k=1

(20)
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where My, My € HV*N are slack variables and HY*V
represents an [NV X [N dimensional Hermitian matrix.
Based on Lemma 2, Problem (27) can be rewritten as

K
minimize Z (ngqu/oﬁ — 2R {qupk,} /crk,) (30a)
dk,dk =1
s.t. diag (@k n ék) — 1, (30b)
M: Qi ai]
Q7 M, qi| =0, (30¢)
TR TR
Tr (qray’) > Tr (M), (30d)
_Ml Qr ar |
Q M, =0, (30¢)
laf  af 1]
Tr (@) = Tr (M) , (30f)

where My, My, M;, My € HVN*N are slack variables.

Up to this point, the constraints (30d) and (30f) are still
non-convex because they are in the form of “convex function
> affine function”. Hence, we employ the CCCP method and
replace the left-hand-side (LHS) functions of (30d) and (30f)
with their first-order approximations as the surrogate functions.
Due to the convexity of both functions, we have

V(@) 2 20 {(a)" @i} — (@) af

< LHS of (30d), (31)
(@) 2 2m {@)" @ - @ &
< LHS of (30f), (32)

where q} and q}} denote the solution of q; and gy, obtained
in the nth iteration of our algorithm. The function y (qx)
and X" (qx) are the first-order approximations of the LHS
functions of (30d) and (30f), respectively. Therefore, by sub-
stituting x (qx) and X" (qx) for the LHS functions of (30d)
and (30f), we can approximate Problem (30) by the following
problem in the (n + 1)th iteration:

K
minimize Z (ququk/a,QC — 2R {qupk} /ak) (33a)

ar,dk =1

s.t. diag (@k + ék) — 11, (33b)

M Qi ax]
QY My qi| =0, (33¢)

Lai qf 1]
X" (qr) > Tr (M), (33d)

_M1 Qr ar |
Qff My G| =0, (33¢)

La g 1]
X (@) = T (M) (33D

which can be solved by convex optimization packages such
as CVX. After solving Problem (33) and obtaining the optimal
q}. we can get the optimal solution of Q} by Qj = diag (q}).
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C. Overall Algorithm Description and Complexity Analysis

proposed BCD algorithm in
solves the downlink sum-rate

We summarize the
Algorithm 1, which
maximization problem (6).

Algorithm 1 BCD Algorithm for Problem (6)
1: Initialize maximum outer and inner iteration numbers,
namely Iax and Npax, as well as threshold eprate;
2: Initialize a feasible point { VY, QY };
3 while i < I and‘szzl firt oK f,i] > eRate
do

4:  Calculate U}‘C by (11);
5:  Calculate Z{ by (12);
6:
7

Calculate V" by (16);
while n < N,.. and ‘Zszl it — 25:1 I
€Rate do
Calculate q, py, GI;
: Calculate q}* by solving Problem (33);
10: n=n+1.
11:  end while
12:  Set Q};* = diag (q};*);
13: =1+ 1.
14: end while
15: output {V3,Q;r}.

>

o x

We first optimize the objective function of Problem (6)
by utilizing WMMSE and introducing auxiliary variables Uy
and Zj. Based on that, the complex non-convex problem can
be transformed into a problem that can be solved in an iterative
manner. Next, we employ the lower-complexity Lagrangian
dual method to optimize the beamforming matrix Vj and
obtain the optimal beamforming matrix V, through a bisection
search algorithm. Finally, for the optimization of the equivalent
TRC matrix Qy in the case of multiple STAR-RISs, we first
relax the non-convex constraints by analyzing the relationship
between the users and the STAR-RISs, and then optimize the
TRC matrix Qy, through the CCCP algorithm to obtain the
optimal solution.

The complexity of Algorithm 1 can be analyzed as follows.
According to [31], in Step 4 of Algorithm 1, the complexity
of computing the decoding matrix Uy, is O (K Ng). In Step 5,
the complexity of calculating the auxiliary matrix Zj is given
by O (K d3), where d denotes the corresponding number
of data streams (which is set as Ny in our simulations).
In Step 6, we have to calculate the beamforming matrices V.
We assume Ng > Ny > d (and this is how we set in
simulations). Hence, the complexity of computing the auxil-
iary matrices Ay is given by O (K Néd). The complexity of
calculating Vi in (16) is given by O (K Né’). The number
of iterations required for binary search can be represented
as log, (2=21), where A, and ) is the upper and lower
bound of A in binary search, and e is the threshold for
binary search to terminate. Hence, the overall complexity
of calculating the beamforming matrices Vj is given by
O (log, (M22) KNG).

