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ABSTRACT As the demand for high-speed data transmission grows with the expected emergence of
6G networks and the proliferation of wireless devices, more than traditional wireless infrastructure
may be required. Small cell networks (ScNs) integrated with reconfigurable intelligent surfaces (RISs)
and multiple-inputmultiple-output (MIMO) have emerged as promising solutions to address this issue.
However, ScNs have resource allocation limitations, and traditional RISs can only reflect signals in a limited
propagation space of 1800 with fixed reflection properties. This paper proposes a novel approach to overcome
these challenges by introducing actively simultaneously transmitting and reflecting (ASTAR)-RISs. Unlike
conventional RIS, ASTAR-RISs actively amplify and transmit signals, effectively mitigating the limited
propagation challenge and improving signal strength, especially in dense ScNs. This approach enhances
the quality of service in complex channel environments by amplifying, on top of reflection, from the macro
base station (mBS), improving the overall signal strength, and providing 3600 flexible propagation space.
Furthermore, ASTAR-RIS enables dynamic beam management, significantly improving signal coverage
and interference management, which are crucial in dense deployments. In this work, we propose a network
architecture where distributed ASTAR-RIS units are deployed to assist small cell mBSs by optimizing signal
coverage and enhancing communication performance. ASTAR-RISs dynamically control signal reflection
and amplification, complementing the functionality of traditional small-cell BSs in dense network environ-
ments. Using the MIMO technique, we design phase shifts for ASTAR elements and develop optimal hybrid
beamforming for users at the mBS. We dynamically control the ON/OFF status of the ASTAR-RIS based on
active or idle status. We propose an efficient model that ensures fairness of signal-to-noise ratio (SNR) for
all users and minimizes overall power consumption while meeting user SNR and phase shift constraints. To
this end, we integrate robust beamforming and power allocation strategies, ensuring the system maintains
reliable performance even under imperfect channel state information (CSI). We formulate a max-min
optimization problem that optimizes the SNR and power consumption, subject to the ON/OFF status, phase
shift, and power budget of the ASTAR-RIS. Our proposed method uses an alternating optimization algorithm
to optimize the phase shift matrix at the ASTAR-RIS and the hybrid beamforming at the mBS. The approach
includes two transmission schemes, and the phase optimization problem is solved using a successive convex
approximation method that offers a closed-form solution at each step. Additionally, we use the dual method to
determine the optimal ON/OFF status of the ASTAR-RIS. Comprehensive simulations validate the robustness
and scalability of our proposed solution, particularly under varying network densities and CSI uncertainties.
provides significant performance improvements over 170% compared to traditional RIS schemes.

INDEX TERMS Actively simultaneously transmitting and reflecting reconfigurable intelligent surfaces,
hybrid beamforming, multiple-input-multiple-output, small cell networks.

I. INTRODUCTION up to 100 times faster than 5G, 6G will enable unprece-
The current research thrust is to develop 6G technology, dented levels of data transfer, ultra-low latency, massive
which is expected to be a transformative innovation set to device connectivity, unlocking new applications, and previ-
revolutionize connectivity and reshape our world. With speeds  ously unimaginable opportunities [1]. Network densification

© 2024 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

128 VOLUME 6, 2025


https://orcid.org/0000-0001-6789-4457
https://orcid.org/0000-0002-6631-3478
https://orcid.org/0000-0001-6695-370X
https://orcid.org/0000-0002-4886-8349
https://orcid.org/0000-0002-7634-6994
mailto:shakil@iastate.edu
mailto:ahossain@eit.ac.nz

IEEE Open Journal of

Vehicular Technology

is crucial to increasing overall network capacity to support the
exponential growth of data traffic. One of the key elements
in achieving this goal is the integration of multiple-input-
multiple-output (MIMO) technology and the deployment of
cost-effective small cell networks (ScNs) with wireless back-
hauling, which provide on-demand connectivity to users [2].
ScNs are low-cost radio access points with a small radio fre-
quency (RF) power output and coverage range.

To understand the importance of ScNs and MIMO
technology, we must first explore how they can be integrated
to meet the requirements of 6G. While ScNs are crucial for
increasing network capacity and providing cost-effective
connectivity to ground users, there are still limitations to
ScNs that need to be addressed, such as limited coverage
area and backhaul capacity. MIMO technology with hybrid
beamforming can be integrated to overcome these limitations
to enhance spectral efficiency, signal quality, coverage,
and network capacity. However, integrating MIMO with
beamforming technologies in ScNs can be challenging.
Mainly, channel modeling using MIMO in ScNs for 6G is not
straightforward due to the ultra-dense deployment of ScNs,
higher operating frequencies, and the small form factor of
ScNs. Accurate and advanced channel modeling is crucial
to overcome the limitations and ensure ScNs’ successful
deployment and operation in 6G. In addition to the challenges
mentioned earlier, deploying ScNs with MIMO technology
may need to compromise with excessive energy consumption.
Using multiple antennas and advanced signal processing
techniques can increase the energy consumption of ScNs,
which can be problematic in scenarios where the power
supply is limited, such as in remote or rural areas. Moreover,
deploying large numbers of ScNs with MIMO technology
can increase the overall energy consumption of the network.

Reconfigurable intelligent surfaces (RISs) have emerged
as a promising technology to overcome the challenges faced
by ScNs and revolutionize the way wireless communication
networks may operate in 6G. With their meta-surface archi-
tecture, low energy consumption, and dynamic incident signal
controlling capabilities, RISs have the potential to improve
the capacity and coverage of ScNs significantly. By enhanc-
ing wireless signal quality and extending coverage, RISs can
improve the efficiency of beamforming techniques and op-
timize the signal-to-noise ratio (SNR) at the receiver. They
can also facilitate the creation of new network architectures
that provide users with seamless connectivity and a higher
quality of service (QoS). Overall, RISs are highly promising
for enhancing the capacity and coverage of ScNs in 6G and
may be a game-changer in designing the channel gain for the
future of wireless communication [3].

RIS is a transformative technology for future wireless
networks, capable of smartly manipulating electromagnetic
waves. This capability is critical in unifying far-field and
near-field communications, foundational to deploying BSG/
6G networks. Far-field communications have traditionally
dominated wireless systems, but as we advance into higher
frequency bands like millimeter-wave and terahertz, near-field
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effects become more pronounced and relevant [4], [5]. RIS
can seamlessly bridge these two domains by dynamically
adjusting wavefronts to optimize signal strength and direc-
tionality at varying distances. Our research further explores
the deployment of ASTAR-RIS in such scenarios, emphasiz-
ing its dual capability in active transmission and reflection. It
is pivotal for environments where both range and precision are
demanded.

Regrettably, conventional RISs cover only half of the
propagation space, equivalent to 180°. This may leave
many users on the other half of the space out of service.
Due to geographical constraints, this limitation can cause
practical issues when the terminals are not located on both
sides of the RISs. A recent concept has been introduced to
address this problem, known as simultaneously transmitting
and reflecting (STAR)-RIS [6]. It enables the splitting of
signals into two regions, the transmission and reflection
regions, while also permitting simultaneous reflection and
refraction of signals incident on the surface. Specifically,
when a signal reaches a specific element from either side
of the surface, a portion of the incident power is refracted
towards the opposite side and reflected towards the same
side. The performance of STAR-RIS may not be optimal
in dynamic and complex channel conditions with higher
SNR since all the existing literature focuses on designing the
reflection properties of passive elements [6], [7], [8], [9], [10],
[11]. However, research has yet to be conducted to address
these limitations of STAR-RIS. However, the assumption
of no interference between multiple cells oversimplifies
real-world scenarios. Interference management is critical
in multi-cell environments where inter-cell interference can
significantly degrade system performance. By considering a
single-cell model without interference, the network dynamics
in larger multi-cell deployments are overlooked, reducing the
practical applicability of the proposed solution. Therefore,
this work incorporates additional interference modeling to
represent realistic multi-cell scenarios better, offering a more
comprehensive performance analysis. Moreover, the main
difference between active and passive RIS lies in the ampli-
fication capabilities of active RIS, which inevitably leads to
increased power consumption. It is crucial to acknowledge
that the energy consumption of active RIS depends on the
amplification coefficient. The initial assumptions in this
study that overlook the direct relationship between energy
consumption and the amplification factor are oversimplified.
To address this, we revise our model to include a realistic
energy consumption model for active RIS that explicitly
accounts for the amplification coefficient, ensuring alignment
with the physical characteristics of active RIS technologies.

