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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-input-multiple-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 360° 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 environments. 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
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FIGURE 1: Operating Principle of ASTAR-RIS in ScNs

I. Introduction

HE current research thrust is to develop 6G technology,

which is expected to be a transformative innovation set
to revolutionize connectivity and reshape our world. With
speeds up to 100 times faster than 5G, 6G will enable
unprecedented levels of data transfer, ultra-low latency, mas-
sive device connectivity, unlocking new applications, and
previously unimaginable opportunities [1]. Network densi-
fication 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 backhauling, which provide on-demand connectivity
to users [2]. ScNs are low-cost radio access points with a
small radio frequency (RF) power output and coverage range.

To understand the importance of ScNs and MIMO tech-
nology, 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 cover-
age 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 ar-
chitecture, low energy consumption, and dynamic incident
signal controlling capabilities, RISs have the potential to
improve the capacity and coverage of ScNs significantly. By
enhancing wireless signal quality and extending coverage,
RISs can improve the efficiency of beamforming techniques
and optimize the signal-to-noise ratio (SNR) at the receiver.
They can also facilitate the creation of new network archi-
tectures 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 wire-
less networks, capable of smartly manipulating electromag-
netic waves. This capability is critical in unifying far-field
and near-field communications, foundational to deploying
B5G/6G networks. Far-field communications have tradition-
ally dominated wireless systems, but as we advance into
higher frequency bands like millimeter-wave and terahertz,
near-field effects become more pronounced and relevant
[4], [5]. RIS can seamlessly bridge these two domains by
dynamically adjusting wavefronts to optimize signal strength
and directionality at varying distances. Our research further
explores the deployment of ASTAR-RIS in such scenarios,
emphasizing 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]-[11]. How-
ever, 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
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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 compre-
hensive performance analysis. Moreover, the main difference
between active and passive RIS lies in the amplification
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 amplifi-
cation 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 reflec-
tion 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 con-
cept, the actively simultaneously transmitting and reflecting
(ASTAR)-RIS 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 fre-
quency reuse [15], and power control [16]. A multi-domain
management scheme optimizing scheduling and power was
proposed in [17]. Another approach to address the power
consumption issue in ScNs is selectively putting some BSs to
sleep while maintaining the QoS for users [18]. Researchers
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have also proposed various algorithms to optimize ScNs per-
formance, 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 intro-
duced in [10], [11] and further validated through prototype
implementations by NTT DOCOMO [21]. STAR-RISs of-
fer a unique advantage by simultaneously transmitting and
reflecting incident signals. Other significant implementa-
tions include manipulating transmission and reflection via
graphene-based dynamic metasurfaces [22] and multi-layer
metasurfaces [23]. Coverage optimization in STAR-RIS-
supported NOMA and orthogonal multiple access systems
was studied in [24]. Moreover, RIS technology applications
in indoor multi-user downlink communication systems have
been studied, 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]-[28].

Further research explored optimization techniques for out-
age probability in multiple RIS-assisted systems [29], maxi-
mizing received power in downlink millimeter-wave com-
munications [30], and designing double-hop RIS-assisted
systems [31]. In multi-cell networks with NOMA, joint
optimization for multi-RIS-assisted full-duplex systems was
investigated [32]. However, energy efficiency remains a
concern, as RISs consume power during signal control [33]-
[36]. In addition, recent advancements have focused on
optimizing RIS performance through joint resource allo-
cation and system design [37]. Particularly, solutions tar-
geting hybrid beamforming in RIS-assisted networks have
been proposed [38], demonstrating improvements in spectral
efficiency and energy savings. Despite these advances, the
potential of integrating ASTAR-RIS with MIMO technology
remains unexplored.

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
addressed 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 performance 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. Furthermore, we introduce a novel hybrid beam-
forming design for ScNs, which optimizes the ASTAR-RIS
phase shifts and the mBS beamforming to minimize power
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consumption and maximize SNR. By leveraging a successive
SCA method and dual optimization techniques, we provide a
comprehensive 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, dif-
ferentiate 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:

e We propose a novel distributed ASTAR-RIS-assisted
ScNs in which an ASTAR-RIS serves multiple mi-
cro users in transmission and reflection regions. Our
work proposes using distributed ASTAR-RIS tech-
nology to overcome the challenges of unstable links
and blocked communications between nodes in next-
generation wireless networks by reflecting, transmit-
ting, and amplifying incoming signals simultaneously,
making it a promising solution to improve the perfor-
mance of ScNs.

e Our approach aims to maximize the network’s effi-
ciency 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 am-
plifier and consequently result in lower gain, our study
demonstrates that higher performance and significant
energy savings can be achieved by appropriately de-
signing the phase shifts of ASTAR-RISs and optimizing
the energy consumption of all nodes.

