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Abstract—The explosive growth of teletraffic, fueled by the
convergence of cyber-physical systems and data-intensive appli-
cations, demands a multidisciplinary suite of innovative solutions
across the physical and network layers. As part of that suite,
this paper advocates hardware-agnostic fluid antenna systems
(FAS), which treat the radiating aperture as a reconfigurable
physical-layer resource rather than a fixed component. By rapidly
adjusting position, shape, or pattern, independent of the specific
conductive medium or antenna embodiment, FAS exposes ad-
ditional spatial degrees of freedom (DoF) that enable channel-
aware diversity, opportunistic beamforming, and interference
suppression, even with a single radio-frequency (RF) chain and
compact form factors. This flexibility allows adaptation to fading,
blockage, and traffic dynamics, improving outage, spectral effi-
ciency, and energy efficiency, and positioning FAS as a promising
candidate for next-generation communication networks. This
paper provides a comprehensive survey of the state of the art in
FAS research. We begin by examining key application scenarios
in which FAS offers significant advantages. We then present the
fundamental principles of FAS, covering channel measurement
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and modeling, single-user configurations, and the multi-user fluid
antenna multiple access (FAMA) framework. Following this, we
delve into key network-layer techniques such as quality-of-service
(QoS) provisioning, power allocation, and content placement
strategies. We conclude by identifying prevailing challenges and
outlining future research directions to support the continued
development of FAS in next-generation wireless networks.

Index Terms—Fluid antenna system (FAS), channel modeling,
homogeneous network (HomoNet), networking, physical layer.

I. INTRODUCTION

“Necessity is the mother of invention.”

OR WIRELESS communications, this truism is the ulti-

mate raison d’étre. From the inception of wireless telegra-
phy in the late 19th century to the contemporary era when the
next generation networks serve as indispensable conduits be-
tween the digital and physical realms, the unyielding demand
for faster, smarter, and more reliable communications has
been a continual catalyst for innovation. While fifth-generation
(5G) networks have achieved significant advancements in data
transmission speed, latency, and connectivity, these enhance-
ments are insufficient to accommodate the evolving demands
of the cyber-physical world. The forthcoming sixth-generation
(6G) network is expected to overcome the constraints of its
predecessor, aiming to meet highly ambitious key performance
indicators (KPIs). These benchmarks include a peak data rate
of 1 Thps, an end-to-end latency of 1 ms, and an extraordinary
connection density of 10 million devices per km?, etc [11, 2],
[3], [4]. Such objectives are not merely incremental upgrades.
Rather, they are prerequisites for enabling the next generation
of applications characterized by seamless interaction among
humans, machines, and environments.

To achieve these goals, researchers are investigating a
multidisciplinary suite of innovative solutions. These include
non-orthogonal multiple access (NOMA) [5], [6], [7], rate-
splitting multiple access (RSMA) [8], [9], extra-large multiple-
output multiple-input (MIMO) [10], advanced coding and
modulation schemes [11], [12], [13], [14], and reconfigurable
intelligent surfaces (RIS) [15], [16], [17], [18]. Researchers
are increasingly focusing on the development of advanced
networks driven by artificial intelligence (AI) and learning-
based methods [19], [20], [21], Terahertz (THz) communica-
tions [22], [23], [24], non-terrestrial networks (NTNs) [25],
[26], and integrated sensing and communication (ISAC) [27],
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[28], [29], etc. NOMA and RSMA utilizes advanced coding
and decoding architectures to allow more spectrum sharing
for greater capacity while RIS extends the principle of MIMO
to be used at programmable metasurfaces in remote areas
for passive but smart reflections. Nevertheless, scalability
remains a critical limitation of these technologies. On the
other hand, while Al is a powerful tool for optmization and
resource allocation of wireless networks, Al itself is not a
wireless communication technology. Shifting to the THz band
is clearly a natural approach to access greater bandwidth,
although the associated high cost poses a major challenge.
The deployment of NTNs are application-specific. Evidently,
ISAC makes communication more interesting but it also makes
it a lot more difficult. In short, it remains essential to develop
new technologies that introduce additional degree-of-freedom
(DoF) at the physical layer, thereby expanding the achievable
performance region, desperately needed for 6G.

To push the boundaries of physical-layer design, the fluid
antenna system (FAS) stands out as a breakthrough technology,
introducing dynamic reconfigurability in antenna position and
structure, marking a leap in enhancing spatial DoF [30], [31].
Unlike conventional fixed-position antennas (FPA), a.k.a. tra-
ditional antenna system (TAS), a FAS is a software-defined
architecture that may use fluidic, conductive, or dielectric
materials, or any kind of metamaterial structures, to facilitate
real-time reconfiguration of antenna position and shape in
a given spatial region. This innate adaptability constitutes
an integral part of the FAS design, introducing additional
DoFs that can be exploited to achieve significant performance
enhancements. FAS was first conceptualized by Wong et al. in
2020 [30], [32], [33], with its foundational idea partly inspired
by Bruce Lee’s philosophy of adaptability and flow:

“Be like water making its way through cracks. Do
not be assertive, but adjust to the object, and you
shall find a way round or through it. If nothing
within you stays rigid, outward things will disclose
themselves. Empty your mind, be formless.
Shapeless, like water. If you put water into a cup,
it becomes the cup. You put water into a bottle and
it becomes the bottle. You put it in a teapot it
becomes the teapot. Now, water can flow or it can
crash. Be water, my friend.”

Applying this “fluid” philosophy to the physical layer of
wireless communication leads to the abstraction of antennas
that are inherently formless and highly adaptable, capable
of dynamically reconfiguring themselves to cater to dynamic
channel conditions and to exploit spatial DoF. This idea is
embodied in the FAS, which emphasizes extreme spatial re-
configurability and flexibility, marking a significant evolution
in contemporary antenna design. The term “fluid” in FAS
highlights the system’s ability to rapidly adapt its configura-
tion, without necessarily referring to liquid or gaseous states.
Instead, it reflects the innovative, dynamic, and responsive
nature of the architecture. FAS is hardware agnostic and can be
realized through various technological implementations, such
as liquid-based antennas [34], [35], [36], pixel-reconfigurable

antennas [37], [38], mechanically actuated antennas using
stepper motors [39], and flexible structures incorporating meta-
materials [40], [41], [42]. In essence, FAS encompasses all

forms of flexible and reconfigurable antennas that adhere to
its underlying principle of spatial adaptability, which includes
movable antennas [43], pinching antennas [44], and the recon-
figurable waveguide technology presented in [45] when all the
intelligent surfaces together combine to become an enormous
FAS (E-FAS). Credit is also due to the foundational studies
in [46], [47], [48], which first explored reconfigurable antennas
in the context of space-time coding and beamforming.