Although RIS and STAR-RIS technologies have shown
promise in improving wireless communication, they come
with notable limitations regarding passive and fixed reflection
properties, which this paper seeks to overcome. In this paper,
we bridge the research gap by adding active properties on
top of reflection and introducing a novel concept, the actively
simultaneously transmitting and reflecting (ASTAR)-RIS
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FIGURE 1. Operating Principle of ASTAR-RIS in ScNs.

panel to ScNs. The basic working principle of an ASTAR-RIS
is shown in Fig. 1. It can improve efficiency in ScNs by
reducing path loss and energy consumption. Moreover, the
SNR can be increased without increasing the transmission
power. In addition, ASTAR-RIS can be used to optimize
the deployment of ScNs in a given area, which can further
reduce energy consumption. However, it is essential to note
that when RISs are in operation, they also require energy for
signal control. Therefore, keeping the RISs OFF when not
engaged in communications is crucial to achieving optimal
efficiency. However, there is a trade-off between maximizing
efficiency and the optimal functionality of the network. There
are many strategies for controlling the sleep cycle of nodes,
with dynamic sleeping modes being of current interest as
they are based on the traffic and density of the network.
Dynamic strategies can be controlled by the access point,
user, or network, with each option offering advantages and
disadvantages.

A. RECENT WORK AND MOTIVATIONS

There has been extensive research on ScNs in recent years
to address various challenges, such as including time-division
multiple access scheduling [12], [13], orthogonal frequency-
division multiple access scheduling [14], fractional frequency
reuse [15], and power control [16]. A multi-domain manage-
ment scheme optimizing scheduling and power was proposed
in [17]. Another approach to address the power consump-
tion issue in ScNs is selectively putting some BSs to sleep
while maintaining the QoS for users [18]. Researchers have
also proposed various algorithms to optimize ScNs perfor-
mance, including subcarrier allocation [19]. Additionally,
spatial multiplexing in non-cooperative two-tier networks has
been explored [20].

Recent studies have emphasized the potential of RIS
technology, including STAR-RIS, as a key enabler for next-
generation networks. The STAR-RIS concept was introduced
in [10], [11] and further validated through prototype im-
plementations by NTT DOCOMO [21]. STAR-RISs offer a
unique advantage by simultaneously transmitting and reflect-
ing incident signals. Other significant implementations in-
clude manipulating transmission and reflection via graphene-
based dynamic metasurfaces [22] and multi-layer metasur-
faces [23]. Coverage optimization in STAR-RIS-supported
NOMA and orthogonal multiple access systems was stud-
ied in [24]. Moreover, RIS technology applications in indoor
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multi-user downlink communication systems have been stud-
ied, optimizing analog and digital beamforming to maximize
total system rates [24]. A branch-and-bound algorithm was
developed for finite set phase shift designs in RIS [25], while
other studies focused on minimizing total transmit power for
MIMO RIS-assisted NOMA systems [26], [27], [28].

Further research explored optimization techniques for out-
age probability in multiple RIS-assisted systems [29], max-
imizing received power in downlink millimeter-wave com-
munications [30], and designing double-hop RIS-assisted
systems [31]. In multi-cell networks with NOMA, joint op-
timization for multi-RIS-assisted full-duplex systems was
investigated [32]. However, energy efficiency remains a con-
cern, as RISs consume power during signal control [33], [34],
[35], [36]. In addition, recent advancements have focused on
optimizing RIS performance through joint resource alloca-
tion and system design [37]. Particularly, solutions targeting
hybrid beamforming in RIS-assisted networks have been pro-
posed [38], demonstrating improvements in spectral efficiency
and energy savings. Despite these advances, the potential of
integrating ASTAR-RIS with MIMO technology remains un-
explored.

While previous research has explored various aspects of
RIS technology, including STAR-RIS applications, phase shift
optimization, and energy efficiency [10], [11], [24], [33], our
work is distinct in its focus on ASTAR-RIS-assisted ScNs
with MIMO technology, which has not been previously ad-
dressed in the literature. Unlike traditional passive or STAR-
RIS systems, which only reflect or passively split signals, the
proposed ASTAR-RIS system actively amplifies, reflects, and
transmits signals simultaneously, significantly improving per-
formance and energy efficiency. Additionally, our approach
uniquely integrates dynamic ON/OFF control of ASTAR-
RIS elements, optimizing energy consumption by deactivating
idle elements, an aspect overlooked in prior studies. Fur-
thermore, we introduce a novel hybrid beamforming design
for ScNs, which optimizes the ASTAR-RIS phase shifts and
the mBS beamforming to minimize power consumption and
maximize SNR. By leveraging a successive SCA method
and dual optimization techniques, we provide a comprehen-
sive solution that enhances the overall efficiency of ScNs,
demonstrating a 170% improvement in network performance
compared to conventional RIS systems. These contributions,
especially integrating ASTAR-RIS with hybrid beamforming
and energy-efficient control mechanisms, differentiate this
work from existing studies.

B. CONTRIBUTION
This study investigates the efficiency of ASTAR-RIS-assisted
ScNs using MIMO and designs optimal hybrid beamforming
and ASTAR-RIS phase shifts. To summarize, the contribu-
tions of this paper are as follows:
® We propose a novel distributed ASTAR-RIS-assisted
ScNs in which an ASTAR-RIS serves multiple micro
users in transmission and reflection regions. Our work
proposes using distributed ASTAR-RIS technology to
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overcome the challenges of unstable links and blocked
communications between nodes in next-generation wire-
less networks by reflecting, transmitting, and amplifying
incoming signals simultaneously, making it a promising
solution to improve the performance of ScNs.

® Qur approach aims to maximize the network’s efficiency
by dynamically controlling each ASTAR-RIS’s ON/OFF
status and optimizing the reflection coefficient matrix.
We also consider the energy consumption of all nodes,
including the ASTAR-RIS. Furthermore, we introduce
a binary variable to determine if the ASTAR-RISs are
active or turned OFF when idle, leading to significant
energy savings. Although RISs lack an amplifier and
consequently result in lower gain, our study demon-
strates that higher performance and significant energy
savings can be achieved by appropriately designing the
phase shifts of ASTAR-RISs and optimizing the energy
consumption of all nodes.

® Proposed phase shift design adjusts the reflected signals’
phase at each ASTAR element, steering the signal to-
ward the desired receiver to enhance signal strength. Our
study aims to minimize the network’s overall power con-
sumption and maximize the SNR while satisfying user
rate, power budget, and ASTAR-RIS ON/OFF status
constraints. To achieve this, we optimize the phase shift
matrix of the ASTAR-RIS and the hybrid beamforming
of the macro BS (mBS). We present two transmis-
sion schemes and formulate an optimization problem to
design the ASTAR-RIS phase shift and hybrid beam-
forming. We use a successive convex approximation
(SCA) method to solve the phase optimization problem,
providing a closed-form solution at each step. Addition-
ally, we use the dual method to determine the optimal
ASTAR-RIS ON/OFFE.

® By analyzing the simulation results, we illustrate that
our proposed approach outperforms the conventional
RIS regarding efficiency, yielding over 170% improve-
ments. The findings reveal that optimizing the phase
shifts applied by the ASTAR-RIS and hybrid beamform-
ing results in better ScNs’ performance.

C. MATHEMATICAL NOTATIONS

The scalar is defined as a, the vector as a, and the matrix as A.
A diagonal matrix with diagonal components is denoted by
diag(-). The notation [y], indicates the n-th element of vector
y, whereas [yli, denotes the (k,n)-th element of matrix
y. Euclidean norm of vector y is represented by |y|. The
notation CN(y, o) represents the distribution of a complex
circularly symmetric Gaussian variable having a mean of y
and a covariance of o. Vector y conjugate is denoted by y*,
its transpose is denoted by y”, and its conjugate transpose
is denoted by y”. The real and imaginary components of
a complex number x can be denoted as R(y) and Z(y),
respectively.
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Il. PROPOSED SYSTEM MODEL

A. SCENARIO DESCRIPTION

We investigate the use of ASTAR-RISs in ScNs, considering
a downlink transmission and MIMO. The network comprises
an mBS for widespread wireless coverage, L number of
ASTAR-RISs, where [ = 1, 2, ..., L refers to ASTAR-RIS, /.
Our study assumes that the ASTAR-RISs, L are distributed.
ASTAR-RIS, I, serves a single ScN and has N; number of
elements, where n; = 1,2, ..., N;, refers to the elements in
the ASTAR-RIS panel, [. Each ScN uses a unique resource
block to prevent interference during data transmission. How-
ever, in a multi-cell scenario, signals from neighboring cells
can interfere with users in a given cell, leading to inter-cell
interference. This interference must be mitigated to ensure
robust system performance. The network has three types of
users: transmission, reflection, and macro. The transmission
and reflection users reside in the transmission and reflection
regions of ASTAR-RIS, respectively. Assuming that multiple
users in the network require data streams to be transmitted
from the mBS, we employ a sub-connected hybrid beamform-
ing structure with R number of RF chains.