Then, for the CCCP method to update Qg, according
to [33], in each iteration, the complexity of solving (33) is
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y
STAR-RIS 2
Region 1 Region 2 Region 3
Fig. 3.  The simulation scenario of the multi-STAR-RIS-assisted MIMO
network.

O ((LM)?). Thus, the total complexity for calculating Qy, is
O éNite(LM )3), where N, denotes the iteration number of
the CCCP method. According to the above analysis, the overall
complexity of Algorithm 1 can be estimated by

@ (Iite - max {log2 <>\u;)\1> KNg,Nite(LM)3}> ,
(34)

where I, denotes the number of iterations for the outer
iteration in Algorithm 1.

V. PERFORMANCE EVALUATION

In this section, numerical results are presented to
demonstrate the effectiveness of the proposed method for
multi-STAR-RIS-assisted MIMO communication systems.
We investigate the impact of different operating schemes,
transmit power, and the number of elements on the sum rate of
the system. We also compare the TRCs of each STAR-RIS/RIS
element under different schemes and analyze the impact of the
chosen scheme on the overall system performance in terms of
the sum rate.

A. Simulation Setup

Fig. 3 illustrates the considered simulation scenario, where
the BS and the STAR-RISs are located at (Om,0Om,20m),
(—20m, 20m, 25m) and (20m,40m, 15m), respectively.
K users are randomly allocated to the three regions separated
by the STAR-RISs.

All channels are assumed to follow the narrow band
quasi-static fading model [10]. Thus, the channel from the BS
to the [th STAR-RIS and the channel from the /th STAR-RIS
to the kth user can be modeled as Rician fading channels as
follows:

K, LoS 1 NLoS
Fl - V doBeélﬁ (V KBl}iilFlo + V KBR+1Fl ° )’ (35)

I _ D 1,NLoS
H, = dar?u( H, )
RU,k

(36)

Kru
Kgru+1

l,LoS 1
Hk + Kru+1

where dpr,; and dryi respectively denote the distance
between the BS and the /th STAR-RIS and between the
lth STAR-RIS and the kth user, apr and ary respectively
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TABLE 1
DEFAULT SIMULATION PARAMETER
Symbols  Physical Meaning Values
Np The number of BS antennas 4
Ny The number of antennas at each user 2
K The number of users 3
L The number of STAR-RISs 2
M The number of element at each STAR-RIS/RIS 32
QBR Pathloss exponent for the BS-STAR-RIS channels 2.2
QRU Pathloss exponent for the STAR-RIS-user channels 2.2
KBr Rician factor for the BS-STAR-RIS channels 3
Kgu Rician factor for the STAR-RIS-user channels 3
0 Pathloss at 1 meter —30 dB
o? User noise power —90 dBm
O'%EE The channel estimation error variance 0.2/0.4/0.6
Tmax Max number of outer iterations in Algorithm 1 40
Nmax Max number of inner iterations in Algorithm 1 25

represent the corresponding path loss exponents, Kpr and
KRy respectively denote the Rician factors, pg represents
the pathloss at a reference distance of 1 meter, FLoS and
HL’LOS are the deterministic line-of-sight (LoS) components,
and FNUS and HLN™5 are the random non-line-of-sight
(NLoS) components modeled as Rayleigh fading.

It is assumed that uniform square planar arrays (USPAs) are
equipped at the BS and the STAR-RIS [34]. Then, the LoS
components can be modeled as:

FlLOS = aRIs (GZOA’ eerA) agS (MZOD’ wZoD) ) (37)
1,LoS
H), * = ayser (Phoas Phoa) agIS (VRops Paon) - (38)

Here, wj p,wi,p are the azimuth and elevation angles of
departure (AoDs) at the STAR-RIS, respectively. ¥4 ;p, ¥aop
are the azimuth and elevation AoDs at the user, respectively.
0%.a and 0% , are the azimuth and elevation angles of
arrival (AoAs) at the STAR-RIS from BS, respectively. ¢% A
and ¢, are the azimuth and elevation AoAs at the user
from the STAR-RIS, respectively. The array response vector
ap (w?, w®),P € {RIS,BS, User} is given by

’ej27r§(gc sin @w? sin w®+y cos w®)

ap (w*,@w®) = |1, -

)

€j2ﬂ'§((\/X—1) sin w® sin w°+(\/X—1) cos wc) T

)

(39)

where w® and w® denote the azimuth and elevation AoAs or
AoDs. z = [(m—1)/v/M] and y = (m —1)modv/M. More-
over, s denotes the element/antenna spacing and v denotes the
carrier wavelength. For simplicity, we set s/v = 1/2. The
default simulation parameters are presented in Table I [10].