The motivations for this survey are multifaceted. In recent
years, FASs have attracted growing attention due to significant
theoretical progress and their potential for a wide range of
applications. As summarized in Table I, several review and
tutorial articles have explored various aspects of FAS. For
example, [31] identified six key research areas and discussed
the promise of FAS under simplified channel models. In [43],
the historical development of FAS and movable antennas
was comparatively analyzed, while [49] examined the inter-
play between FAS, MIMO, and RIS. Additional works, such
as [50], [51], [52], have provided insights into the fundamental
concepts of FAS, highlighted emerging research directions,
and introduced a paradigm incorporating multiple RISs as
distributed artificial scattering surfaces to facilitate massive
connectivity. The study in [53] presented a comprehensive tax-
onomy of FAS applications in multiple access environments,
termed fluid antenna multiple access (FAMA), and examined
its potential integration with other cutting-edge technologies.
More recently, [54] presented a comprehensive tutorial on the
physical-layer foundations and enabling technologies of FAS.
Lu et al. in [55] also offered an electromagnetic perspective
to explain FAS. Moreover, [56] presented a comprehensive
taxonomy of a multi-dimensional reconfigurable FAS, namely
six-dimensional movable antenna (6DMA).

Despite these valuable contributions, a significant gap re-
mains in the literature concerning networking technologies
specifically designed for FAS. This paper intends to address
that gap by presenting a comprehensive survey of FAS, with a
particular focus on its integration into future 6G networks and
the relevant networking techniques required to fully harness
its potential. Specifically, we introduce its main scenarios and
use applications in wireless communication networks, review
its fundamentals, and focus on investigating the network
technologies. In doing so, this work aims to advance a holistic
understanding of FAS and its transformative role in shaping
next-generation wireless communication systems.

The reminder of this survey is organized as follows. Sec-
tion II introduces the main scenarios and use applications of
FAS in wireless communication networks. Section III then
discusses the fundamentals of FAS, including the measurement
and modeling of FAS channels, as well as the physical tech-
nologies of single-user FAS and multi-user FAMA systems. In
Section IV, we investigate relevant network techniques, such
as quality of service (QoS) enhancement, power allocation,
and content placement. Section V identifies challenges and
research directions, while Section VI concludes the paper.
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TABLE I
SUMMARY OF REPRESENTATIVE SURVEY PAPERS RELATED TO FAS

Reference [ Main Contributions

o Identified six key research areas;

o Discussed the promise of FAS under simplified channel models.

] o Analyzed the historical development of FAS and movable antenna.

] o Examined the interplay between FAS, MIMO, and RIS.

o Introduced more recent channel models;

o Provide theoretical performance of FAS and FAMA.

o Identified a few research opportunities in FAS.

[
[
[
[
[
[
[

o Presented a comprehensive taxonomy of FAMA;
o Examined the potential integration of FAMA with other technologies.

]
|
] o Investigated the use of RISs as distributed artificial scattering surfaces to facilitate massive connectivity.
1

o Presented the fundamentals of FAS;

o Introduced the strengths and weakness of different hardware designs;
o Discussed the challenges and potential synergy of FAS.

o Offered an electromagnetic explanation of FAS.

o Introduced a comprehensive taxonomy of multi-dimensional reconfigurable FAS, namely 6DMA.

This paper

o Introduces the main scenarios and use applications of FAS in wireless communication networks;

o Reviews the fundamentals of FAS, including the channel model, channel estimation methods, FAS, and FAMA;
o Investigates the relevant network technologies of FAS for its integration into future 6G networks;

o Identifies the new challenge and research directions of FAS.

II. APPLICATION SCENARIOS

This section explores various application scenarios for FAS,
highlighting the core operational characteristics that define
their relevance. These application scenarios serve as a founda-
tion for developing key enabling techniques tailored to FAS.
Traditionally, most FAS deployments have been limited to
homogeneous networks (HomoNets), characterized by macro-
cell-only infrastructure. As shown in Table II, these HomoNet
scenarios can be broadly classified into two categories: Case 1,
involving single-user FAS networks, and Case 2, involving
multi-user FAS networks. More recently, FAS-assisted hetero-
geneous networks (HetNets) have gained attention, featuring
integrated macro-cell and small-cell deployments or cell-free
network implementations. The following sections delve deeper
into each of these scenarios.

A. Case 1: Single-user HomoNet FAS Scenarios

1) Case 1A: Basic FAS: In a basic FAS network, as shown
in Fig. 1(a), FAS can be utilized at the transmitter and/or re-
ceiver. The basic FAS can be further categorized into two types
based on the number of activated ports: single-input single-
output FAS (SISO-FAS), which employs a single activated
port, and MIMO-FAS, which utilizes multiple activated ports.
For clarity, the subscript/superscript s is used to denote the
parameters at the transmitter or receiver as tx or rx, respec-
tively, i.e., s € {tx,rx}. In this case, N} ports are uniformly
distributed along a linear segment of length W}J, in which
i€{1,2}, Ny =N x N5 and Wy, = WA X WiA. If N§ =1,
the FAS configuration can be regarded as a one-dimensional
linear FAS (1D-FAS); otherwise, if N7 > 1, Vi € {1,2}, the
configuration is considered as a two-dimensional planar FAS
(2D-FAS). FAS is switched to the port(s) with the strongest
signal to enhance the receiving performance.

Based on a simplified channel model, an early study in [31]
shows that the outage probability of SISO-FAS decreases with
the number of ports, and FAS could outperform maximal-ratio

combining (MRC) when the number of ports is sufficiently
large. The effort in [32] further derived the ergodic capacity
and its lower bound, as well as the level crossing rate (LCR)
and average fade duration (AFD). In [57], an efficient port
selection method for the SISO-FAS network that combines
machine learning methods with analytical approximations, was
proposed using only a few port observations. In [58], the out-
age probability and diversity gain of SISO-FAS were derived
using a simple yet accurate channel model that closely follows
the spatial correlation of Jake’s model, and an algorithm was
proposed to approximate the value of the number of ports,
N*, at which the diversity gain saturates. Additionally, the
performance of backscatter communication in SISO-FAS was
analyzed in [59]. Moreover, secure communication for a SISO-
FAS network was investigated in [60], where the key secrecy
metrics, including secrecy outage probability, average secrecy
capacity, and secrecy energy efficiency (EE) were analyzed.