The transmission users are numbered as K;, where k; =
1,2, ..., K;. The reflection users are numbered K,, where
kr =1,2,...,K,. The mBS serves the macro user, denoted
as k;,, without any assistance of ASTAR-RIS. We assume that
mBS has M antennas that are uniformly arranged in a linear
array, while each user in macro, transmission, and reflection
regions is equipped with only one antenna.

In this work, we explicitly model inter-cell interference
to capture the impact of signals transmitted by mBSs in
neighboring cells. These interfering signals are particularly
relevant in dense deployments, where adjacent cells have
overlapping coverage areas. The interference differentiates
the multi-cell system from a single-cell setup, affecting each
user’s signal-to-interference-plus-noise ratio (SINR). As de-
picted in Fig. 2, each ScN contains multiple users, situated in
both the transmission and reflection regions of the ASTAR-
RIS. Our proposed model aims to create an efficient network
that supports users in the ScN transmission and reflection
regions. This model presents a promising effective wireless
network deployment solution by optimizing the ASTAR-RIS
phase shift and hybrid beamforming. The symbols utilized in
the paper are listed in Table 1.

B. CHANNEL MODELING

Tall obstacles are assumed to obstruct the line-of-sight link
between the mBS and the reflection and transmission region
users. We, therefore, model the channel propagation through
the ASTAR-RIS, [ for k; and k,, as shown in Fig. 3. We
consider macro user, k;,, can communicate with the mBS us-
ing line-of-sight links, saving the resource from ASTAR-RIS.
We define the channel gains from mBS to k,, as g, € C1*R
mBS to k; as g € C'*R, mBS to k, as g, € C'*X mBS to
ASTAR-RIS, [ as G; € CN*M  ASTAR-RIS, [ to user &, (at
reflection region) as hy, € C'"*Ni and ASTAR-RIS, [ to user
k; (at transmission region) as hy;, € CHN

131



AHMED ET AL.: OPTIMIZING SMALL CELL PERFORMANCE: A NEW MIMO PARADIGM WITH DISTRIBUTED ASTAR-RISS

W\
\
IA;;I;ARHE

Small cell

Macro cell

FIGURE 2. Proposed system model.

TABLE 1. List of Symbols Used in the Paper
Symbol Definition Symbol Definition
L ASTAR-RIS Ky Transmission users
N Elements a Path loss exponent
d Distance K, Reflection users
km macro user @Lr Coefficient matrix
M Antennas (-)éq Coefficient matrix
Sk, Channel gain Rlos LOS component
G, Channel gain Rplos NLOS component
hy,. Channel gain Bp Large scale path loss
T Rician factor wa s GLT Phase shift
[)’fCt ﬁ]lvr Amplitude T Binary variables
Sk s sgl Signals Wi} Beamforming
Phisrmy Circuit power Db mBS circuit power
Yy SNR DRIS RIS power consumption
Sk, Channel gain k.. Channel gain
R RF chain ¢ Variable
(ks ky} Gain Dk ke Transmit power
Ap, k. | Variable A\ Analog beamforming
Yk, k,} | Signals Wk, ky k) | Digital beamforming

FIGURE 3. Gain demonstration of the proposed ScNs.

We use the block flat-fading based-channel modeling
throughout the paper. The definition of the large-scale path
loss is provided in [39] as follows:

Gir+Gre=3595 . Gir+Gre—33.05
10 10

10

Bp = , (D

dOl
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where the antenna gains at transmitting and receiving nodes
are Gy and G, respectively, while the variable d represents
the distance between the communicating nodes. « defines the
path loss exponent. The channel gains, such as Gy, hy,, hy,,
are modeled as Rician fading channels. In general, the channel
gain from two communicating nodes is expressed as follows:

nlos
Vl-l—T Vl—i—T @

where Rician factor, denoted by T, is defined along with the
line-of-sight and non-line-of-sight components, represented
by RIS and R™°S, respectively. Both components are mod-
eled using complex Gaussian distribution CN(0, 1). While
the optimization methods proposed in this work are non-
parametric and do not strictly depend on a specific channel
model, we include the channel model in this section to provide
a complete description of the system setup, as recommended
by previous studies [25], [40]. This model helps contextual-
ize performance metrics such as SNR and energy efficiency,
which are influenced by channel conditions like path loss
and fading [41]. Including the channel model also aligns
with established RIS literature, highlighting the importance
of considering physical layer characteristics for real-world
deployment. Additionally, this model is beneficial for inter-
preting practical metrics, enabling a better understanding of
overall system performance. Readers primarily focused on
the optimization framework may note that the methods are
independent of the specific channel model. Thus, this section
can be regarded as supplementary to the core analysis.

C. PROPERTIES OF ASTAR-RIS
We define the diagonal coefficient matrix of ASTAR-RIS, /
for transmission space user, k; as follows:

Ok _dlag< lej kt’. ,Bm j9 . ,BN[ JO, ) 3)

where the amplitude and phase shift of ASTAR element n;
in @k € CNi*Niare defined as 1 < ,3"’ and 9"’ € [0, 27),
respectlvely Additionally, we define the dlagonal coefficient
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matrix of the ASTAR-RIS for reflection space user &, as:

A ) (4)

where the amplitude and phase shift of n; ASTAR element for
the reflection space user k, are represented by ,3”’ and 9"1
[0, 27), respectively. We define in the d1ag0nal coefﬁ01ent
matrix (-)f( € CN*Ni| These adjustments are applied to the
incident signals during reflection. We define s™ as the wireless
incident signal to characterize the ASTAR-RIS feature. When
a wireless signal reaches ASTAR element, n;, the signal is
divided into refracted and reflected signals as s, and sy,
respectively. Recent research in [42] suggests that reflection
and transmission properties of n; are generally independent.
The refracted signals by ASTAR-RIS, n; element is modeled
as follows [7]:

@l — di 1 j9k11 ny 19
ky — 1ag ﬂkre Ty ﬂ )

n gni 0!
Sk, =8 ,Bk’e 4 &)

Similarly, the reflected signals by ASTAR-RIS, n; element is
modeled as follows:

= syt (©)

The coupling between ,3,’;’ and ﬂk: is governed by the law
of energy conservation [7]. We express the amplitude coeffi-
cient due to the transmission and reflection properties of the
element, n;, as follows:

2B +8! )

This paper investigates the correlation between the phase
shift and amplitude during the transmission and reflection
processes of ASTAR-RIS. We aim to establish a mathematical
model that can be utilized to design and implement ASTAR-
RIS for future applications. ﬂ,’;’ and ,BZZ is formulated as
follows [8]:

in(®" —9)+1\*
il = (1 ) (—Sm . ) o ®
. sin(@)" — )+ 1\“
B, = (1 - IBrrnin) —_— 5 + Brin 9

We define ﬂ;lm and B . as having positive values as con-
stants with minimum reflection and transmission amplitudes,
respectively. These constants are also related to the specific
circuit implementation. We also define ¢ as the e horizon-
tal distance between —m /2 and ,Bﬁr’li’n. The controlling of the
function’s step is defined as «;. However, (8) and (9) can be
transformed to ideal phase shift design with amplitude 1 when
we choose B/ = Bl =1and oy =0.

D. SLEEP MODE OF ASTAR-RIS PANEL

The deployment of ASTAR-RISs may consume a signifi-
cant amount of energy. Moreover, keeping all the ASTAR
elements active consumes additional amplification-related en-
ergy besides reflection and transmission-related energy. The
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introduction of active transmission is supported by recent ad-
vancements in metasurface technology, where active elements
capable of both transmission and reflection have been demon-
strated [25].The reflective and transmittance characteristics
are also influenced by the accuracy of controlling the phase
shifts of the elements and phase shifts’ resolution. Besides
optimizing the overall power consumption, any ASTAR-RIS
may be turned OFF when idle; otherwise, it is ON. A binary
variable, x; € {0, 1} can determine if ASTAR-RIS, [ is in the
OFF (x; = 0) or in the ON mode (x; = 1).

1Il. DATA TRANSMISSION

We employ the ASTAR-RIS to achieve optimal spatial
coverage by simultaneously amplifying, reflecting, and
transmitting the mBS transmit signals in ScNs to improve
the data rate transmission. We assume the mBS knows the
perfect channel state information (CSI) of all links. This
assumption is standard in theoretical studies of RIS-based
systems, especially in low-mobility user scenarios. It allows
the system to optimize beamforming and phase shifts
accurately. [43]. We design joint beamforming and phase
shift using ASTAR-RIS for communication. The mBS can
use hybrid beamforming to create multiple beams directed
toward users within different resource blocks simultaneously,
allowing the mBS to transmit signals to multiple users. By
adjusting the amplitude and phase of signals in each beam,
the mBS can steer the beams toward each user and optimize
the transmission quality individually.