e Proposed phase shift design adjusts the reflected sig-
nals’ phase at each ASTAR element, steering the
signal toward the desired receiver to enhance signal
strength. Our study aims to minimize the network’s
overall power consumption 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 transmission schemes and formulate an
optimization problem to design the ASTAR-RIS phase
shift and hybrid beamforming. We use a successive
convex approximation (SCA) method to solve the phase
optimization problem, providing a closed-form solution
at each step. Additionally, we use the dual method to
determine the optimal ASTAR-RIS ON/OFF.

e By analyzing the simulation results, we illustrate that
our proposed approach outperforms the conventional

TABLE 1: List of symbols used in the paper

Symbol Definition Symbol Definition
L ASTAR-RIS K Transmission users
N; Elements « Path loss exponent
d Distance K, Reflection users
km macro user tI>§CT Coefficient matrix
M Antennas @fﬂt Coefficient matrix
[=y . Channel gain Rlos LOS component
G, Channel gain Rrlos NLOS component
hyy,. Channel gain Bp Large scale path loss
T Rician factor 95% , 95% Phase shift
B,l% , ﬁfcr Amplitude ] Binary variables
Sky > SZTZ Signals Wiy Beamforming
Phit vm) Circuit power Db mBS circuit power
V{-} SNR PRIS RIS power consumption
Sk, Channel gain gk, Channel gain
R RF chain ¢ Variable
&k by} Gain DPhy ko Transmit power
Ak, k) | Variable Vv Analog beamforming
Yk, k.3 | Signals Wik, ky, k) | Digital beamforming

RIS regarding efficiency, yielding over 170% improve-
ments. The findings reveal that optimizing the phase
shifts applied by the ASTAR-RIS and hybrid beam-
forming 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 [y]x, denotes the (k, n)-th element of ma-
trix 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.

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, [, serves a single ScN and has N; number of
elements, where n; = 1,2, ..., IV;, 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
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FIGURE 2: Proposed system model

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 beam-
forming 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
k. =1,2,..., K,.. The mBS serves the macro user, denoted
as k,,, without any assistance of ASTAR-RIS. We assume
that mBS has A 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 I.

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,. We consider macro user,
ky,, can communicate with the mBS using line-of-sight links,
saving the resource from ASTAR-RIS. We define the channel
gains from mBS to k,, as g, € C™E mBS to k; as
g € C'*E mBS to k, as g, € C'*, mBS to ASTAR-RIS,
1 as G; € CNt*M  ASTAR-RIS, [ to user k, (at reflection

VOLUME 00, 2024

region) as hy,, € C1*M and ASTAR-RIS, [ to user k; (at
transmission region) as hy;,, € C*MNi,

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+Grc—35.95 Gitr+Grc—33.05
10 10

10 10

By = e S

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

~ T 1
R = Rlos Rnlos 2
Vigr™ TVigr™ @

where Rician factor, denoted by T, is defined along with the
line-of-sight and non-line-of-sight components, represented
by R!°* and R", respectively. Both components are mod-
eled using complex Gaussian distribution CA(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 rec-
ommended by previous studies [40], [41]. This model helps
contextualize performance metrics such as SNR and energy
efficiency, which are influenced by channel conditions like
path loss and fading [42]. 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 interpreting practical metrics, enabling a better under-
standing 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.
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C. Properties of ASTAR-RIS
We define the diagonal coefficient matrix of ASTAR-RIS, [
for transmission space user, k; as follows:

AN
@, = diag (511 ki, B ,..,5@6]%) 3)

where the amplitude and phase shift of ASTAR element n;
in ©}, € CNt*Ni are defined as 1 < ;" and ;' € [0,27),
respectlvely Additionally, we define the dlagonal coefficient
matrix of the ASTAR-RIS for reflection space user k, as:

Be il ﬁljc\,h eJ’@;ﬁ?) )

where the amplitude and phase shift of n; ASTAR element
for the reflection space user k, are represented by BZT‘
and ;' € [0,27), respectively. We define in the diagonal
coefficient matrix ©) € CN*Ni These adjustments are
applied to the incident signals during reflection. We de-
fine 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 sj, and s, respectively. Recent research in [43]
suggests that reflection and transmission properties of n; are
generally independent. The refracted signals by ASTAR-RIS,
n; element is modeled as follows [7]:

ko = Smﬁnz 705! (3)

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

n; QM j0nl
S, = 8" By, ek (6)

O = diag (ﬂll 30k,

The coupling between f3;" and 3, is governed by the
law of energy conservation [7]. We express the amplitude
coefficient due to the transmission and reflection properties
of the element, n;, as follows:

< By, + Byt (N

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 mathemat-
ical model that can be utilized to design and implement
ASTAR-RIS for future applications. ;' and ;" is formu-
lated as follows [8]:

(6 — 9) + 1\
o = (1) () s ®

sin(07" —9) + 1\
p= (1) (PR 2E) g ©

We define 3, and S%. as having positive values as con-
stants with minlmum reflection and transmission amplitudes,
respectively. These constants are also related to the specific
circuit implementation. We also define 1) as the e horizontal
distance between —m/2 and ,Bmm 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 A, = L. =1 and ay = 0.