For comparison, the following benchmark schemes are
considered:

1) Multiple STAR-RISs with TS (MSRTS) Scheme: In this
case, all the elements of the STAR-RISs can only operate
in one mode within a time slot, i.e, either reflecting
signals or transmitting signals. For simplicity, we neglect
the synchronization errors between different STAR-RISs
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and assume that all STAR-RISs within each time slot
operate in the same mode.

2) Multiple STAR-RISs with SDR (MSR-SDR) Scheme: In
this scheme, we still consider the same system setting
as our proposed scheme, but we use the semi-definite
relaxation (SDR) algorithm in [10] with Gaussian ran-
domization to optimize the TRC matrices in Problem (30)
and compare its performance with our proposed scheme.

3) Multiple STAR-RISs with MS (MSRMS) Scheme: In this
case, all elements of each STAR-RIS are divided into
two states. One state contains M" elements that operate
in the transmission state while the other state contains
M" elements operating in the reflection state, where
M+ M* = M. The STAR-RIS TRC matrices is given

by 'I>ZE’MS = diag (w/ﬂflemil,--- ,,/ﬂg/[’lemf‘%l) €

CM*M where ﬂfml € {0,1}, d)fn,l €[0,27) and 3}, +
:n,l =1L

4) Multiple STAR-RISs with Equal ES (MSREES) Scheme:
In this case, each element of each STAR-RIS has the
same transmitting and reflecting coefficients, i.e., ﬁfn’l =

Trn)l = 0.5. For this scheme, we mainly focus on the
phases ¢! ,, ¢! , of each STAR-RIS element to maxi-
mize the sum rate for all users.

5) Conventional Multiple RISs (CMR) Scheme: We replace
each STAR-RIS with two adjacent RISs. Since each
STAR-RIS operates in the ES scheme in our proposed
scheme, each element can transmit and reflect signals
simultaneously. To ensure fairness in comparison between
multiple STAR-RISs and multiple RISs, we assume that
both adjacent RISs have M /2 elements, with one only
reflecting signals and the other only transmitting signals.

6) Single STAR-RIS (SSR) Scheme: In this case, we remove
the STAR-RIS located at (20m, 40m, 15m) and simplify
the situation to only one STAR-RIS. To ensure fairness
in comparison, we set the number of elements in the
remaining STAR-RIS to 2M.

7) Conventional Single RIS (CSR) Scheme: In this case,
we remove the STAR-RIS located at (20m,40m, 15m)
and replace the remaining STAR-RIS with two adjacent
RISs. Similar to the CMR scheme, we assume that both
adjacent RISs have M elements, with one only reflecting
signals and the other only transmitting signals.

B. Convergence Analysis

Fig. 4 illustrates the impact of different number of BS
transmit antennas N, number of receive antennas at each
user Ny, and number of elements at each STAR-RIS M on
the convergence performance of the proposed scheme. In this
simulation, P, is set to 30 dBm, the maximum number of
inner iterations Np,.x 1S set to 25, and the maximum number
of outer iterations I . is set to 40. The z-axis in Fig. 4
represents the outer iteration index.

As can be seen in Fig. 4, when we increase Ng, Ny, and M,
the sum rate of all users is improved. This is because increas-
ing the number of transmit and receive antennas at the BS and
each user allows more spatial multiplexing gain to be achieved,
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Fig. 4. Convergence analysis of proposed scheme for various Ny, Ny,

and M where Ppax = 30 dBm.

and more data streams can be transmitted. At the same time,
increasing the number of elements M at each STAR-RIS/RIS
enables more degrees-of-freedom for controlling the channel,
which also improves the data rates in the system. By doubling
the number of STAR-RIS elements M, the user sum rate
improvement is more pronounced when Np and Ny are large.
For example, when Ng = 12 and Ny = 8, the sum rate
increases about 2 bits/s/Hz, while the sum rate increases only
about 0.6 bits/s/Hz when Ng = 4 and Ny = 4.