Utilizing multiple fluid antennas at both ends of a point-to-
point communication channel, referred to as MIMO-FAS, can
provide enhanced performance compared with SISO-FAS and
has recently been studied in [01]. Specifically, the diversity-
and-multiplexing trade-off (DMT) for the MIMO-FAS chan-
nel was characterized at high signal-to-noise ratio (SNR).
Besides, [02] addressed the MIMO-FAS channel exploiting
only statistical channel state information (CSI). Based on the
rate maximization criterion, an algorithmic framework was
proposed for transmit precoding and transmit/receive FAS
position designs. Later in [63], the problem of antenna config-
uration selection for MIMO-FAS was studied using physics-
inspired heuristics to maximize two fundamental performance
metrics: the SNR at the receiver side and the end-to-end
Shannon capacity. In [64], the port selection problem on
both the transmitter and receiver in MIMO-FAS was tackled
to maximize the capacity. A new joint convex relaxation
(JCR) problem is formulated, and two optimization algorithms
are developed, each offering a different trade-off between
performance and complexity.
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TABLE II
TYPICAL APPLICATION SCENARIOS

Type | Description | Features

Case 1A | Basic FAS

FAS on the transmitter and/or the receiver sides with one/multiple activated port(s);
o Enhanced performance and increasing capacity.

Single-user

HomoNet Case 1B

RIS-aided FAS

FAS on the receiver side;
o Effectively mitigating the double-path loss of RIS.

Case 1C | FAS-aided IM

Encoded FAS on the transmitter side;
o Improving spectral efficiency.

Case 2A | Multi-user MIMO-FAS

FAS on the transmitter and/or the receiver sides with one activated port;
o Improving robustness and capacity.

Multi-user Case 2B | FAMA

FAS on the receiver side;
o Massive connectivity.

HomoNet

Case 2C | FAS-aided ISAC

FAS on the transmitter side;
o Adaptive performance tuning;
o Improving spectral efficiency.

Case 3A | Content-centric FAS HetNets

HetNet

FAS on the receiver side;

o Enabling adaptive link establishment;
o Improving spectral efficiency;

o Enhancing reliability and robustness.

Case 3B | FAS-assisted cell-free Networks

FAS on the access points or the user equipment;
o Improving spectral efficiency;

o Mitigating the interference;

o Alleviate the CSI overhead burden.
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Fig. 1. Illustration of (a) Case 1A: Basic FAS, (b) Case 1B: RIS-aided FAS, and (c) Case 1C: FAS-aided IM.

2) Case IB: RIS-aided FAS: fig-RIS-FAS RISs have
emerged as a cost-effective technology for improving base
station (BS) coverage by intelligently manipulating the prop-
agation environment. By adjusting the phase shifts of their
reflecting elements, RIS can steer radio signals toward in-
tended receivers. When combined with FAS, RIS can produce
synergistic performance gains. As shown in Fig. 1(b), the RIS-
assisted FAS network comprises a BS equipped with a single
FPA, a RIS with Mpg reflecting elements, and a mobile user
equipped with a FAS featuring N, ports. In this scenario,
the direct link between the BS and the user is obstructed by
physical obstacles. As a result, the BS transmits the RF signal,
which is redirected by the RIS to reach the mobile receiver.
The FAS-assisted mobile receiver demonstrates superb perfor-
mance, effectively mitigating the double-path loss in cascaded
RIS systems [52], [65]. By applying the central limit theorem

(CLT) and the block-correlation channel model, [66] simplified
the expressions for outage probability, reduced computational
complexity, and analyzed the impact of the number of FAS
ports on system performance. In [67], the authors further
derived the upper bound, lower bound, and asymptotic approx-
imation of the outage probability. Additionally, the analytical
outage probability expression was used to design the passive
beamforming of the RIS. A framework for the RIS-aided FAS
design was given in [68], proposing two approaches: a CSI-
based scheme and a CSI-free scheme. Then leveraging the
derived outage probabilities, [68] optimized the throughput of
the RIS-aided FAS. It is also possible to come up with a low-
complexity beamforming design for RIS-aided systems if a
fluid antenna array exploiting only statistical CSI is used at
the BS [69]. Subsequently, [70] studied the impact of RIS-FAS
for secure communication, in which an analytical expression
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for the secrecy outage probability was obtained. In [71], a
simultaneously transmitting and reflecting (STAR)-RIS system
with FAS under phase errors, was investigated and the benefits
of position reconfigurability was highlighted. More recently,
the “fluid” concept of FAS was applied to the RIS elements,
resulting in, what is now referred to as fluid reconfigurable
intelligent surface (FRIS) [72], [73], [74].

3) Case IC: FAS-aided IM: fig-FA-IM Index modulation
(IM) leverages the indices of entities to encode and transmit
information. FAS can be utilized as the encoded entities in
IM to enhance the overall performance. As illustrated in
Fig. 1(c), the FAS-aided IM network consists of the transmitter
equipped with FAS, and the receiver equipped with N, FPAs.
The configuration of the FAS equipped at the transmitter is
consistent with those in the aforementioned scenarios. The IM
mechanism is applied to the fluid antenna ports, selecting n
ports out of Ny ports for transmitting modulated symbols [75],
[76], [77], [78]. Specifically, during each transmission inter-
val, the input b-bit sequence is divided into two parts. The
first part is mapped into ny 29m-ary constellation symbols,
represented as 8 = [s1,...,5k,...,5n, )., While the second
part is mapped to an index set of ny ports, denoted as Z =
{l,....Ig,..., I}, where I, € {1,2,..., N }. Therefore,
the length of the first part is calculated as b1 = nxQm,
indicating that n parts of @),,-bit sequence are mapping to
n symbols, while that of the second part is calculated as

by = {log2 (N“)J. The spectral efficiency of the FAS-aided

Mix

IM network is therefore enhanced by the adequate possibility
provided by the FAS port selection. In the initial studies, only
one activated FAS port is considered for IM [75]. As the study
progresses, multiple FAS port selection is discussed in [76] to
implement IM. To enhance spectral efficiency, [77] applies the
FAS-aided IM to MIMO systems, and [78] further enhances
the resilience of the systems in the spatial correlated channels.

Also, [79] proposes a secure FAS-aided IM framework that
safeguards both index and data symbol transmissions against
eavesdropping by employing a combined configuration of non-
orthogonal spectrally efficient frequency division multiplexing
waveforms and channel coding. Then [80] combines FAS-
aided IM with orthogonal frequency division multiplexing
(OFDM) transmission systems and implements a wavelet scat-
tering neural network in the proposed framework, achieving
fast classification of index patterns using limited training data.
A joint transmit and receive FAS-aided IM system enabled by
RIS is also proposed in [81].