FIGURE 3: Gain demonstration of the proposed ScNs

D. Sleep Mode of ASTAR-RIS Panel

The deployment of ASTAR-RISs may consume a significant
amount of energy. Moreover, keeping all the ASTAR ele-
ments active consumes additional amplification-related en-
ergy besides reflection and transmission-related energy. The
introduction of active transmission is supported by recent
advancements in metasurface technology, where active ele-
ments capable of both transmission and reflection have been
demonstrated [41].The reflective and transmittance charac-
teristics 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, z; € {0, 1} can determine if ASTAR-
RIS, [ is in the OFF (z; = 0) or in the ON mode (z; = 1).

lll. Data Transmission

We employ the ASTAR-RIS to achieve optimal spatial
coverage by simultaneously amplifying, reflecting, and trans-
mitting 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 al-
lows the system to optimize beamforming and phase shifts
accurately. [44]. 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-
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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 hy-
brid beamforming combines analog and digital beamforming
techniques, 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; € Ky, k, € K,, and k,,, € K,,, require
unique data streams. The signals intended for each user are

independent and are denoted by sg,, sk, and sg,, each
satisfying the following conditions:
E(|sk,|*) = E(lsk,[*) = E(|s,,|*) = 1 (10)

The signals are transmitted using hybrid beamforming
techniques. First, each signal is weighted by a digital
beamforming wy,, wy, ,wy, € CI*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*E representing the entire analog beamforming
structure. The possible phase shifts for ASTAR-RIS reflec-
tion coefficients for transmission and reflection users are

defined as:
27 27 (2xr — 1)
t n ]9 . n
S = {,6 1,30 ka {0, T o }} (11

X2 _
S{é{ﬂMGJQ ‘enz { 22;”27‘—(22)(21)}}
(12)

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

k, = 8k, + ajlhlkt@ZtGlVWktSkt + Z thiWiSi + ng,

i#cell

(13)

Yk, = &k, + xihuk, O VGw, sk, + Y hfiwisi + ny,
i#cell

(14)

Yk = 8k YWk, + Z hgwisi + ng,, (15)

i#£cell

The terms > ;. 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:

2
L 1
’gkt + 2012 wihu, O, GiVwy, si,

Zi;ﬁcen |thiWiSi|2 + a,%t

(16)

Yk, =

2
L l
‘ng +>0 rihy, ©), GIVwy, s,

D iteell hfiw;si|2 + o}

a7

Y, =
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|8k VWi, |
2
D ivteen 1D Wisi[2 + 0
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.

Ve = (18)

m

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 sig-
nal amplification, leading to additional power consumption
proportional to the amplification gain. Therefore, the total
power consumption model must account for the amplification
coefficient 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 during idle periods, critical for improving energy
efficiency in dense networks. These mechanisms ensure that
our proposed scheme balances performance enhancements
with increased energy demands.

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:

Du = Pk, + Dk, + Dk, (19)

where py,, pk,, and pg,, 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:
wi, Wit +wi, wil +wy, wil
Ps = -+ Db
v

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

(20)

3) Power consumption due to ASTAR-RIS
The power consumption of ASTAR-RIS, I/, is expressed as
follows:

L N

leNlpRIS + Z Z | By |?

= lnl_

2y

where pris 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
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term 7|3y, |* accounts for the power consumed due to am-
plification, where 7; represents the amplification efficiency
and f,, denotes the amplification coefficient for element
n; of ASTAR-RIS, [. This term captures the increase in
power consumption 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
energy 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
network conditions. This comprehensive evaluation will pro-
vide deeper insights into the trade-offs between performance
gains and energy consumption in real-world scenarios.

V. Problem Formulation

The objective of the optimization problem is to enhance
the performance of ScNs with ASTAR-RIS by jointly op-
timizing the hybrid beamforming for reflection and trans-
mission, 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 formulation explicitly accounts for the increased power
consumption associated with active amplification and incor-
porates inter-cell interference, ensuring a realistic and phys-
ically consistent model. The problem can be mathematically
expressed as:

L N
[C—A (pqups oty > mIﬂmlzﬂ (23a)

max

ks =1 =t
St WE W, < Prmaxs Whe Wk, < Prax (23b)
z€{0,1},VleL (23¢)
0}, € 0,27, 0}, €[0,27],Vl € L,ny € N, (23d)

8k + xihy, ©) G Vwy, s, i
(< > w1 o Ve (23e)
‘< 8k, + Zle zihy, O} G Vwy, s, ’ v 03D
- D iteell Ihiiwisi|? + of o

We define 0, = [0}1,...,0, ... 0N ], 0, =
0L, .. .,H}Ci\h, . .,HISTNL]T, and = [z1,...,21,...,27]T.