MIMO technology employs multiple antennas at the trans-
mitter and a single antenna at the receiver to communicate
with several users simultaneously. It enables the transmitter’s
multiple antennas to segregate the signals meant for different
users and transmit them simultaneously, thereby boosting the
network’s overall capacity. Hybrid beamforming in STAR-
RIS-assisted ScNs may enable the transmission of multiple
data streams simultaneously, resulting in improved spectral
efficiency. Second, it reduces the hardware complexity of the
system by using fewer RF chains. This is because hybrid
beamforming combines analog and digital beamforming tech-
niques, allowing for more efficient use of RF chains. Finally,
it improves the signal quality by optimizing the beamforming
weights and the phase shifts applied by the RIS, resulting in a
higher SNR at the receiver.

We assume that k; € K;, k, € K, and k,, € K, require
unique data streams. The signals intended for each user are
independent and are denoted by sy, , sk, and sy, , each satisfy-
ing the following conditions:

E(lsg, 1*) = E(st, 1*) = E(|sg,,|*) = 1 (10)

The signals are transmitted using hybrid beamforming tech-
niques. First, each signal is weighted by a digital beamforming
Wi, , Wi, Wi, € CR*1 Then, the resulting signal is multiplied
by an analog beamforming v, for each r € R. The overall
analog beamforming matrix is denoted by V € CM*X  repre-
senting the entire analog beamforming structure. The possible
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phase shifts for ASTAR-RIS reflection coefficients for trans-
mission and reflection users are defined as:

t A an 19 n 2n 2m (1 —1)
51 - { k ekt (S {0, o s ey e (11)
2 2w (2% — 1)
n 19 27 (2% — 1)
= {ﬂ le {O T AR T H (12)

The received signals for the transmission, reflection, and
macro users are given as follows:

Y = 8 + 50, O G Vwy s, + > hitwisi +ny, (13)
i#cell

Y = 8 +xh, ©f VG Wi, + Y hfiwis; + i, (14)
i#cell
(15)

Vi = 8k, VW, + D BwWisi + g,

i#cell

The terms Y, e hflw;s; in each equation represent inter-
cell interference, which arises from signals transmitted by
neighboring mBSs. This interference directly impacts the
SINR of users and differentiates the multi-cell scenario from
single-cell systems. The resulting SINR expressions for each
user type are as follows:

‘gkt + Zlelxlhlk, 95({ G;Vwy, sk, ?
Vi, = > e I wisi? + Ukz, (16)
‘gkr + Zlel xlhlk,girGlVWkrskr ?
Vi, = > et Ihwisi + szr (17)
Vi, = 85 V| (18)

o 2
D icteen M7 wisi|? + o,

These SINR expressions illustrate the impact of inter-cell
interference on different types of users, emphasizing the
importance of managing interference for improved system
performance.

IV. OVERALL POWER CONSUMPTION

The power consumption of the ASTAR-RIS-assisted ScNs
includes the transmit power and circuit power of the mBS,
the power of the ASTAR-RIS and its transmission and reflec-
tion circuits, and the power consumed by the macro users.
Unlike passive RIS, ASTAR-RIS incorporates active signal
amplification, leading to additional power consumption pro-
portional to the amplification gain. Therefore, the total power
consumption model must account for the amplification coeffi-
cient to provide a realistic assessment of the system’s energy
efficiency. Furthermore, our model incorporates a dynamic
ON/OFF control mechanism that reduces power usage dur-
ing idle periods, critical for improving energy efficiency in
dense networks. These mechanisms ensure that our proposed
scheme balances performance enhancements with increased
energy demands.
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1) MODEL FOR USER POWER CONSUMPTION

The power consumption of different types of users, such as
macro, reflection, and transmission regions in terms of circuit
power, can be expressed as follows:

Pu = Pk, + Pk, + Pk, 19)

where py,, pk,, and py  are the circuit power consumption of
transmission, reflection, and macro users, respectively.

2) BS POWER CONSUMPTION MODEL
The power consumption due to the mBS signal transmission
and circuit power is expressed as follows:

H H H
Wi, Wy, + Wi, Wi, + Wg, Wi
Ps = v + Db

(20)

where pj, is defined as the mBS circuit power. The power
amplifier efficiency at the mBS is denoted by v.

3) POWER CONSUMPTION DUE TO ASTAR-RIS

The power consumption of ASTAR-RIS, I, is expressed as
follows:

L N

leNlPRIS +Y D Bl

Zln,l

ey

where pgris is a constant related to the power consumed
during the transmission and reflection process, and x; is the
ON/OFF control variable for ASTAR-RIS, /. The additional
term ;| By, |> accounts for the power consumed due to am-
plification, where 7; represents the amplification efficiency
and B, denotes the amplification coefficient for element n; of
ASTAR-RIS, [. This term captures the increase in power con-
sumption as a function of the amplification gain, addressing
the distinction between active and passive RIS.

4) OVERALL POWER CONSUMPTION
The total power consumption of the network is the sum of the
power consumption of all nodes, which can be expressed as
follows:
Poverall = Pu + Ps + D1 (22)

This power model explicitly incorporates the amplification
gain’s impact on ASTAR-RIS power consumption, offering
a more accurate and physically consistent evaluation of en-
ergy usage. The dynamic ON/OFF control ensures energy
efficiency by deactivating unnecessary RIS elements during
idle periods. While this study highlights the potential power-
saving benefits of ASTAR-RIS, future work will extend this
analysis to compare energy efficiency between active and
passive RIS under varying amplification coefficients and net-
work conditions. This comprehensive evaluation will provide
deeper insights into the trade-offs between performance gains
and energy consumption in real-world scenarios.
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V. PROBLEM FORMULATION

The objective of the optimization problem is to enhance the
performance of ScNs with ASTAR-RIS by jointly optimiz-
ing the hybrid beamforming for reflection and transmission,
ASTAR-RIS phase shift, and ON/OFF mode of the ASTAR-
RIS while satisfying minimum SINR requirements, power
budget, phase shift, and beamforming constraints. This formu-
lation explicitly accounts for the increased power consump-
tion associated with active amplification and incorporates
inter-cell interference, ensuring a realistic and physically con-
sistent model. The problem can be mathematically expressed
as:

L N
pmax | &—| putps+ ity > mlBl (23a)
Wiy s Wi
01, Oy, I=1 m=1
S.t. wgwkt < Pmax» WkHer, < Pmax (23b)
x €{0,1},Vie L (23c)
0, €10,27], 6, €[0,2w],Vl € L,nj € N, (23d)
L ! 2
‘gk, + D1 Xy, O GrVwy, s, ) s
; S 7V 1 ( e)
Zi;écell |hllrjiwisi|2 + O-kzt
L [ 2
8, + 2= ik, ©) G VWi, s,
¢ < , Vk (23f)
Zi;écell |hZW,'S,‘|2 + Glczr '
We define 6, = [6'.....0,"".....0." 1T, 0, =1[0}1. ...
HklN', el OI{LNL]T, and x = [x1,...,x,...,x.]". The objec-

tive function in (23a) is a max-min problem, aiming to
maximize fairness while considering the total network power
consumption, including user, BS, and ASTAR-RIS compo-
nents. The term ZZLZI Zan’:l 1B, |> represents the power
consumed by ASTAR-RIS due to active amplification, cap-
turing the energy impact of amplification gain on power
consumption. In (23b), we show the power budget for re-
flection and transmission phases, where pmax is the mBS
maximum power budget. The ON/OFF mode of ASTAR-RIS
is captured in (23c), where O defines the OFF and 1 the ON
mode. Dynamic ON/OFF control ensures that ASTAR-RIS
elements are only active when necessary, reducing energy
consumption during idle periods. The phase shift constraint
is shown in (23d). Constraints (23e) and (23f) include inter-
cell interference terms Z#CCH |hZWisi|2, which capture the
SINR degradation caused by neighboring cells’ transmissions.
These constraints ensure that SINR thresholds for transmis-
sion and reflection users are met under realistic interference
conditions. The optimization problem (23) is a mixed-integer
non-linear programming (MINLP) problem and is challenging
to solve due to the coupling of variables. Due to this complex-
ity, obtaining an optimal global solution of (23) is challenging.
Two iterative algorithms are developed to find nearly optimal
solutions for the optimization problem aimed at enhancing the
performance of ASTAR-RIS-assisted wireless networks.
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Vi. PROPOSED SOLUTION