B. Case 2: Multi-user HomoNet FAS Scenarios

1) Case 2A: Multi-user MIMO-FAS: Multi-user MIMO-
FAS (MU-MIMO-FAS) extends from the concept of MIMO-
FAS and enhances the traditional MU-MIMO by leveraging
FAS’s spatial reconfigurability. As illustrated in Fig. 2(a), the
BS serves U user equipments (UEs). Three scenarios can be
considered: the first is to equip with a FAS with multiple RF
chains at the BS and use a single traditional antenna with one
RF chain on the UE side; the second is to use a multi-antenna
uniform linear array (ULA) at the BS while each UE has a
FAS; and the third is to adopt FAS on both sides. For the FAS
at BS, Ny, = N{*x N&* antenna ports are uniformly distributed
on a physical size of Wix = W*A x Wi*A. On the UE side, the
distribution of the 2D-FAS can be denoted as [V, = N{* x N3*
ports over a size of Wix = WA x W3*A. FAS equipped on
both sides can reduce the impact of hardware imperfections
through dynamic antenna repositioning, thereby improving the
robustness in MU-MIMO systems [82]. Moreover, FAS on the
UE side enables sparse channel recovery via compressed sens-
ing, achieving lower estimation errors compared to traditional
fixed antennas [83], and it can greatly improve the capacity of
multiple access channel in the uplink system [84].
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2) Case 2B: FAMA: FAMA leverages the unique feature of
FAS to capitalize on spatial opportunities where interference
is weak. As illustrated in Fig. 2(b), the BS serves U UEs, each
equipped with an N = N{* x N5* ports FAS with a size of
Wi = WX x WEA All U UEs reuse the same frequency
radio resources. Thus, at each UE, interference channels with
(U —1) UEs are considered. The UE uses FAS to identify and
receive at the port with the weakest interference. Depending on
how fast the UE updates the FAS port, FAMA can be roughly
classified into fast FAMA (f-FAMA) [85], [86] or slow
FAMA (s-FAMA) [87]. The f-FAMA scheme switches the
antenna port on a per-symbol basis, where the data-dependent
sum interference plus noise signal cancels. This idea could
achieve ultra-reliable massive access, supporting hundreds of
users [86]. However, f-FAMA could be impractical because of
the complexity of instantaneously observing a large number of
received signals. On the contrary, s-FAMA is a more practical
scheme because it only requires the FAS to switch the position
once during each channel coherence time [88], [89]. Tens of
users can be supported simultaneously by s-FAMA. As an
evolution of s-FAMA, compact ultra massive antenna array
(CUMA) [90] activates multiple antenna ports on the UE side
to ensure that the received signals are combined constructively.
Hence, the connectivity capability upgrades to hundreds of
users again by CUMA [91]. Reinforcement learning is another
promising solution to deal with the high-dynamic port selec-
tion [92]. Moreover, FAMA could be facilitated with coding
and modulation to enhance its reliability [93], [94], [95].

3) Case 2C: FAS-aided ISAC: FAS enhance ISAC by
dynamically balancing sensing and communication trade-offs.
As illustrated in Fig. 2(c), the BS is equipped with a FAS and
accommodates U users. The BS transmits common signals to
the users and utilizes the echo signals to perform potential
target sensing. For the FAS at BS, Ny = N{* x N¥ antenna
ports are uniformly distributed on a physical size of Wi =
WEXN x WEN. FAS equipped at the BS can shift the ISAC
Pareto frontier, enabling adaptive performance tuning [96].
In [97], reinforcement learning is used to optimize the antenna
port selection and achieve 30% gains on spectral efficiency.
FAS can also be equipped on the user side to improve
backscatter device detection and spectral efficiency [98].

C. Case 3: HetNets

1) Case 3A: Content-centric FAS HetNets: Recent ad-
vancements have further introduced FAS in HetNet scenarios,
particularly within the content-centric networks (CCNs) [99].
In CCNs, frequently accessed content is cached at small-
cell BSs (SBSs) and/or edge nodes [100]. This mechanism
effectively reduces end-to-end latency and alleviates backhaul
load, which is essential for future 6G networks that demand
ultra-low latency and high throughput with minimal infras-
tructural overhead. As shown in Fig. 3(a), content caching in
CCN-enabled HetNets ensures that data is closer to end-users,
minimizing redundant core network transmissions.

The adaptability feature of FAS is especially beneficial in
content-centric HetNets, where establishing stable and high-
capacity links between SBSs and UEs is vital for efficient con-
tent delivery. FAS facilitates real-time optimization of channel
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Fig. 3. Tllustration of (a) Case 3A: FAS in a CCN and (b) Case 3B: FAS-
assisted cell-free network.

conditions for UEs, effectively mitigating the detrimental
impacts of fading and interference that frequently diminish
content delivery performance associated with TAS. The inte-
gration of FAS into CCN-enabled HetNets signifies a transfor-
mational advancement in next-generation networks, offering
several benefits: (i) it enables adaptive link establishment,
thereby allowing UEs to select the optimal antenna positions
to enhance received signal strength during content retrieval;
(ii) it improves spectral efficiency by dynamically adjusting
the antenna configuration in response to network conditions,
with more efficient resource utilization; and (iii) it enhances
the reliability and robustness of wireless communication in 6G
networks, particularly in high-mobility environments such as
vehicular networks and IoT, where consistent connectivity and
performance are of paramount importance.

2) Case 3B: FAS-assisted Cell-free Networks: As shown
in Fig. 3(b), the FAS-assisted cell-free network integrates
the distributed intelligence of cell-free architectures with the
spatial adaptability of FAS, thereby facilitating real-time opti-
mization of signal propagation. The critical components of this
integrated network consist of a central processing unit (CPU),
FAS-equipped access points (APs), and FAS-equipped UEs.
The CPU utilizes real-time CSI to capture optimal FAS ports.
FAS equipped at APs is capable of dynamically adjusting
their position, orientation, or radiation pattern to exploit spatial
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diversity for SE enhancement [101]. FAS at each UE, on the
other hand, can dynamically identify the port(s) with optimal
AP clusters or propagation paths, mitigating the interference
and enhancing uplink/downlink reliability. In particular, when
each UE is served by its nearest adjacent AP, the network is
characterized as a cell-free FAMA, as investigated in [102].
In the cell-free FAMA network, the FPAs at the AP utilize
maximum ratio transmission (MRT) to beam signals to their
associated UEs, while each UE relies on FAS to overcome
interference. Analytical results demonstrate that the presence
of FAS at each UE can enhance SE and substantially alleviate
the CSI overhead burden on the APs.

D. Conclusion of Application Scenarios

In this section, typical application scenarios are catego-
rized into three types: homogeneous single-user, homogeneous
multi-user, and heterogeneous networks with FAS.