C. Impact of Imperfect Channel State Information

In this subsection, we consider the impact of imperfect
channel state information. We set the number of elements for
each STAR-RIS as 32, the maximum transmit power of the
BS as 30 dBm, the number of transmit antennas for the BS
as four, and the number of receiving antennas for the user
terminal as two.

We adopt the channel estimation model from [35], intro-

ducing channel estimation error matrices F and H, into
the channels from the BS to the STAR-RIS F and from the
STAR-RIS to the kth user Hy,, where F' and H;, are matrices
whose elements follow i.i.d. complex normal distributions with
zero mean and variance oZpp.

Fig. 5 presents the performance of the proposed scheme
under different 02y Clearly, as oy increases, the per-
formance of the proposed scheme gradually becomes worse.
This is because the inaccuracies in channel estimation prevent
precise BS beamforming and TRC matrices optimization,
resulting in an overall decrease in user communication rates.
Considering the relatively large number of channels in the
multi-STAR-RIS system, channel estimation errors will have
a more pronounced impact in real systems.

D. Comparison With Benchmark Schemes

We set the number of elements for each STAR-RIS as 32,
the maximum transmit power of the BS as 30 dBm, the
number of transmit antennas for the BS as four, and the
number of receiving antennas for the user terminal as two.

Authorized licensed use limited to: Nanjing University. Downloaded on March 10,2026 at 07:06:34 UTC from IEEE Xplore. Restrictions apply.



LIU et al.: DOWNLINK RESOURCE OPTIMIZATION IN MULTI-STAR-RIS-ASSISTED MIMO NETWORKS

—h——h—%k

Sum rate (bit/s/Hz)

—O— Proposed scheme, perfect CSI
—E— Proposed scheme, o2, = 0.2

Proposed scheme, o2y, = 0.4
—sfe— Proposed scheme, 02, = 0.6

| 1 | 1

1

5 10 15 20 25 30 35 40
Number of iterations

Fig. 5. User sum rate of proposed scheme under different channel estimation
error variance O’%EE.
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Fig. 6. The empirical CDF of sum rate of all schemes where
Np =4,Ny =2,M = 32 and Ppax = 30 dBm.

To validate the performance of different schemes, the
simulations are conducted as follows: We randomly place
users within each region and evaluate the performance of
all schemes at each user locations. We perform 1,000 user-
location simulation runs for each scheme to observe their
statistical performance. Fig. 6 presents the empirical CDF
graph based on the simulation results of these schemes.
From Fig. 6, it can be observed that our proposed scheme
outperforms other schemes.

The performance of the MSR-SDP scheme, MSRMS
scheme and the MSREES scheme are slightly inferior to our
proposed scheme. This can be attributed to the fact that in the
MSR-SDP scheme, Problem (30) is solved through SDR with
Gaussian randomization, and the solution of this scheme is
not as good as our proposed scheme. In the MSRMS scheme,
each element of the STAR-RIS is limited to operating in either
the reflection or transmission state. In contrast, our proposed
scheme enables flexible adjustment of the TRC for each
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Fig. 7. Average sum rate comparison of different schemes based on empirical
CDF results.

element, resulting in better performance. In the MSREES, the
fixed transmitting and reflecting coefficients limit its overall
performance. The performance of the MSRTS scheme is
slightly inferior than the MSREES scheme. The reason could
be that, in the MSRTS scheme, each STAR-RIS operates in
the same state within a time slot, leaving at least one user
unserved in every time slot.

Furthermore, the performance of other schemes considered
in the benchmarks is comparatively worse than that of our
proposed scheme. The CMR scheme performs worse than the
multi-STAR-RIS scheme when considering the overall service
for all users, as the RIS can only serve users on one side. The
CSR scheme and SSR scheme achieve poorer performance
compared to multiple STAR-RIS/RIS case. This is because,
by removing additional STAR-RISs/RISs, the average dis-
tance between the remaining STAR-RIS/RIS and the users
increases. Therefore, the average signal quality degrades, even
though we increase the number of elements at the remaining
STAR-RIS/RIS.

Fig. 7 shows the bar chart of average rates for different
schemes obtained from 1,000 random simulations. In terms
of performance, our proposed scheme achieves a 2.82%,
9.59%, 17.97%, and 26.14% improvement over the MSR-SDP
scheme, the MSRMS scheme, the MSREES scheme, and the
MSRTS scheme, respectively. Compared to the CMR scheme,
our proposed scheme provides a 38.99% improvement, while
compared to the SSR scheme and CSR scheme, it yields a
51.07% and 63.85% improvement, respectively. The reasons
behind these observations are similar to the explanations
provided for Fig. 6.