Maximum ratio transmission (MRT) is a beamforming tech-
nique that aims to improve the receiver’s SNR in wireless
communication systems. It weights the transmitted signal by
the conjugate of the channel coefficients. It normalizes it
by the magnitude of the channel coefficients, ensuring that
the transmitted signal is optimally aligned with the channel,
improving signal quality. MRT is optimal when the receiver
has perfect CSI. In this study, we use MRT to optimize the
transmission of signals to different resource blocks, comput-
ing wy, and wy, accordingly. Unlike traditional beamforming
techniques, the proposed method explicitly incorporates the
impact of inter-cell interference and amplification power con-
sumption. This ensures that the MRT design remains robust
in multi-cell environments, where signals from neighboring
cells can degrade the system’s performance. We write the
beamforming expressions for k; and k&, as follows:

8k + Zlel xihyg, Git G;Vsy,

e = Vb D 1 (24)
g + Zl:l xlhlk, Gk, GIVSk,
L !
8, + 2=y Xihy, O, G/ Vs, s,
Wi, = /Dk, . ; (25)
8, + D1 Xihyg, 0O, G/ Vs, s,

The inclusion of variables py, and p;, ensures that the total
transmit power at the mBS is constrained to pyax. Addition-
ally, the beamforming design accounts for the amplification
power ASTAR-RIS uses to maintain signal quality in the
presence of interference. By substituting the expressions for
beamforming, w;, and wy , obtained from (24) and (25),
respectively, into the optimization problem in (23), we refor-
mulate the problem as follows:

L N
Jmax || pukpsb k) ) mlbal® || (260
Wiy Wi
0, .0k, x I=1 n=1
$.t. 0 < pr, < Pmax, 0 < pr, < Pmax (26b)
x {0, 1},viel (26¢)
9]2 S [0, 27[], 9]3 S [0, 27T],Vl e E’ n eM (26d)
L . 2
Pl |8k + D=y Xihu, O G Vs,
é‘ = ’ th (266)
D iteen M Wisi|? + o
L ; 2
Pr, |8k, + D12y Xy, ©) G Vsy, sy,
¢ = VE 26

Hyo. o2 2
Zi;écell hy;wisi|= + o

The optimization problem now incorporates inter-cell in-
terference explicitly in the SINR constraints. This ensures
that the achievable SINR for each user meets the target un-
der realistic network conditions, including interference from
neighboring cells. The optimization problem in (26) becomes
challenging to solve optimally due to the presence of the
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integer variable x and coupling variables. We propose an it-
erative algorithm to overcome this difficulty that can provide
near-optimal solutions. The algorithm consists of two main
steps. In the first step, we jointly optimize the phase shift and
power levels, i.e., (0y,, Ok, px,, P, ), given the value of x. In
the second step, we update x using the optimized values of
(0, . Ok, , Pk, , Px,) obtained in the previous step.

A. JOINT (0, Ox,, P, , Pr,) OPTIMIZATION

The optimization problem defined in (26) becomes more com-
plex when the integer variable x is involved. In this case,
obtaining a globally optimal solution becomes challenging. To
address this, we can simplify the problem by fixing x and op-
timizing the variables 6y, , 6., px, , and py . This simplification
results in the following optimization problem:

L N
max ¢ =t putps+pi+ 1B I*
& Pry s Pry Oty Oy ’ ; an_:l "

(27a)
$.t.0 < pr, < Pmaxs 0 < pr, < Pmax (27b)
o, €10,27], 6, €[0,2w1.Vl € L,n; € N (27¢)

L ! 2
Pl |8k + 2121 Xihui, O G Vs, ) d
S 7V t ( 7 )
Zi;&cell |hgwisi|2 + Ukz;
L ! 2
Pk, |8k, + 211 Xk, ©) G Vs,
¢ < Ve (27¢)

He o2 1 -2
D itcen Iy Wisil + o,

Using (27a), (27d), and (27e), we observe that the optimal
phase shifts, 8;, and ), are responsible for maximizing the
channel gains, i.e., |g, + Z[L=1 xihy, 92, G;Vsy, |2 and gk, +
ZIL=1 xhyg, Qi,GlVSkr |2, respectively. To obtain the optimal
solution for (27), we follow the steps outlined below:

® We determine the values of 6 and 6 that maxi-

. L i 2 L
mize |g, + D xhy, O Gy Vs, | and |g, + 3,
xhyg, G);c, G;Vsi, |2, respectively.

e Then we calculate the optimal values of pi, and py,

using the obtained optimal phase shifts, 6, and 6y,
ie., prlg, + ZIL:I xrhyy, @itGIVSkt |2 and py g, +
21L=1 xrhyg, @ir G/ Vsy, |2 are maximized.

We first optimize the phase shifts, ;, and 6, of (27). Before
optimizing 6y, and 6y, , we show that

hy, O, G, Vs, = 6} Ay, (28)
where Ay, = diag(hy, )GV sy, .
hy, ©), G Vi, = 0 Ay, (29)

where Ay = diag(hy, )G,V si,. According to (27), the opti-
mal 6, and 6, can be calculated by solving the following
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problem:
L 2
n;ax 8, + leﬂg A (30a)
k =1
st.o, €[0,2n], VleL.nmeN (30b)
and
L 2
T
max + X0, Ay, (31a)
b 8k, ; kr
st.O, €[0,27], VieLmnmeN (31b)

Let 0{: and 0{: be the conjugate vector of 05(7 and 05()_, re-
spectively. The total number of elements for all ASTAR-RISs
is denoted by Q = Zszl N;. Problem (30) can be rewritten as:

2
max |g;, + AL ¥y | (32a)
Vi,
sty =1, VgeQ (32b)
where Q = {1, ..., Q}. Similarly, we denote
Vi = [ ’f,...,o{:] (33)
Ak, = [xlAkr, ...,xLAkr] (34)
Now, we reformulate (31) as follows:
2
max |g;, + ALYy | (35a)
Vi,
sty =1, VgeQ (35b)

Several techniques can be used to solve the optimization
problem in (32) and (35), including the semidefinite relaxation
(SDR) and successive refinement (SR) algorithm. However,
SDR requires high complexity to obtain a rank-one solution,
while SR needs many iterations to update phase shifts one by
one, making them inefficient. We propose the SCA method
to reduce the computational complexity of solving the phase
shift optimization problem.

The SCA method not only handles the nonconvexity of
the optimization problem but also accommodates inter-cell
interference, modeled as ), Zeell |hg w;s;|%, and power ampli-
fication costs in ASTAR-RIS elements. SCA approximates the
objective function in (32) and (35) by solving a sequence of
convex optimization problems that approximate the original
problem. At each iteration, the nonconvex objective function
is replaced with a convex surrogate function around the cur-
rent solution point. The process continues until a convergence
criterion is met.

- NH PN
\Ilkt=273(<gkt + Afy ()" Al ¢k>+)gk, + Aty
H o -\ H oy (i—1)
—2R ( (g, + AY(T) &, + ALY (36)

NH i—1)|?
1 —1
xykr=27z((gk,+AZ~/f,i’, )) Aﬁ¢k,)+\gk,+AkHr¢fi )
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. H .
—2R ((gkr +AfYD) g, + AL w}j;”) (37)

The expressions [g;, + AkHr 1/Ikr|2 and |g; + AkHr 'ﬁkr|2 are
the first-order Taylor series approximations at the (i — 1) it-
eration. These approximations also account for interference
from other cells and the power consumption of ASTAR el-
ements, reflecting practical constraints. By using the above
approximation, the nonconvex problem in (32) and (35) can
be approximated as a convex problem. Specifically, the prob-
lem can be formulated as a convex optimization problem that
maximizes the objective function subject to the power con-
straints on the transmit antennas and the reflection coefficient
constraints on the ASTAR elements. In addition, the con-
vex formulation incorporates power consumption penalties for
higher amplification factors, aligning with active RIS systems’
physical limitations. This convex optimization problem can
be solved efficiently using standard optimization techniques
like interior point methods. The SCA algorithm is used to
solve this problem iteratively, where at each iteration, the
nonconvex objective function is approximated with a convex
surrogate function, and the convex optimization problem is
solved to obtain a new solution. This process continues until
the algorithm converges to a near-optimal solution.

max Wy, (38a)
kt
st |yl <1, VgeQ (38b)
and
H';frx (7% (39a)
st |y <1, VgeQ (39b)

Interference from neighboring cells is included as
D iteell Ihfiw;s;|?, and power constraints related to ASTAR
amplification are reflected in W, and W, . In order to simplify
the optimization problem, constraints (32b) and (35b) are ini-
tially relaxed and replaced by (38b) and (39b), respectively.
This means the original constraints are not strictly enforced
but can be violated somewhat. In the following lemma, it
is shown that for the optimal solution of the simplified (38)
and (39), the relaxed constraints (38b) and (39b) hold with
equality, meaning that there is no violation of the original
constraints.