The majority of the state-of-art FAS scenarios are based on
HomoNet, which primarily employs macro-cell deployment.
We further delineate the HomoNet FAS scenario into two
categories: single-user and multi-user HomoNet scenarios. The
single-user HomoNet includes basic FAS, RIS-aided FAS,
and FAS-aided IM. Basic FAS is designed to enhance the
performance and capacity of the network. In the RIS-aided
FAS network, FAS effectively addresses the double-path loss
of RIS. Furthermore, FAS-aided IM contributes to improving
spectral efficiency. In the context of the multi-user HomoNet
with FAS, three typical application scenarios emerge: MU-
MIMO-FAS, FAMA, and FAS-aided ISAC. MU-MIMO-FAS
is capable of enhancing both robustness and capacity; FAMA
facilitates massive connectivity; and FAS-aided ISAC not only
improves spectral efficiency but also offers adaptive perfor-
mance tuning. In HetNet, FAS has recently been integrated into
the content-centric HetNets or cell-free networks, enabling
adaptive link establishment, enhancing spectral efficiency, and
improving the reliability and robustness of the networks.

Additionally, AI technologies play a critical role within
various FAS network scenarios [103]. The key challenge ad-
dressed by deep learning approaches in FAS networks pertains
to the port selection problem [57], [92], [104]. Deep learning
methodologies can effectively tackle the high dynamics asso-
ciated with channel adaptation in the port selection problem,
yielding substantial improvements in spectral efficiency, con-
nectivity, and flexibility within FAS-aided networks.

III. FUNDAMENTALS OF FAS

This section presents an overview of the fundamentals of
FAS, including its channel model, channel estimation, FAS,
and FAMA. As FAS is an emerging technology, channel mod-
eling serves as a crucial aspect for assessing its performance.
Moreover, the foundational techniques developed for FAS-
aided systems predominantly concentrate on either single-user
FAS or multi-user FAMA. Here, we review the transmission
model and the performance of FAS and FAMA.

A. Channel Model

We present channel models for both rich scattering and finite
scattering environments, focusing on two FAS configurations:
1D-FAS and 2D-FAS. Without loss of generality, we assume
a point-to-point channel where the transmitter utilizes a single
FPA and the receiver employs a FAS.

1) Rich-Scattering Environment: For the 1D-FAS scenario,
the receiver has a 1D-FAS with N ports, where h =
[h1,...,hn]T captures the channel gains from the transmitter
to the FAS ports, with h,, ~ CN'(0,02). Due to the proximity
of the ports, h exhibits strong spatial correlation, characterized
by the covariance matrix J = o02X. Following the Jake’s

model [105], the (n, m)-th element of X is given by
1 2 (n —m)
(E)n’m = ;COV [hﬂr“h,m] = JO <]V_1W) y (1)

where Jo(-) denotes the zero-order Bessel function of the
first kind. For performance analysis, the channel model h
must capture spatial correlation properties while remaining
analytically tractable. Previous works [31] and [85] proposed
a simplified FAS channel model. This model can simplify
FAS performance analysis, but may lead to overoptimistic
estimation. The channel coefficients of this simplified model
for the n-th port can be expressed as

hn:U(Vl_M%xn+Mn$0)
g0 (VU= 120 + o ), for n=1,...,N, ()

where zg,...,TN,Y0,--.,yn follow independent and identi-
cally distributed (i.i.d.) N'(0, %), and p,, is simplified as

B 2r(n—1)
pn = Jo <N—1W> . 3)

While this model relies on the first port as a reference, it
overlooks interdependencies among other ports, which may
lead to overly optimistic performance evaluations.

Several studies have enhanced the channel model (2). In par-
ticular, Wong et al. introduced an approach that that replaces
individual correlation parameters with a common parameter,
u, defined by [

]
M:\/i\/le (;;1,2;—71'2WQ> —M, 4

2rW

where 1F5(-;-;-) is the generalized hypergeometric function
and Jy(-) is the first-order Bessel function of the first kind.
This approach establishes mutual correlations among all ports
within a FAS, allowing any port to serve as a reference.
Building upon this model, [106] conducted a thorough analysis
of both outage probability and multiplexing gain, while [107]
explored optimal port selection strategies. However, the chan-
nel model provided by [106] still inadequately reflects the
correlation among antenna ports as characterized by (1).

To improve accuracy, [108] introduced an innovative ap-
proach in which each channel coefficient is represented as
a weighted linear combination of N i.i.d. complex Gaussian
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random variables. Specifically, let UAU H denote the eigen-
decomposition of X'. The channel can be expressed as

h=cUA?g, (5)

where g = [g1,...,9n]T ~ CN(0,Iy). Accordingly, the n-
th element of h can be expressed as

N
hn =0 Z V )\munmgn
m=1

N
=0 Z V )\mun,m (an + 'Lbn) 5 (6)
m=1

where wuy, ., is the (n, m)-th element of U, and a,, and b,, are
random variables distributed as N(0, 3). It is evident that h
designed in (5) or (6) adheres to the specified distribution, i.e.,
h ~ CN(0,02A). Nevertheless, while this “perfect” model
offers theoretical precision, it is constrained by complex nested
integrals as documented in [109]. To simplify, [108] and [109]
proposed a simplification model. The covariance matrix X' of
h exhibits a Hermitian Toeplitz structure, where the eigenvalue
concentration allows approximation using N, < N eigen-
values. Using the model, [108], [109] analyzed the outage
probability for single- and two-user FASs, respectively.

For 2D-FAS, the receiver employs a 2D-FAS of size W3 A x
W5, which has a uniform grid structure with N = N; X No
ports. Ports are indexed from left to right and bottom to top
along, with index assignment given by

n:(ngfl)quLnl. (7)

The element (X),,,, describing the correlation between the
ports (ni,m2) — n and (m1,m2) — m in the correlation
matrix J = 02X € CV*¥ is given by

2 2
R S = = |
(®)
where jo(-) is the spherical Bessel function of the first kind.
Similarly, with the eigen-decomposition X = UAU", the
complex channel vector can be modeled as in (5) or (6) [58].
In [61], the channel model is extended to the case where
both the transmitter and the receiver use a FAS, and multiple
ports can be activated. In this case, SISO-FAS is extended to
MIMO-FAS, and the complex channel becomes

H =U,/AG\/ATU, 9)

where G € CNo*Nx with each entry being i.i.d. and fol-
lowing the distribution CN'(0,1), Uy is an N; X N; ma-
trix whose columns are the eigenvectors of Jg and Ay =
diag(Aj, ..., Ay,) is an Ny x Ny diagonal matrix whose diag-
onal entries are the corresponding eigenvalues, s € {tx, rx}.

2) Finite-Scattering Environment: In a finite-scattering en-
vironment such as millimeter-wave communication systems,
the planar-wave geometric model effectively characterizes the
channel [110]. In this case, h is modeled as

L
h = \/NZ’Ylalv

=1

(10)

where L is the number of propagation paths and ~; is the
complex channel gain of the [-th path, a; is the steering vector
at the receiver. This steering vector for 1D-FAS is given by

1 —jQT"A cos ¢
iy [1, e R
where ¢; € [0,7] is the angle-of-arrival (AoA) of the I-
th propagation path and A = WA/(N — 1) is the distance
between any two adjacent ports.