The objective function in (23a) is a max-min problem, aim-
ing to maximize fairness while considering the total network
power consumption, including user, BS, and ASTAR-RIS
components. The term Zle Zf:[ll:l M|Bn,|* represents the
power consumed by ASTAR-RIS due to active amplification,
capturing the energy impact of amplification gain on power
consumption. In (23b), we show the power budget for
reflection and transmission phases, where pnax is the mBS
maximum power budget. The ON/OFF mode of ASTAR-RIS
is captured in (23c), where 0 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 -, .y |hflw;s;|2, which capture the
SINR degradation caused by neighboring cells’ transmis-
sions. These constraints ensure that SINR thresholds for
transmission 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 complexity, 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.

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, computing wy, and wy, accordingly. Unlike tra-
ditional beamforming techniques, the proposed method ex-
plicitly incorporates the impact of inter-cell interference and
amplification power consumption. 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:

L
gk, + i wihu, O], Gi Vs,

gk, + Zlel mlhlkteztGlVSk)t
L !
8k, + >oq xihy, ©), G Vsy, sp,
Whe = VP o ; (25)

L
gk, + Zl:l l’lhlkT@LTleskrskt

The inclusion of variables py, and pg, ensures that the
total transmit power at the mBS is constrained to ppax. Ad-
ditionally, the beamforming design accounts for the amplifi-
cation power ASTAR-RIS uses to maintain signal quality in
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the presence of interference. By substituting the expressions
for beamforming, wy, and wy, , obtained from (24) and
(25), respectively, into the optimization problem in (23), we
reformulate the problem as follows:

L N,
¢ mnax [CL (pu +ps + lerZ Z nl'ﬂnz |2>‘| (263)
Wy s Wiy s
ekt70kr,w =1 ’I’LL:l
s.t. 0 < Dk, < Pmax 0 < Pk, < Pmax (26b)
z;€{0,1},Vie L (26¢)
o), € 0,27, 01, €[0,27),Vl € L,ny € N, (26d)
2
Pre |8k + 21 zihy, O G Vsy, " 60
= 9 t c
D iskeell Ihiiw;si|? +of,
2
Dk, |8k, + Zle zihy, O} G Vs, si,
< , V. (26f)

D iteell Ihflwisi|? + 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
under realistic network conditions, including interference
from neighboring cells. The optimization problem in (26)
becomes challenging to solve optimally due to the presence
of the integer variable « and coupling variables. We propose
an iterative 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., (0,, O, , Pk,, Dk, )> given
the value of x. In the second step, we update x using
the optimized values of (0y,, 0y, , pk,, Pk, ) obtained in the
previous step.

A. Joint (04, ,0x, , pr, . pr,) Optimization

The optimization problem defined in (26) becomes more
complex when the integer variable « is involved. In this case,
obtaining a globally optimal solution becomes challenging.
To address this, we can simplify the problem by fixing x
and optimizing the variables 0y,, 0y, , pg,, and py, . This
simplification results in the following optimization problem:

L N
max — U(Py +Ps + 1+ n 2
oo i = ilput st ;n; B, )]
(272)
s.t. 0 < Pk, < Pmax, 0 < Pk, < Pmax (27b)
o), € (0,27, 0}, €[0,27],Vl € L,n; € N (27¢)
2
Dk, |8k, + Zlel zihy, ©, G Vs, r
¢< , (27d)
Zi;ﬁcell |hlljiwi$i|2 + U%t
2
Dk, |8k, + Zle xihy, O} G/ Vsy,
¢< , Vky (27¢)

Zi;ﬁcell |h/gwisi|2 + cr,%r
Using (27a), (27d), and (27¢), we observe that the optimal
phase shifts, 8, and 8y, are responsible for maximizing the
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2

Sk, + Zlel Ilhlkt®§€t leskt and

2
‘gk,,, —|—Zlexlhlk,,,@fchlek,,,’ , respectively. To obtain
the optimal solution for (27), we follow the steps outlined
below:

channel gains, i.e.,

e We determine the values of 6y, that

- L
maximize ’gkt +> mlhlktGZtGlekt

2
Lgkr + ZlL:l zihy, ©) GiVsy, |, respectively.
e Then we calculate the optimal values of p;, and

Dk, using the obtained optimal phase shifts, O,
2
g, + 2 wihi, O}, G Vs,

and 6y,
2

and

and 6y, , i.e., pg, and

2
L ..
gk, + 211 a:lhl;w@i,rGlekr‘ are maximized.

Pk,

We first optimize the phase shifts, 85, and 8 of (27).
Before optimizing 0y, and 0, we show that

hlk?t@,llct GlVSkt = BZA]W (28)
where Akt = diag (hlkt) GlVSkt.
hy, ©L G Vs, =0, Ay, (29)

where A = diag (hyg, ) GiV sg, . According to (27), the
optimal 6, and 0. can be calculated by solving the
following problem:

L 2
Iglax gy, + leBZAkt (30a)
kt =1
st O, €[0,2n], VieLmeN (30b)
and
L 2
ax |gy, + 0L A, 3la
ngfc gk, ;xz i, Ak, (31a)
st 0, €10,27], VIE€Ln €N, (31b)

Let OLf and 05; be the conjugate vector of Oét and Ol,T,
respectively. The total number of elements for all ASTAR-
RISs is denoted by @ = Zlel Nj. Problem (30) can be
rewritten as:

max|gy, + N7 (32)

kt
st. g =1, VgeQ (32b)

where Q = {1,...,Q}. Similarly, we denote
¥, = (0161 ] (33)
Akr = [IlAk‘Ta"'7ILAk‘T] (34)
Now, we reformulate (31) as follows:

max |g,, + AL, ? (35)

kt
st. |y =1, VgeQ (35b)

Several techniques can be used to solve the optimiza-
tion problem in (32) and (35), including the semidefinite
relaxation (SDR) and successive refinement (SR) algorithm.
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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 3, ..y |hflw;s;|2, and power am-
plification 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 orig-
inal problem. At each iteration, the nonconvex objective
function is replaced with a convex surrogate function around
the current solution point. The process continues until a
convergence criterion is met.

\IlkfzzR((gk‘t + AkHﬂf’i(ftil)) "/’k) +‘th + Ag QP(Z Y

— 2R ((gkt + Akﬂ,b - 1)) i, t AkHt’lp](ﬁ'/i{,_l)>
(36)

Vi —273(<9k +AfpT 1) L, >+‘gk + ALY

~2R ((gk,, + AL gfl)) 9r, + Aﬁwﬁl))
e

The expressions |gk + Ak V. |
are the first-order Taylor series approx1mat10ns at the (z — 1)
iteration. These approximations also account for interference
from other cells and the power consumption of ASTAR
elements, reflecting practical constraints. By using the above
approximation, the nonconvex problem in (32) and (35)
can be approximated as a convex problem. Specifically,
the problem can be formulated as a convex optimization
problem that maximizes the objective function subject to
the power constraints on the transmit antennas and the
reflection coefficient constraints on the ASTAR elements.
In addition, the convex formulation incorporates power con-
sumption penalties for higher amplification factors, aligning
with active RIS systems’ physical limitations. This convex
optimization problem can be solved efficiently using stan-
dard 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 so-
lution. This process continues until the algorithm converges
to a near-optimal solution.

max ¥y, (38a)
Y,
st |y <1, VgeQ (38b)

[ V)

and

max Wy, (39a)

ko

st |y <1, VgeQ (39b)

Interference from neighboring cells is included as
D iteell |hflw;s,|?, and power constraints related to ASTAR
amplification are reflected in Wy, and ¥y . In order to
simplify the optimization problem, constraints (32b) and
(35b) are initially 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 I: The optimal solution for (38) and (39) can be
expressed as:

oy = 4 (Bu (g +aL W) (40)
R ) 1)
Here, the angle vector of a vector is represented by Z(-),
2 such that
([t
[£(t)]q = arctan (o) 42)

R ([tlg)

This ensures that the optimal phase shifts 1, and 1),
align signals for maximum constructive interference while
adhering to power constraints. The optimal solution is found
by plugging these variables into (40) and (41). The lemma
highlights that power and interference constraints are in-
herently tied to phase alignment, emphasizing the trade-off
between amplification gains and power consumption in real-
world scenarios.

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

(g1, + AFwl 1)) A,

. H
(91% +AkHT l(cz 1)) AkHT"pkr

The optimal 1), and 1), should be chosen such that:

Ik, s ke kela
[( +AflyiY) AH} [,

. H
(v, alwi )"l

are real numbers and |[, 4| = |[, ]| = 1 for any ¢.
To ensure that the resulting beamforming design maintains
interference constraints and optimally aligns the phases of
signals, these conditions must also maximize the constructive
interference while minimizing inter-cell interference. This
involves accounting for } -, . |hfw;s;|? in the overall op-
timization. Thus, the optimal v, and v, are given by (40)
and (41), respectively. Lemma 1 and (40), (41) imply that
for the optimal solution, the phase shifts ¢, and 1, must
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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 si-
multaneously mitigates the inter-cell interference introduced
in multi-cell scenarios and ensures efficient power usage. Ad-
ditionally, the optimal phase vector does not depend on the
amplitude of the channel, i.e., Ay, (gkt +Aa] ,(CZZU) and

Ay, (gm + AkH g:l)). However, this amplitude indepen-
dence is constrained by the dynamic power consumption of
ASTAR elements, ensuring practical deployment under real-
world scenarios.