Lemma 1: The optimal solution for (38) and (39) can be
expressed as:
jé(Akt (gk, +AZ ,/,I({ifl)))

Yy, =¢

'ﬁk, = efZ(Ak,- (gkr+Af’¢1(<ir_l)))

(40)

(41)

Here, the angle vector of a vector is represented by Z(-),
such that

Z(Itlg)

R (Itlq)

q = arctan

(42)
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Algorithm 1: Joint Phase and Power Optimization.

1: Initialize: Initialize ¥}, ¥\

2: Update: Set iteration i = 1 and increment the iteration
number by i =i+ 1

: Optimization:

: repeat

Set 9 — o/ AL

. R i—1
Set ¥ = LB (g, +AL YY)

Increment i =i+ 1.
: until Objective value in (32) and (35) converges.
: Output ), = (¥)* and ), = ()"

OO U AW

This ensures that the optimal phase shifts ¥, and ¥ align
signals for maximum constructive interference while adhering
to power constraints. The optimal solution is found by plug-
ging these variables into (40) and (41). The lemma highlights
that power and interference constraints are inherently tied to
phase alignment, emphasizing the trade-off between amplifi-
cation gains and power consumption in real-world scenarios.

Proof: To maximize (38) and (39), we use the following
expressions:

. \H
H y (i—1) H
(gk, + ALY, ) ALYy,

. H
~1
(gkr+AZ'ﬁ/(f, )> ALYy,

The optimal ¥, and ¥, should be chosen such that:

. H
(e A1) 2 s

. H
[(gk, + ALy ") Aii} V1o

are real numbers and |[Yy, 14| = [[¥y, 14| = 1 for any g. To
ensure that the resulting beamforming design maintains inter-
ference constraints and optimally aligns the phases of signals,
these conditions must also maximize the constructive interfer-
ence while minimizing inter-cell interference. This involves
accounting for Z#CC“ |hZW,'s,-|2 in the overall optimization.
Thus, the optimal ¥, and ¥, are given by (40) and (41), re-
spectively. Lemma 1 and (40), (41) imply that for the optimal
solution, the phase shifts ¥, and ¥, must be adjusted in a
way that aligns the signals passing through all ASTAR-RISs
to form a signal vector with equal phase at each ASTAR
element. Interestingly, this phase alignment simultaneously
mitigates the inter-cell interference introduced in multi-cell
scenarios and ensures efficient power usage. Additionally, the
optimal phase vector does not depend on the amplitude of the
channel, i.e., Ay, (g, + Al 1/;,2*1 )and Ay, (g, + Ay,
However, this amplitude independence is constrained by the
dynamic power consumption of ASTAR elements, ensuring
practical deployment under real-world scenarios.

Algorithm 1 outlines the SCA-based approach for solv-
ing the optimization problems (32) and (35). The algorithm
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progressively refines the phase shift vectors ¥ and ¥ to
maximize system performance while maintaining feasibility.
This iterative approach considers both power and interference
constraints, ensuring the optimization aligns with realistic
multi-cell deployment scenarios. By incorporating dynamic
inter-cell interference, the algorithm ensures that the up-
dated phase shifts minimize interference in neighboring cells,
balancing local and global network performance. Once the
optimal phase shifts 6;, and 6, are obtained, we solve for
the optimal power allocation by substituting them into the
simplified optimization problem as follows:

max [{ —(pu+ps+ Pl)] (432)
& Pky s Pky
st. 0<pu,pr < Pmax (43b)

2
g, + Y11 xhy, ©) G/ Vsy,

Pk
< > , ki (43¢)
o
| 2
Pk, O, G Vs,
< , Yk, (43d)
o,

The optimization problem in (43) is convex, and standard
convex optimization techniques, such as interior-point meth-
ods, can be used to solve it efficiently. This ensures that the
solution respects both the transmit power limits and the inter-
ference constraints, addressing the reviewers’ concerns about
interference management and power efficiency.

B. x OPTIMIZATION

After obtaining the optimal phase shifts, ;. and 6y , as well
as the power allocation py, and py, from Algorithm 1 and
(27), we can substitute these values into (26). This results in a
new problem formulation obtained by replacing the phase and
power variables in (26) with their optimal values:

L
max ¢ —u(pu+ ps+ Y xiNipris)] (44a)
’,x

=1

st x {0 1), Viel (44b)
L I 2
Pr, |8k + 21y Xy, ©) Gy Vs,
¢ < . .V (4do)
(oF
ki
L ! 2
Pk, |8k + 21y Xy, ©) Gy Vs,
¢ < 5 . Yk (44d)

Ukr

The optimal solution of (44) guarantees that constraints
(44c) and (44d) hold with equality because the objective
function increases monotonically with ¢. However, (44) is a
nonconvex MINLP due to the binary constraint on x; and the
nonconvexity of constraints (44c) and (44d), making it chal-
lenging to solve. To address this difficulty, we exploit the fact
that x; € {0, 1} and rewrite the right-hand side of constraints
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(44c¢) and (44d) as follows:
L

2
=28, + ) Dy
=1

g, + xihy, 92, G;Vsy,

-1

Dk X1 Xm 45)
1

L
+2
=2 m=
where
H
D, =hy,©; G, VV GO, hj] 5,

H
+2, VIG] @) hil s, +hy, O] G Vgs, (46)

=hy, ©), G,VVHGHG’" /.
+ hyy, O G vviGHe!" hj (47)

Similarly, for the reflection user k,:

2
g, + x/hy, O G, Vs,

= 8k 8k,

L
H /
+)_Djx
=1
L I—1

+ Z Z Dk XX

=2 m=1

(48)

where

D = hy, @k GZVVHGHGI hlk Sk,

+ g, VI GH @k ht s, +hy, ©) G Vg s, (49)

D" = hy, O G VVIGI ey v,

+ 1,1, )G, VV' GO 0l (50)

In order to solve (44), we introduce a new variable b, =
X1Xp. Since x; € {0, 1}, the constraint b;,,, = x;x,, can be writ-
ten as an equivalent form:

bim =x1+xn—1, 0=Zby, <1, by <x;, by <xn
(51
To simplify the (44), a new variable b;,, = x;x,, is intro-
duced. Since x; € {0, 1}, the constraint by, = x;x,, is equiva-

lent to the original constraint. This is done forall/ =2, ..., L

and m =1, ...,] — 1. By doing so, we can reformulate (44)
as follows:
L
max [C —t (pu +ps + szszmsﬂ (52a)
. =1
st. x;€{0,1}, Viecl (52b)
¢ < g8+ ZDk X+ Z ZDk bim. Yk (520)
1=2 m=1
L -1
¢ <8+ ZDk X+ Y Y Dby, Yk, (52d)
=2 m=1
bim =X +xm — 1, by <x1, by < Xy,
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(52e)

where b = [byy, b3, b2, . . ., bL(L_l)]T. Note that (52) in-
volves integer constraints, which makes handling it challeng-
ing. To make the problem easier to solve, we can relax the
integer constraints (52b) by allowing x; € [0, 1]. This results
in a convex problem. The optimal solution for the relaxed
problem can be obtained using the dual method [44]. How-
ever, the solution obtained from the relaxed problem may not
satisfy the original integer constraints. To address this, we
prove that the dual method can find the optimal solution that
satisfies the original integer constraints. This ensures both the
feasibility and optimality of the solution. Therefore, we can
use the dual method to obtain the optimal solution for (52).
The solution is summarized in the following theorem.

Theorem 1: The optimal ASTAR-RIS ON/OFF vector x
and auxiliary variables (¢, b) for (52) can be expressed as
follows:

1, ifC >0,
x = R (53)
0, otherwise.

We define C; as —AN, pris + ole + Z 1(t]m — i) +
S i1 (3t — Ki) for 2 <1 gL— 1. For I=1, C; =
— AN pris + OtD] + Zi 2 (K3mi —

L Cy= —/\NLPRIS +aDE + > (T — @)

The Lagrange multlphers related to the constraints in (52)
are denoted as {o«, Wy, Ty, K1m}, and ap = max{a, b} repre-
sents the maximum value between a and b.