In 2D-FAS, the FAS surface lies on the x-y plane. The
(1,1)-th port is selected as the reference port, and its center
is placed at the origin of the coordinate system a three-
dimensional (3D) coordinate vector [0,0,0]. The vector of
the (n1,n2)-th port within the three-dimensional (3D) coor-
dinate is therefore [(n; — 1)Aq, (ng — 1)Ag, 0], where Ay =
WiA/(N1 — 1) and Ay = WoA/(Ny — 1). Let the elevation
and azimuth AoAs for the [-th propagation path be denoted
by 6, € [0,7] and ¢; € [0, 7], respectively. The propagation
difference of the [-th path between ports (1,1) and (n,ns)
is then given by

si(n1,m2)=(n1—1)A;sin 6; cos ¢;+ (ne —1)Ascos by, (12)

a;= e—j2Tw(N—1)A005¢L}T’ (11)

resulting in phase difference 27”31(711, ng). The steering vector

for 2D-FAS is defined as
1

T
_i2n _s27
a = —|1,e7% 51(172)’“.’6 s (N1, Ne) |

(13)

3) Conclusion of Channel Models: This section presents
channel models for both rich and finite scattering environ-
ments. The channel model in the rich scattering environment
is based on statistical models that can simplify performance
evaluation and are accurate in rich scattering environments
for the sub-6GHz band. In the mmWave band, the scattering
environment is expected to be more sparse, and a planar-wave
geometric model is used to describe the FAS channel model.

B. Channel Estimation

To achieve best performance, reliable CSI for all ports is
essential. Nevertheless, estimating CSI for all ports can lead
to substantial hardware switching and system overhead. This
subsection outlines the channel estimation process for FAS in
rich-scattering and finite-scattering environments.

1) Rich-Scattering Environment: Several papers have inves-
tigated channel estimation in the rich-scattering environment.
For instance, [111] and [112] investigated channel estimation
and outage performance of large-scale cellular networks using
circular multi-fluid antenna arrays. They proposed the skipped-
enabled linear minimum mean square error (LMMSE)-based
channel estimation (SeCE) technique, which reduces signaling
overhead by estimating CSI for a select subset of ports, though
it results in lower observed SINR and involves a trade-off
between overhead reduction and SINR degradation.

Recent studies have highlighted the role of machine learning
techniques in channel estimation for FAS. For instance, [113]
showed how machine learning could recover full CSI from a
limited number of ports, introducing specialized sub-networks
for different conditions. In addition, they proposed a hard
selection method to adjust the number of estimated ports based
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on correlation levels. In [114], the authors investigated spatial
extrapolation using an asymmetric graph masked autoencoder
(AGMAE) framework to address the complexities of high-
resolution FAS, combining graph-based processing with an
architecture that enhances generalization capability.

2) Finite-Scattering Environment: The channel estimation
problem in finite-scattering environments has been studied in
several works [83], [115], [116], [117], [118]. Here we focuse
on a typical multi-user uplink system described in [83]. In
this context, each user employs a 1D-FAS, while the BS has
Nps FPAs. Let hy, € CM*! denote the channel vector from
the n-th port of user u to the BS. By stacking h,, , for all

n € {1,...,N}, we obtain the channel matrix between all
ports of user u and the BS as
H,=hyn, .., hyn] (14)

We introduce various schemes to estimate H, below.

a) Least Square (LS) Scheme: A basic approach to esti-
mate H , involves all users sequentially transmitting orthog-
onal pilot sequences across N ports, each repeated 1" times.
The LS estimate of h,, ,, can be obtained by right-multiplying
the normalized signal matrix with the corresponding pilot
sequence, given by

~LS

hu7n - hu,n + 2u,n7 (15)

where 2,, ,, is the estimation error caused by the additive noise.
By stacking (15) for all n, the LS estimate of H,, is

H,s=H,+Z,. (16)

The accuracy of LS largely depends on the number of times
a pilot sequence is repeated, i.e., 7', and the transmit power.
However, given that the number of ports NV is typically large,
LS method suffers from high hardware complexity and pilot
overhead, making it impractical for real-world applications.

b) Low-Sample-Size Sparse Channel Reconstruction
(L3SCR) Method: In a finite-scattering environment, the chan-
nel exhibits sparsity. In sparse channel environments, effective
estimation can occur by limiting measurement to K < N
preset estimating locations (ELs). The channel vector from
the k-th EL of user u is g, , € CM*!, and denote G, =
[Guns- - Gu k] € CM*K_ Using the planar-wave geometric
channel model, G,, can be expressed as

Ly
G, = MKZPYu,lau,R(qSu,l)auH,T(gu,l)a (17)
=1
where L, is the number of propagation paths between user u
and the BS, v, ; represents the complex channel gain of the [-
th path, and ¢,,, 60, € [0, 7] are the corresponding AoA and
AoD, respectively. In addition, a, r(¢u,) and a, 1(0,,) are
respectively the steering vectors at the receiver and transmitter
sides. In [83], a method called L3SCR is proposed to estimate
the sparse channel parameters from &, and reconstruct H,,.
This method consists of three main steps: First, the number of
propagation paths and AoAs are estimated using a combination
of the discrete Fourier transform (DFT)-based method and
an angle rotation operation. Then the AoDs and channel
gains of different paths are estimated using matched filtering
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Fig. 4. NMSE and computational time with Ngg = 64 and K = 10.

techniques. Finally, based on the estimated parameters and the
planar-wave geometric model, the complete channel matrix
H , is reconstructed.

c) Orthogonal Matching Pursuit (OMP) Algorithm: The
accuracy of the L3SCR method depends largely on the number
of BS antennas, Ngg. When Npg is sufficiently large, the
estimates of the number of paths and AoAs are accurate.
Otherwise, the accuracy may be compromised. To mitigate this
issue, the OMP algorithm can be utilized to enhance estimation
accuracy, albeit at the expense of increased computational
complexity. OMP jointly estimates the AoD and AoA in an
iterative manner. The OMP algorithm works in five steps:
First, similar to the L3SCR scheme, all users’ FAS transmit
orthogonal pilot sequences at K ELs, allowing for the least
squares (LS) estimation of G,. Second, a set of quantized
angle grids is selected, based on which the sensing matrix
is constructed. Third, the column of the sensing matrix that
exhibits the strongest correlation with the residual vector is
identified. The index of this column corresponds to a pair of
quantized angles, from which an AoD/AoA pair can be esti-
mated. Fourth, the channel gain associated with the identified
AoD/Ao0A pair is estimated by solving a LS problem. In the
fifth step, the residual vector is updated by subtracting the
contributions of the chosen column vectors. Iteratively carry
out the third to the fifth steps until the difference between
consecutive residual vectors falls below a predefined threshold.
Once the sparse parameters have been accurately estimated,
the final step is to reconstruct the complete channel matrix
using the approach employed in the L3SCR scheme.