Algorithm 1 Joint Phase and Power Optimization

1: Initialize: Initialize 1/;,(3), ,(i)

2: Update: Set iteration ¢ = 1 and increment the iteration
number by i =17+ 1

3: Optimization:

4: repeat

Set 1/’;(3 _ 4 Ak (g +al vl Y))

. . (i—1)
et ) = (80, (o -t W)
Increment ¢ =7 + 1.
until Objective value in (32) and (35) converges.

Output 0, — ( ](;))* and 0y, = (’(b](gr))*

W

o % D

Algorithm 1 outlines the SCA-based approach for solving
the optimization problems (32) and (35). The algorithm
progressively refines the phase shift vectors v, and ¥, to
maximize system performance while maintaining feasibility.
This iterative approach considers both power and inter-
ference constraints, ensuring the optimization aligns with
realistic multi-cell deployment scenarios. By incorporating
dynamic inter-cell interference, the algorithm ensures that the
updated phase shifts minimize interference in neighboring
cells, balancing local and global network performance. Once
the optimal phase shifts 8, and 6, are obtained, we solve
for the optimal power allocation by substituting them into
the simplified optimization problem as follows:

max  [¢ — t(py + ps + p1)] (43a)
CsPky Pk,
st. 0< Pk Pk, < Pmax (43b)
2
Pr, |8k, + 312y wihur, O, G/ Vs,
< . Yk (430)
g
k¢
2
Dk, |8k, + Zle xihy, O} G/ Vs,
¢< 5 , Vi, (43d)
Ok

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
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interference constraints, addressing the reviewers’ concerns
about interference management and power efficiency.

B. x Optimization

After obtaining the optimal phase shifts, 8, and 8y, , as well
as the power allocation pj, and pg, 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 _ i Nipris)]

(44a)
G =1
st. ze{0,1}, Viel (44b)
2
Dk, |8k, T ZzL:1 zihy, O G Vsy,
< 5 , Vky  (440)
O—k?t
2
Dk, |8k, + Zle zihy, ©), G Vsy,
< 5 , Vk. (44d)
O‘kr

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 z; and
the nonconvexity of constraints (44c) and (44d), making it
challenging to solve. To address this difficulty, we exploit
the fact that x; € {0,1} and rewrite the right-hand side of
constraints (44c) and (44d) as follows:

L
2
|k, + xlhlktGZtGlVSkJ =g, 81 + Z Dj,
=1
L 1-1

+3 N Ditwm, (495)

=2 m=1

where
H
Dj. =hy,®, G VVIGIe| hfl s,
H
+ g1, VIG O hil s, + hy, ©), G/ Vg, sk,

(46)
D™ = hy, ©L G, vVIGcEey v,
+h,, 0 G, VVIGHO, hfl 47
Similarly, for the reflection user &,
L
2
|8k, + zihy, @ﬁwGlek,,,| =g, g + Z Dj, w1
=1
L 1-1
+> 3 Dimww,, (48)
=2 m=1

where
H
D}, =hy, ©, GVVHEG] e hfl s,

H
+ g, VIG O} hf s, +hy, O G/ Vg, sy,
(49)
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Dy = by, ©}, GVVEGEep nl,

H
+h,, O G, VVIGHTO, hfl (50
In order to solve (44), we introduce a new variable b;,,, =
XLy, Since x; € {0, 1}, the constraint by, = x;2,, can be
written as an equivalent form:

blmle+$m_17 Ogblmgla blmgxla blmgxm
(51)
To simplify the (44), a new variable b;,, = z;x,, is

introduced. Since x; € {0, 1}, the constraint b;,, = z;x,,
is equivalent to the original constraint. This is done for all

l=2,...,Land m = 1,...,] — 1. By doing so, we can
reformulate (44) as follows:
L
max [ = o(pu+ps + D wiNipis)] (52a)
o =1
st. x€{0,1}, VieLl (52b)
L L -1
(<grgh +Y Diai+Y Y Db, Yk (52c)
1=1 1=2 m=1
L -1

¢ <egrgi+ ZDk T+ Y Y DM, Ve (52d)

=1 =2 m=1

meI'—f—.’L'm_l, bmgxu bmgmma

l l 1 l 1 (526)
Vi=2,...Lim=1,....1—1

where b = [b217b31,b32,...,bL(L_l)]T. Note that (52)

involves integer constraints, which makes handling it chal-
lenging. 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 [45].
However, 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 op-
timal solution for (52). The solution is summarized in the
following theorem.

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

follows:
T = 1,
1= 0,

We define C; as —AN;pris —|—aDk +Zm 1(Tlm—wlm)+
an:lﬂ(f@,ml — Kymy) for 2 < I < L—1. Forl =
Cy = —ANipris + aD,it + 25112(/@37”1 — Klml)- Finally,
when [ = L, C;, = —ANppris —|—OzD]£’t +Z1€1_:11 (Tlm —wlm).