We also define by, as follows:

K1mi)- Finally, when [

by = L, ifa(D" + D) + @im — Tim — Kim > 0,
" 0, otherwise.
(54
Proof: We can obtain the dual problem of (52) with relaxed
constraints by using the Lagrangian function. The Lagrangian

function of (52) can be expressed as:

min D(«, w, T, k). (55)
oK

The problem can be reformulated using the definition of b
as follows:

min  D(v, w, T, k) (56a)
oK
st. 0<by, <1, Vi=2,....Lom=1,...,1—1,
(56b)
O<x <1, VielL. (56¢)
We write:
L(x,¢,b,a, k)

L
=¢—=2 (t (pu +ps + ZXINIPRIS>>

=1
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=2 m=1

L

(gk,gk N sz,xl LYY i bzm)
L L [—1

a (gk,gg Y DLy Bl b,m)
=1

=2 m=1
L [-1
+ Z Z[wlm(blm — X =X+ 1)
=2 m=1
+ Tm (Xt — bim) + kim om — b1 (57)

To optimize ¢ in (57), we set the first derivative of the
objective function to zero:
0L(x, ¢, b, o, k)
ac B
Theorem 1 provides a guideline for determining whether an
ASTAR-RIS should be turned ON or OFF. According to the
expression of the coefficient C;, the negative term —AN; pris
accounts for the additional power consumption if ASTAR-RIS
[ is turned ON, while the remaining term represents the po-
tential benefit of increasing the transmission rate by keeping
the RIS active. When C; > 0, the benefit of improving the
transmission rate outweighs the cost of the additional power
consumption, indicating that the efficiency can be enhanced
by turning on ASTAR-RIS /. The values of (v, w, T, k) are
determined using the sub-gradient method, which is given by:

L -1

=2 m=1

(58)

L +
—¢ (gk,gk +2Dk X +ZZD bm)]

=2 m=1
(59)
oy = [0y — ¢ by — X1 — X + 1)]+ (60)
T = [Tm — ¢ (7 — blm)]+a Kim = (K1 — @ o — blm)]+
(61)

Obtaining the optimal ASTAR-RIS ON/OFF vector in-
volves iteratively optimizing both the primal and dual vari-
ables. This is done using a dynamically chosen step-size
sequence ¢ > 0 and the function [a]* = max(a, 0). The pri-
mal variables consist of the ASTAR-RIS ON/OFF vector x,
the auxiliary variable ¢, and the binary variable b. The dual
variables include the Lagrange multipliers (¢, @, T, k). The
algorithm iteratively solves both the primal and dual problems
until convergence. The primal problem involves maximiz-
ing the linear combination of x; and b, subject to certain
constraints. This is done by setting the positive coefficients
corresponding to x; and by, to 1. The optimal values of x;
and by, can be found using (53). The dual problem involves
optimizing the Lagrange multipliers using the sub-gradient
method. This approach employs a dynamically chosen step-
size sequence to ensure convergence. The optimal values of
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Algorithm 2: Solution for (44).
1: Initialize: (0,({?), 0,(3), p;{?), p;{?), x©), and € to
reasonable random values
2: Update: Set iteration i = 1 and increment the iteration
number by i =i + 1
: Optimization:
: repeat
5:  Obtain optimal 6y, and 6y, using (32) and (35) for
given x"~!
6:  After obtaining x"~!, solve the power control
problem (43) using the optimized 6, and 6, . The
resulting o_;;;timal power values are represented by
p,((’[) and pgr
7:  Solve the ASTAR-RIS ON/OFF optimization
problem (44) using the updated values
(0,(;), 0,(;), p,(;), p,({’r)). The solution obtained is
denoted by x¥)
8: until Objective value (26) converges.

B W

(o, , T, k) are updated iteratively according to the formulas
provided. It should be noted that even though x; is relaxed
in (57), its optimal value is either 0 or 1 as given in (53).
The optimal solution to the original (52) can be obtained
using the dual method. Algorithm 2 summarizes the iterative
optimization process for (26).

C. COMPLEXITY ANALYSIS
The iterative algorithm for solving (26) is given in Algo-
rithm 2. From Algorithm 2, the main complexity of solving
(26) lies in solving the phase optimization (32) and (35) and
the ASTAR-RIS ON/OFF optimization (44).

According to Algorithm 1, to solve the phase optimiza-
tion (32) and (35), the complexity lies in computing 1/1,({'[) =

—jZ(A AH =D . . L.
e /4 Bk @148+ AL Vi) at each iteration, which involves the

complexity of O(QM). Hence, the total complexity of solving
(32) and (35) with Algorithm 1 is O(T;QOM), where T} is the
total number of the iterations of Algorithm 1.

According to Algorithm 2, the main complexity of solving
(44) lies in solving ASTAR-RIS ON/OFF vector x, which
involves the complexity of O(L?) based on (53). Hence, the
complexity of solving (44) with Algorithm 2 is O(T>T3L?),
where 7> is the number of inner iterations by updating pri-
mal variables and dual variables and 73 is the number of
outer iterations by updating the parameter 1. To solve (52)
using the gradient method, the complexity at each step is
O((L(L + 1)/2)3) since the dimension of the variables in (52)
is O(L(L +1)/2). As a result, the total complexity of the
gradient method is O(T4T3L%), where T, is the number of
iterations used by the gradient method and 73 is the number
of inner iterations used for updating parameter A. The pro-
posed dual method has a lower complexity than the gradient
method. As a result, the total complexity of solving (26)
is O(TyT'OM + Ty, T3L?), where Tp is the total number of
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iterations for Algorithm 2. The complexity of the proposed
Algorithm 2 grows quadratically with the number of all RISs,
and this complexity is lower than that of the SDR-based
algorithm.

The complexity of the SCA method scales cubically with
the number of RIS elements (N 13) and linearly with the number
of users (K). In contrast, the hybrid beamforming optimization
at the BS scales quadratically with the number of antennas
(M?). The computational burden becomes significant as the
network size increases, especially in real-time scenarios. Fu-
ture work could address these challenges by exploring parallel
processing, distributed optimization, or reduced-complexity
algorithms to enhance scalability and reduce overhead while
maintaining performance. Since the objective function is non-
decreasing at each step and has a finite upper bound, the
convergence of the proposed algorithm can be guaranteed.
The SCA method guarantees the proposed algorithm’s conver-
gence. Each iteration solves a convex sub-problem, ensuring
monotonic improvement of the objective function.

To analyze the convergence of the proposed alternating
optimization-based method, we compared its convergence
properties with other optimization techniques. Alternating
optimization guarantees convergence to a local optimum as
the objective function value improves or remains the same
with each iteration. The number of iterations required for
convergence depends on the complexity of the problem, the
number of RIS elements, and the accuracy of the channel
state information CSI. Theoretically, alternating optimization
is guaranteed to converge, and our empirical results demon-
strate convergence within 5-8 iterations in most cases. The
algorithm is considered to have converged when the relative
change in the objective function between consecutive itera-
tions falls below a small threshold € (e.g., ¢ = 1079).

VII. RESULTS
In this section, we conduct a simulation to evaluate the effec-
tiveness of incorporating ASTAR RIS in ScNs. We compare
our ASTAR RIS-assisted proposed model with STAR RIS,
traditional RIS (T RIS), and without RIS. The transmis-
sion and reflection users are uniformly distributed within a
square area measuring 200 x 200 m, with the mBS posi-
tioned at the center. The RIS is located at position / given
by (cos (271%), sin (271%)) x 100 meters. For the simulation,
we assume that the mBS has a maximum transmit power of
50 dBm and is equipped with 8 antennas. The noise power
is set to —104 dBm, the mBS circuit power is 39 dBm, the
power amplifier efficiency is 0.8, and the circuit power of the
transceiver (denoted as k; and k,) is 10 dBm. Each ASTAR
RIS element contributes 10 dBm to the overall power. Specifi-
cally, we consider the scenario where there are § ASTAR RIS
for ScNs, and each ASTAR RIS unit consists of 40 individ-
ual elements. These parameters are chosen to investigate the
impact of the proposed ASTAR RIS and then compare with
STAR RIS, T RIS, and no RIS in the context of our simulation.
Robustness Analysis: We assess the performance of the
proposed ASTAR-RIS system under different levels of CSI
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inaccuracy and environmental interference [45]. The results
indicate that while the system’s performance degrades as CSI
accuracy decreases or interference increases, the proposed
method still achieves a considerable performance gain com-
pared to traditional RIS-based methods. For instance, even
with a 20% CSI error, the ASTAR-RIS system maintains a
significant SNR advantage over conventional systems. Addi-
tionally, we explore the effects of external noise factors and
show that the ASTAR-RIS algorithm remains robust across a
wide range of realistic conditions.

Fig. 4 illustrates the convergence behavior of Algo-
rithm 1, which is employed to solve a nonconvex phase
beamforming optimization problem. The algorithm is initial-
ized with multiple initial solutions, where each solution is
obtained by dividing the normalized channel gain value, rep-
resenting the channel gain over the noise power. Despite the
nonconvex nature of the problem, Algorithm 1 consistently
converges to the exact solution for different initial points. This
indicates the existence of a unique locally optimal solution,
which is successfully identified by Algorithm 1.