Fig. 4 illustrate the normalized mean square error (NMSE)
and the average computational time for one channel realiza-
tion, comparing different schemes across various parameters.
In many scenarios, the LS method achieves a lower NMSE
compared to both the L3SCR and OMP schemes. However,
it is crucial to note that the LS method incurs significantly
higher hardware switching and pilot overhead, as it requires
the antennas of all users to switch and transmit pilot sequences
across all NV ports. This increased overhead can lead to a
reduction in spectral efficiency. Additionally, it is evident that
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the OMP algorithm requires much more computational time
than the L3SCR scheme. This is due to the fact that the
OMP algorithm involves matrix inversions when solving LS
problems, which is computationally intensive.

d) Other Schemes: In the previous two paragraphs, we
show that in the finite-scattering environment, the geometric
model can be adopted to characterize the channel of an FAS-
assisted uplink system. In this case, standard tools can be used
to estimate the sparse parameters at some preset ELs, based on
which the CSI at all N ports can be reconstructed. In addition
to the L3SCR and OMP methods, several other schemes can
also be utilized for channel estimation in FAS-assisted sys-
tems. These include methods such as the multiple signal classi-
fication (MUSIC) technique [ 19], the estimation of signal pa-
rameters via rotational invariance technique (ESPRIT) [120],
the unitary ESPRIT algorithm [121], and the space-alternating
generalized expectation-maximization (SAGE) scheme [122],
among others. These methods primarily differ in terms of the
accuracy they provide in estimation and the computational
complexity required for their implementation.

C. Single-user FAS and its Variants

1) Transmission Model: For a point-to-point FAS where the
transmitter uses a fixed antenna, but the receiver has a fluid
antenna with one activated port (i.e., SISO-FAS), the received
signal at the n-th port of fluid antenna is given by

Tn = hns + Tny (18)

where h,, represents the complex channel coefficient at the
n-th port, s is the transmitted information-bearing symbol
and 7, ~ CN(0,07) is the additive white Gaussian noise
(AWGN). To achieve optimal performance, FAS activates the
port corresponding to the strongest channel, i.e.,

hFAS = m’r?x{|hn|} (19)

After selecting the optimal port, the rate of the SISO-FAS can
be expressed as

O'g 2
R = log 1+ ; ‘hFAsl R 20)

7
in which 02 = E{|s|?}. The outage probability of the SISO-
FAS can be given by

ol
Ps1so—rFAs = Prob ((72 \hFAs|2 < 7) ) 2D

n

where v represents the SNR threshold. The outage probability
of the SISO-FAS is derived in [58]. At high SNR the outage

probability of SISO-FAS is given by [58, Theorem 2]
1 7\ N -N
_ =——= r 22
PSISO—FAS det(J)(F) +o (D7), (22)

where T = 02 /07 is the transmit SNR.

As illustrated in Fig. 1(a), fluid antenna can be adopted at
both transmitter and receiver sides, and multiple ports can be
activated. In this MIMO-FAS case, the channel of MIMO-
FAS is given by (9). The activation port matrix is denoted as
A, = [ai,...,a; ], where aj is the Ni-dimensional standard
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Fig. 5. Channel capacity of SISO-FAS and MIMO-FAS against SNR for FAS
with W5 = W3 = 0.5\ and N} = N5 =4 (s € {tx,rx}).

basis vector for [ € {1,2,...,ns}. The beamforming matrix
is denoted as W with the constraint ||W||, = 1. Then, the
received signal of MIMO-FAS can be written as

Y = WrxAer
= WiAHAWys + W Axn

L2 Hx+7, (23)
where s is the transmitted signal and 7 is the AWGN. Denote
H=A,HA, and K = W,PW! where K is the input
covariance and P = E[ss!!] is the power allocation matrix.

Then, the rate of MIMO-FAS can be expressed as

R = log det (I + I‘JKEIH) : 24)
where the value of trace(K) does not exceed the transmit
SNR. The rate of MIMO-FAS can be maximized through joint
optimization of port selection, transmit and receive beamform-
ing, and power allocation. The solution can be obtained using
an exhaustive search, singular value decomposition (SVD),
and waterfilling for port selection, beamforming and power
allocation, respectively, at the cost of high complexity. In [61],
the joint optimization of the port activated matrices and
beamforming matrices was addressed.

2) Theoretical Performance: Fig. 5 shows the rate of FAS
compared to traditional FPA systems, where the “FAS” curves
represent systems that employ a single fluid antenna at either
the transmitter or receiver, and the “Dual-FAS” curves repre-
sent systems where fluid antennas are employed at both the
transmitter and receiver. Therefore, the SISO-Dual-FAS curve
can be viewed as a special case of MIMO-FAS when ng = 1.
Also, the fluid antennas all have the same specifications, i.e.,
W =W5 =0.5) and N} = N5 =4, s € {tx,rx}. It can be
observed that with the assistance of FAS, the channel capacity
can be significantly improved, and when fluid antennas are
simultaneously employed at the transmitter and receiver, the
channel capacity can be further enhanced.

3) Link-level Simulation Results: Recently, [123] studied
the use of FAS into the wideband 5G New Radio (NR) OFDM
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Fig. 6. Throughput against SNR in link-level simulations of 20 MHz

bandwidth for FAS with W{* = W = 0.5\ and N{* = N = 4.

system and showed that FAS achieves significant gain in
wideband systems. Results in Fig. 6 show the throughput of
FAS with comparison to traditional FPA systems for different
modulation and coding schemes. FAS is equipped at the
receiver. The simulation bandwidth is set to be 20 MHz, with
the delay spread DS = 30 ns and Doppler frequency fp = 30
Hz. For FAS configuration, N = 4 x 4 ports are distributed
among FAS plane with the size of W = 0.5\ x 0.5\. It can be
observed that FAS can improve the throughput in wideband
channels. Specifically, SISO-FAS nearly double the throughput
compared with FPA, and MIMO-FAS can further improve the
throughput with a bit higher SNR.