The Lagrange multipliers related to the constraints in (52)
are denoted as {o,wim, Tim, Kim}, and a, = max{a,b}
represents the maximum value between a and b.

if C; > 0,

53
otherwise. (53)

We also define b;,,, as follows:
]_7 if CK(DLm + Dggm) + Wim — Tim — Kim > 07
blm = ! "
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(a, w, T, K). (55)

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

min Do, w, T, K) (56a)
a,K
st 0<by, <1, V=2 ... Lom=1,...1—1,
(56b)
0<m <1, ViedL (56¢)
We write:
L
‘C(xa Ca bvav K’) = C - A (L(pu +ps + Z$INIPRIS)>
=1
L
‘o <gk,gk N z Doty D,;nblm)
=2 m=1
+a (gk gr +ZDk z +Z Z D} by,
=2 m=1
L 1-1
+ZZ Wlm blm_ml _xm“"l)
=2 m=1
+ Tim (:L‘l - bl’m) + Hl’m(x'm - bl’m) .
(57)

To optimize ¢ in (57), we set the first derivative of the
objective function to zero:
aﬁ(mﬂ C? b7 a? l{)
a¢
Theorem 1 provides a guideline for determining whether
an ASTAR-RIS should be turned ON or OFF. According
to the expression of the coefficient Cj, the negative term
—AN;pris accounts for the additional power consumption
if ASTAR-RIS [ is turned ON, while the remaining term
represents the potential 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
(o,w, T, k) are determined using the sub-gradient method,
which is given by:

a= |: (gktgkt + Z Dktl'l + Z Z Dlmblm - >

=2 m=1

_¢<gk gil +ZD,c xH—iZD blm>]+

=2 m=1

=0. (58)

(59)
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Wim = [Wim — ¢ (bim — 21 — T +1)]F (60)

Tim = [Tl'm - ¢ (CL‘[ - blm)]+; Rim = [Klm - (b (:Cm - 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|T = max(a,0). The
primal 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 (o, w, T, K).
The algorithm iteratively solves both the primal and dual
problems until convergence. The primal problem involves
maximizing 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 dynam-
ically chosen step-size sequence to ensure convergence.
The optimal values of (a,w,T,k) are updated iteratively
according to the formulas provided. It should be noted that
even though z; 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).

Algorithm 2 Solution for (44)

1: Initialize: (95@2), 0,(3), p](c(j), p,(g), :c(o)), and e to reason-

able random values

2: Update: Set iteration 7 = 1 and increment the iteration
number by ¢ = ¢+ 1

3: Optimization:

4: repeat

5: Obtain optimal 0y, and 6y, using (32) and (35) for
given "1

6: After obtaining =" ~!, solve the power control prob-
lem (43) using the optimized 0, and 6y, . The resulting
optimal power values are represented by p,(ft) and p,(fr)

7 Solve the ASTAR-RIS ON/OFF optimization prob-

lem (44) using the updated values (9,(;2, 9;(2,]?;(3,19;(2).
The solution obtained is denoted by (¥
8: until Objective value (26) converges.

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 optimization
(32) and (35), the complexity lies in computing 4 =

—jz(Ay A =1 . . L
e’ ( ket (gl+g’“t+ ke ¥y ) at each iteration, which in-
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volves the complexity of O(QM ). Hence, the total complex-
ity of solving (32) and (35) with Algorithm 1 is O (T1QM),
where 77 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 a, which
involves the complexity of O (L?) based on (53). Hence, the
complexity of solving (44) with Algorithm 2 is O (T2T5L?),
where T, is the number of inner iterations by updating
primal variables and dual variables and 73 is the number of
outer iterations by updating the parameter . 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 (TyT3LS), where Ty is the
number of iterations used by the gradient method and 73 is
the number of inner iterations used for updating parameter
A. The proposed dual method has a lower complexity than
the gradient method. As a result, the total complexity of
solving (26) is O (ToT1QM + TyT>T5L?), where Ty is the
total number of 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 (Nz3) and linearly with the
number of users (K). In contrast, the hybrid beamforming
optimization at the BS scales quadratically with the num-
ber of antennas (1/2). The computational burden becomes
significant as the network size increases, especially in real-
time scenarios. Future 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 convergence. 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 optimiza-
tion is guaranteed to converge, and our empirical results
demonstrate 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
iterations falls below a small threshold ¢ (e.g., € = 1075).
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VII. Results

In this section, we conduct a simulation to evaluate the
effectiveness 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
transmission and reflection users are uniformly distributed
within a square area measuring 200 x 200 m, with the mBS
positioned at the center. The RIS is located at position ! given
by (cos (2m+), sin (21)) 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. Specifically, we consider the scenario where there are
8 ASTAR RIS for ScNs, and each ASTAR RIS unit consists
of 40 individual 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
inaccuracy and environmental interference [46]. 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.
Additionally, we explore the effects of external noise factors
and show that the ASTAR-RIS algorithm remains robust
across a wide range of realistic conditions.