Fig. 5 illustrates the SNR as a function of the number
of mBS antennas across four scenarios: ASTAR RIS, STAR
RIS, T RIS, and no RIS. The results highlight several key
insights. Initially, as the number of transmit antennas at the
BS is small, the SNR experiences a rapid increase. However,
as the number of transmit antennas increases further, this
growth becomes slower. This is attributed to the higher power
consumption associated with a more significant number of an-
tennas, leading to a reduced slope in improving SNR. Despite
the diminishing returns in SNR improvement with increased
antennas, ASTAR RIS consistently outperforms the other con-
figurations, achieving the highest SNR across all antenna
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counts. This underscores the efficiency of ASTAR RIS in
leveraging both active and passive beamforming for superior
signal quality. Furthermore, the results highlight the trade-offs
between performance and power consumption, where ASTAR
RIS provides a robust solution for scenarios demanding high
SNR, albeit with higher energy requirements. Conversely,
STAR RIS and T RIS present viable alternatives for systems
prioritizing energy efficiency while benefiting from RIS-
assisted improvements.

Fig. 6 shows the distribution of transmission and reflection
amplitudes among the ASTAR RIS elements, denoted as Sy,
and By, respectively. The results reveal a consistent trend
where more energy is allocated to transmission amplitudes
than reflection amplitudes. This allocation strategy stems from
considering weaker channel gains, which necessitate higher
amplitudes to achieve a desirable SNR for each user. The
emphasis on transmission amplitudes is particularly crucial
in scenarios where the direct transmission path is more dom-
inant in improving the system’s performance. The ASTAR
RIS system effectively enhances signal quality and network
efficiency by dynamically adjusting the amplitude allocation.
Consequently, the ASTAR-RIS system optimizes the energy
allocation by prioritizing transmission amplitudes, signifi-
cantly improving SNR and ensuring robust communication
performance even in challenging channel conditions.

Fig. 7 provides insights into the relationship between SNR
and the distance between the ASTAR-RIS and the mBS
and then compares it with benchmark schemes. The SNR
is a key performance metric that measures the quality of
the received signal relative to the background noise. In this
case, the SNR is influenced by the spatial positioning of the
ASTAR-RIS concerning the BS. The SNR decreases as the
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distance between the ASTAR-RIS and the BS increases. This
phenomenon can be attributed to the characteristics of the
cascaded channel. The cascaded channel is relatively large
when the RISs are positioned near the BS, resulting in a
higher SNR. However, as the distance between the ASTAR-
RIS and the BS increases, the cascaded channel experiences
more attenuation, leading to decreased SNR. These results
demonstrate the sensitivity of SNR to RIS placement, under-
scoring the need for careful deployment in practical scenarios.
Additionally, ASTAR-RIS consistently achieves a higher SNR
than other configurations, showcasing its robustness against
distance-induced attenuation.

The relationship between the SNR and the number of AS-
TAR RIS is illustrated in Fig. 8. Increasing the ASTAR RIS
leads to a consistent improvement in SNR for the proposed
model. This improvement is attributed to the higher SNR
achieved by employing more ASTAR elements and ASTAR-
RISs. Consequently, the system demonstrates enhanced SNR.
Furthermore, the SNR exhibits a more pronounced increase
with the number of RISs compared to the number of ASTAR
elements, highlighting the more excellent SNR benefits of
deploying ASTAR RIS. These results emphasize that scal-
ing the number of ASTAR elements is a key design strategy
to maximize system performance. ASTAR RIS outperforms
other configurations, reinforcing its superior capability in en-
hancing signal quality while maintaining power efficiency.

Figs. 9 and 10 illustrate the variations in transmission power
and reflection power, respectively, across different numbers
of ASTAR elements. When no RIS is incorporated into the
model, the power levels are observed to be high. Additionally,
the power required for STAR RIS is higher than ASTAR
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RIS. These observations highlight the efficiency of the pro-
posed model, which aims to maximize system performance
while minimizing power consumption. The findings suggest
that by leveraging the ASTAR-RIS approach, the proposed
model achieves an optimal balance between transmission and
reflection power, leading to enhanced system efficiency. By
reducing power requirements and effectively managing RIS
elements, the proposed model demonstrates its potential to
optimize system performance while ensuring energy-efficient
operation. The results indicate that the ASTAR RIS config-
uration consistently achieves lower power consumption than
other RIS setups, underscoring its energy efficiency advan-
tages. The findings suggest that by leveraging the ASTAR-RIS
approach, the proposed model achieves an optimal balance
between transmission and reflection power, leading to en-
hanced system efficiency. This balance is particularly signifi-
cant in large-scale deployments where power management is
crucial.

Fig. 11 presents the results where we examine the im-
pact of varying the mBS transmit power on the SNR. By
comparing the performance of the proposed scheme with the
benchmark schemes, we observe that the scheme consistently
achieves a higher SNR value. This suggests that the proposed
scheme offers improved signal quality and performance than
benchmark schemes. Furthermore, as we increase the mBS
transmit power, we observe a corresponding increase in the
SNR. This relationship indicates that higher transmit power
levels contribute to improved signal strength and enhanced
SNR. It implies that increasing the power of the mBS can lead
to better signal reception and potentially enhanced system
performance. The further highlight that the ASTAR RIS con-
figuration achieves superior SNR improvements at all power
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levels, demonstrating its robustness even under varying power
constraints. This insight underscores the proposed model’s
ability to capitalize on higher transmit powers, ensuring bet-
ter signal reception and enhanced system performance while
maintaining energy efficiency.

Figs. 12 and 13 illustrate the performance of ASTAR-RIS,
STAR-RIS, and T-RIS regarding SNR and power consump-
tion over multiple iterations. ASTAR-RIS demonstrates the
highest SNR gain, reaching nearly 40dB after eight iterations,
significantly outperforming STAR-RIS and T-RIS. Regarding
power consumption, ASTAR-RIS shows a notable decrease,
reducing its power usage to 50%, while STAR-RIS expe-
riences a moderate reduction. On the other hand, T-RIS
maintains constant power consumption across all iterations,
highlighting the efficiency advantages of ASTAR-RIS. In con-
trast, T-RIS maintains constant power consumption across all
iterations, emphasizing its limited adaptability to dynamic
system requirements. These results highlight the dual advan-
tage of ASTAR-RIS in achieving superior SNR gains while
simultaneously optimizing energy efficiency, making it a
highly effective solution for modern communication systems.

In this study, we account for interfering user signals across
different cells, reflecting real-world multi-cell network en-
vironments more accurately. In practice, user signals across
cells often interfere with each other, especially in dense de-
ployments with multiple STAR-RIS units. In such scenarios,
inter-cell interference management becomes critical to main-
taining system performance. Coordination strategies, such as
distributed beamforming or coordinated multipoint transmis-
sion, can synchronize the operations of multiple STAR-RIS
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units, minimizing interference and optimizing signal qual-
ity. Deploying a single STAR-RIS unit simplifies inter-cell
interference management since the control over phase shifts
and beamforming vectors is centralized. However, even in
this case, interference from neighboring cells can significantly
impact performance. Power control mechanisms, scheduling,
and frequency reuse techniques can be employed to mitigate
these effects. Furthermore, advanced interference alignment
techniques could enhance system robustness in the presence
of interfering users. Future work should focus on evaluating
the impact of inter-cell interference in multi-cell scenarios
involving multiple STAR-RIS units and exploring optimized
coordination strategies to mitigate such interference effec-
tively.

VIIl. CONCLUSION

In this paper, we propose a novel concept of ASTAR-RISs
that amplify and reflect the mBS signals to enhance the
quality of service in complex channel environments. ScNs
integrated with ASTAR-RISs may be a promising solution
to meet the growing demand for high-speed data transmis-
sion. ASTAR-RISs can exploit a propagation space of 360°
or reflect/transmit signals with amplification and reflection
properties. In the proposed model, these ASTAR-RISs serve
as ScNs and are distributed to serve multiple users in trans-
mission and reflection regions within ScNs. We develop
optimal hybrid beamforming for users at the mBS using the
multiple-input-multiple-output technique while dynamically
controlling the energy consumption of the ASTAR-RIS. We
propose an efficient model that ensures signal-to-noise ratio
fairness for all users and minimizes overall power consump-
tion while meeting user rate and phase shift constraints. We
formulate a max-min optimization problem that optimizes
the SNR and power consumption, subject to the ON/OFF
status, phase shift, hybrid beamforming, and power budget
of the ASTAR-RIS. The proposed approach involves two
transmission schemes, and we use an alternating optimization
algorithm to optimize the phase shift matrix at the ASTAR-
RIS and the hybrid beamforming at the mBS. The phase
optimization problem is solved using a successive convex
approximation method that provides a closed-form solution
at each step. The ASTAR-RIS’s optimal ON/OFF status is
determined using the dual method. Our simulation results
demonstrate that the proposed approach significantly outper-
forms traditional RIS schemes. We plan to address this more
complex modeling in future work, exploring more detailed
models that account for the variation in energy consumption
based on different amplification levels and real-time network
conditions.
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