E. Impact of User Numbers

In order to verify the feasibility of the proposed model
with different numbers of users, we perform a comparative
study for the proposed scheme under different number of users.
We set the number of elements for each STAR-RIS as 32, the
maximum transmit power of the BS as 30 dBm, the number
of transmit antennas for the BS as four, and the number of
receiving antennas for the user terminal as two. The initial
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Fig. 9. Average sum rate comparison of different numbers of users based
on empirical CDF results.

number of users is 3, and then the number of users in each
region increases by 1 until the total number of users in the
entire system reaches 12.

As shown in Fig. 8, in the scenario where user locations
are randomly distributed 1000 times, the proposed scheme still
maintains good performance with 12 users. Compared to the
case with 3 users, the average user sum rates increases by
5.13%, 7.90%, and 9.88% for 6, 9, and 12 users, respectively.
Additionally, the improvements of average user sum rates from
3 users to 6 users, from 6 users to 9 users, and from 9 users
to 12 users were 5.13%, 2.63%, and 1.83%, respectively. This
is because as the number of users increases, the interference
among them also increases, resulting in a relatively smaller
overall increase in user sum rates.

We also consider the performance comparison of the pro-
posed scheme, SSR scheme, and CSR scheme for different
numbers of users. Fig. 9 provides a bar chart comparing the
performance of the three schemes as the number of users
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varies. Clearly, the performance of multi-STAR-RIS remains
superior to that of single STAR-RIS and single RIS. Moreover,
it is observed that the average sum rate growth of the single
RIS case is inferior to that of single STAR-RIS and multi-
STAR-RIS cases as the number of users increases.

FE Impact of Element Number at Each STAR-RIS/RIS

Fig. 10 demonstrates the performance of different schemes
under varying numbers of STAR-RIS/RIS elements. In the
simulation, the maximum transmit power of the BS is set
to 30 dBm, the number of transmit antennas in the BS is
four, and the number of receive antennas is two, while only
the number of elements at each STAR-RIS/RIS is changed.

As shown in Fig. 10, the performance of all schemes
improves with the increase of the number of elements at
each STAR-RIS/RIS. This is because with the increase in
the number of elements, each STAR-RIS/RIS has more
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Fig. 12. TRC of different schemes.

degrees-of-freedom to optimize the TRC matrices or the
phases to improve the communication quality for all users.
The growth trend of our proposed scheme is similar to
that of MSR-SDP, MSRMS, MSREES, and MSRTS schemes,
as all these schemes consider multi-STAR-RIS. After the
number of elements increases from 32 to 96, the performance
improvements of these five schemes are 11.50%, 11.47%,
11.32%, 11.13%, and 11.11%, respectively. In contrast, the
performance growth of the CMR, SSR, and CSR schemes
is relatively slower. After the number of elements increases
from 32 to 96, the system performance improves by 10.93%,
10.18%, and 10.08%, respectively. The performance growth
of the MSRMS scheme is mainly because as the number of
elements at each STAR-RIS increases, more parameters in
the TRC matrices can be optimized in the MSRMS scheme,
which can improve the communication performance of the
system. The MSRTS and MSREES schemes only optimize the

Element of STAR-RIS 1
(d) The second STAR-RIS’s TRC /J’fn ; of MS scheme

transmitting and reflecting phase shifts ¢}, ; and ¢, , while
keeping the coefficients [, ; and 3, ; of each element of
the STAR-RIS fixed, but a larger number of elements in each
STAR-RIS still provides more degrees-of-freedom for optimiz-
ing the effective channel, thus improving the communication
quality for the users.

G. Impact of the Max Transmit Power Ppax

Fig. 11 presents the performance of different schemes under
various BS transmit power. In the simulations, the element
number of each STAR-RIS/RIS is set to 32, the number of the
BS transmit antennas is four, and the number of user receive
antennas is two, with only the maximum transmit power of
the BS being varied.

As seen from Fig. 11, with the increment of BS transmit
power, all schemes achieve some improvement in performance.
This is because as the transmit power of the BS increases,
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Fig. 13. The TRC ﬂfn of single STAR-RIS scheme.

the signal-to-interference-plus-noise ratio (SINR) of the users
improves, thereby enhancing the users’ data rates.