11 : : : : : : 1
107 —©— Initial solution 1
~&— Initial solution 2
9r Initial solution 3
S —e— Initial solution 4
TS 8r —o— Initial solution 5
3
o 77
=
8
L
(e}
5
41
3 | | | | | |
1 2 3 4 5 6 7 8

Iteration number

FIGURE 4: Convergence of algorithm

Fig. 4 illustrates the convergence behavior of Algorithm 1,
which is employed to solve a nonconvex phase beamform-
ing optimization problem. The algorithm is initialized with
multiple initial solutions, where each solution is obtained by
dividing the normalized channel gain value, representing 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.
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FIGURE 5: The change of SNR with number of BS antenna

257

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
antennas, leading to a reduced slope in improving SNR.
Despite the diminishing returns in SNR improvement with
increased antennas, ASTAR RIS consistently outperforms
the other configurations, achieving the highest SNR across
all antenna 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 require-
ments. Conversely, STAR RIS and T RIS present viable
alternatives for systems prioritizing energy efficiency while
benefiting from RIS-assisted improvements.

Amplitude

0 5 10 15 20 25
Index of ASTAR RIS elements

FIGURE 6: ASTAR element transmission and reflection
amplitudes
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Fig. 6 shows the distribution of transmission and reflection
amplitudes among the ASTAR RIS elements, denoted as S
and fj,, 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 dominant 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,
significantly improving SNR and ensuring robust communi-
cation performance even in challenging channel conditions.

—&—ASTARRIS
—8—STARRIS

TRIS
—&—NoRIS

20 30 40 50 60 70 80 90 100
Distance between BS and RIS (m)

FIGURE 7: The effect of BS-ASTAR RIS distance on SNR

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 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, underscoring 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-
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FIGURE 8: SNR changing over various ASTAR elements

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 scaling
the number of ASTAR elements is a key design strategy
to maximize system performance. ASTAR RIS outperforms
other configurations, reinforcing its superior capability in
enhancing signal quality while maintaining power efficiency.
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FIGURE 9: pi, changing for various N;
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FIGURE 10: pg,. changing for various Ny

Fig. 9 and Fig. 10 illustrate the variations in transmission
power and reflection power, respectively, across different
numbers of ASTAR elements. When no RIS is incorpo-
rated into the model, the power levels are observed to be
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high. Additionally, the power required for STAR RIS is
higher than ASTAR RIS. These observations highlight the
efficiency of the proposed 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 en-
hanced 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 indi-
cate that the ASTAR RIS configuration consistently achieves
lower power consumption than other RIS setups, underscor-
ing its energy efficiency advantages. 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. This
balance is particularly significant in large-scale deployments
where power management is crucial.
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FIGURE 11: SNR changing over maximum transmit power

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 configuration achieves superior SNR improvements at
all power levels, demonstrating its robustness even under
varying power constraints. This insight underscores the pro-
posed model’s ability to capitalize on higher transmit pow-
ers, ensuring better signal reception and enhanced system
performance while maintaining energy efficiency.

Fig.12 and Fig 13 illustrate the performance of ASTAR-
RIS, STAR-RIS, and T-RIS regarding SNR and power con-
sumption over multiple iterations. ASTAR-RIS demonstrates
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FIGURE 12: SNR changing over iterations
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FIGURE 13: Power consumption over iterations

the highest SNR gain, reaching nearly 40 dB 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 experiences a moderate reduction. On the other hand,
T-RIS maintains constant power consumption across all itera-
tions, highlighting the efficiency advantages of ASTAR-RIS.
In contrast, T-RIS maintains constant power consumption
across all iterations, emphasizing its limited adaptability to
dynamic system requirements. These results highlight the
dual advantage of ASTAR-RIS in achieving superior SNR
gains while simultaneously optimizing energy efficiency,
making it a highly effective solution for modern commu-
nication systems.

In this study, we account for interfering user signals across
different cells, reflecting real-world multi-cell network envi-
ronments more accurately. In practice, user signals across
cells often interfere with each other, especially in dense
deployments with multiple STAR-RIS units. In such sce-
narios, inter-cell interference management becomes critical
to maintaining system performance. Coordination strategies,
such as distributed beamforming or coordinated multipoint
transmission, can synchronize the operations of multiple
STAR-RIS units, minimizing interference and optimizing
signal quality. Deploying a single STAR-RIS unit simpli-
fies inter-cell interference management since the control
over phase shifts and beamforming vectors is centralized.
However, even in this case, interference from neighboring
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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 effectively.

VIIl. Conclusions

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
transmission and reflection regions within ScNs. We develop
optimal hybrid beamforming for users at the mBS using
the multiple-input-multiple-output technique while dynam-
ically 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 consumption 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
outperforms 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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