When the transmit power is small, the difference in system
performance among all schemes is small as shown in Fig. 11.
However, as the transmit power increases, performance differ-
ences between the schemes gradually emerge. The main reason
is that the user data rate is low when the transmit power is
small. As the transmit power increases, the SINR improves,
and optimizing the beamforming at BS as well as the TRC at
the STAR-RIS/RIS can effectively enhance the communication
quality for users. Therefore, the advantage of our proposed
scheme compared to other schemes is more visible at high
transmit power.

H. Analysis of TRCs

In this section, we compare the TRCs of different schemes
related to STAR-RIS. In the simulations, the element number
of each STAR-RIS/RIS is set to 32, the number of the BS
transmit antennas is four, the number of user receive antennas
is two, and the maximum transmit power of the BS is 30 dBm.

Fig. 12(a) and Fig. 12(b) show the TRCs of our proposed
scheme for the first and the second STAR-RIS, respectively.
In Fig. 12(a), we can observe that the transmitting coefficient is
generally larger than the reflecting coefficient for the elements
of the first STAR-RIS. However, the reverse is true for the
elements of the second STAR-RIS as shown in Fig. 12(b), with
the reflecting coefficient generally larger than the transmitting
coefficient. This is because in our simulation setup, the BS is
located on the far left, and the communication quality of users
on the far right is often difficult to guarantee. Threfore, the first
STAR-RIS, which is nearer to the BS, serves the users located
on its transmission side by employing a higher transmission
coefficient, while retaining a portion of its reflection coefficient
to cater to users positioned on its reflection side. Conversely,

the second STAR-RIS, which is farther to the BS, compensates
for the lower reflection coefficient of the first STAR-RIS by
employing a higher reflection coefficient, ensuring communi-
cation quality for users located on its reflection side, while
also preserving some transmission coefficient to serve users
on its transmission side.

Fig. 12(c) and Fig. 12(d) show the TRCs of the MS
scheme. Fig. 12(c) represents the TRCs of the first STAR-RIS,
while Fig. 12(d) represents the TRCs of the second STAR-
RIS. Similar to our proposed scheme, in Fig. 12(c), more than
half of the elements operate in the transmitting state, while
in Fig. 12(d), more than half of the elements operate in the
reflecting state. The reason for this aligns with the analysis
presented in Fig. 12(a) and Fig. 12(b). Given the equal TRCs
for elements of STAR-RISs in the MSREES scheme, i.e.,
B = B3 = 0.5, we omit the figure with the TRC results
for the MSREES scheme.

Fig. 13 shows the TRCs of the SSR scheme, where only a
single STAR-RIS is placed in the system. From Fig. 13, it can
be seen that the transmitting coefficient of this STAR-RIS is
higher than the reflecting coefficient for more than half of the
elements. This is related to the simulation environment. Since
there is only one user located in the reflecting region and two
users in the transmitting region of the STAR-RIS, the TRC
optimization is biased to the users in the transmitting region
to ensure their communication quality.

VI. CONCLUSION

This paper investigates the downlink resource optimization
for a MIMO communication system with multi-STAR-RIS
assistance. Taking into account the beamforming of the BS
and the coupling between multiple STAR-RISs, we address
the problem of maximizing the sum rate subject to constraints
of the transmit power of the BS and the coupling between
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multiple STAR-RISs. To solve this problem, we use the BCD
method to alternate between optimizing the active beamform-
ing of the BS and the TRC matrices of the STAR-RISs. For the
beamforming matrix design, we reformulate the problem using
the WWMSE method and use the Lagrange duality method
to obtain the optimal solution with reduced computational
complexity. For the TRC matrix optimization, we introduce
auxiliary variables to eliminate the coupling relationship and
solve the problem by utilizing the CCCP method.

Our results show that the proposed scheme achieves a higher
rate than other STAR-RIS working schemes, with superior
performance under different element numbers of STAR-RIS
and BS transmit power. Multiple STAR-RISs can serve more
users and perform better than a single STAR-RIS. Moreover,
the network performance assisted by STAR-RISs is generally
superior to that assisted by conventional RISs.

For our future work, how to optimally deploy multiple
STAR-RISs in networks needs to be explored, as the deploy-
ments of multi-STAR-RIS may affect the quality of both
transmission and reflection channels. Additionally, imperfect
channel state information and channel estimation in multi-
STAR-RIS-assisted systems needs to be further investigated
in the future research.
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