4) Variants of FAS: The performance of FAS can be further
enhanced with RIS. As seen in Fig. 1(b), in RIS-aided FAS,
the received signal at the n-th port of the UE is written as

M
Yn = 05 Z hmgm,nefja’”s + My (25)

m=1

where h,;, ~ CN(0,03) denotes the channel coefficient from
the BS to the m-th RIS element, g,, ,, ~ CN(0, 0’3) denotes
the channel from the m-th RIS element to the k-th FAS port
of the UE, 6, denotes the reflecting phase of the m-th RIS
element, m = 1,..., MRis with MRgs being the number of
RIS elements. By choosing 6,, = — arg(hy, gm,» ), the channel
gain can be maximized. As such, the UE will activate the port
with the maximum combined channel gain, i.e.,

Mris
nt = arg max Z [Pl |Grmnl-

m=1

(26)

When FAS is implemented only at the transmitter, combin-
ing with IM can effectively enhance spectral efficiency. As il-
lustrated in Fig. 1(c), the transmitted signal vector € CVt= <1
in [77] can be represented as

Ntz

x = E sier,,
i=1

27)

where s; € x, x is a 2Qm-ary modulation constellation, and
e, denotes the I;-th column of the identity matrix Iy, of
size Ny. The received signal vector y € CN»*1 is given by

y=Hx+n, (28)

where H represents the complex channel, which is given
by (9), and 7 is the AWGN. Assuming the receiver has perfect
knowledge of the CSI, the optimal maximum likelihood (ML)
detector can be expressed as

(Z.8) = argmin ||y — Hz|’

Nty

Yy — HZ Sker,
k=1

(29)

= argmin
& Z,s

The spectral efficiency in terms of bits per channel use (bpcu),
is formulated as

SE = nyy logy Qum + {Ing (JX”)J [bpeu]. (30)

tx

The Llog2 N fﬁ”)J part of (30) is the additional spectral effi-

Ntx

ciency gained from IM.

D. Multi-user FAMA and its Variants

1) Transmission Model: As shown in Fig. 2(b), the received
signal of at the n-th port of user u is modelled as

U
P = R 50 4 3 pli) (@) |yl

=1
#u

3D

S

where h%ﬁ’u) is the channel from the u-th BS antenna to UE
w at the n-th port, 772") is the AWGN with variance of 0727, and
5(") is the transmitted symbol for UE v with E[|s(")|?] = 52,

The key point of FAMA is to select the antenna port(s) with

the highest SINR at each UE for multiple access, i.e.,
n* =argmaxy,, n=0,...,N* -1, (32)

where 7, is the SINR metric of the n-th port, whose definition
varies between s-FAMA and f-FAMA.

In s-FAMA [87], v, is the average SINR calculated as

s—FAMA _ 0§|hglu’u)\2 (33)

" 2y p (Bu) g 2

Us Zyzl‘ n | + O—n

aFu
The outage probability of s-FAMA is thus defined as
2|p, (uu) 2

Ps—FAMA = Prob | max %slhn | <~], (34)

"ot Sl + o
UF#u

where v now denotes the SINR threshold.
For f-FAMA [85], [86], on the other hand, ~, is the
instantaneous SINR calculated as

f-FAMA _ [h s 2

- (35)
a2
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& XL O 4l
taneous data- dependent interference and noise. The outage
probability of s-FAMA can be defined as

where ﬁ; represents the instan-

|h$Lu’U)5(u) |2

PE_FAMA £ Prob (max < 'y> . (36)

n ‘B%u)‘z
The multiplexing gain that measures the capacity scaling
is an important performance indicator in FAMA. Assume a

fixed rate is transmitted to every user, the multiplexing gain
in FAMA can be defined as

mrama = (1 — prama)U, (37)
where prama is given by (34) or (36).
In the simplified channel model (2), if |p2| = -+ = |un| =

1, the outage probability of s-FAMA is upper bounded by [87,

Theorem 3]
9 \U-1 o\ U-177F
P 1—p
s— < 1_N _N )
Pomrana [ (7+1) ( v ) ]
(38)

where the operation (a)™ = max{0,a} is to ensure that the
bound is never negative. Hence, the multiplexing gain of the
s-FAMA network, G, is bounded by [87, Theorem 4]

1_ 1 U—-1
W’TW> ,U}. (39)

In f-FAMA, the outage probability is upper bounded by [85,
Theorem 3]

U>GM>min{NU<

1— p?
42

— Nl( )”ﬂ n )
o <”37>1 a7+ gh)

(40)

1— 2
Pr-FAMA S 4 5 exp

where Ek( ) represents the generalized exponential integral,
Zu 1 E[|h"|2]02 is the variance of interference.

Accordmgly, the multiplexing gain of the f-FAMA network
is bounded by [85, Corollary 2]

(N-1)(1-p*)U
!
(1 -

. a U}.

U > G 2 min

. {(N
~ min

However, the channel model (2) is not quite accurate and
may lead to artificially optimistic performance predictions as
analyzed in Section III-A. Nevertheless, the derivation in the
more accurate channel model (6) is much more complicated.
The outage probability of the two-user FAMA case in the
more accurate channel model (6) was derived in [89], and [88]
derived the outage probability of s-FAMA.

U

(41)

=

& 20
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=

Fig. 7. The multiplexing gain for FAMA against the SINR threshold, -, for
different U, when N = 20 x 20 and W = 5\ X 5.
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Fig. 8. The multiplexing gain for FAMA against the spectral efficiency of
each users, when N = 20 x 20 and W = 5\ X 5A.

2) Theoretical Performance: Results in Fig. 7 are provided
for the multiplexing gain of FAMA compared to FPA systems.
It can be seen that the multiplexing gain decreases with the
increasing SINR threshold, ~. The decrease of the multiplexing
gain is more prominent with more users (i.e., with a higher U).
s-FAMA provides higher multiplexing gain than FPA when the
number of users, U, is relatively low. But when U increases,
e.g., U = 10 or 30, the multiplexing gain of s-FAMA
decreases and approaches 0 because of too much interference.
In contrast, f-FAMA provides considerable multiplexing gain
even in the case of a high number of users, U.

3) Link-level Simulation Results: In [94], the link-level
performance of s-FAMA with consideration of channel coding
and OFDM was reported. Link-level simulation results in
Fig. 8 are presented for the multiplexing gain of s-FAMA com-
pared with FPA systems. The multiplexing gain in the link-
level simulations is re-calculated as Gpama = (1 —BLER)U,
where BLER is the block error rate in the simulations. As
we can see, s-FAMA provides great multiplexing gain in the
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low spectral efficiency region. The multiplexing gain decreases
with increasing spectral efficiency. This is consistent with
the theoretical performance in Fig. 7, since higher spectral
efficiency requires higher SINR threshold . Specifically, when
U = 10, s-FAMA can achieve multiplexing gain of 10 at a
very low spectral efficiency, which is not achieved in Fig. 7.
The reason is that the operating SINR is lower than v = 2 dB
and not presented in Fig. 7 for this low spectral efficiency.
4) Variants of FAMA: While considering the case of mul-
tiple activated ports, [90] proposed the CUMA scheme that
processes the in-phase and quadrature parts of the receieved
symbols individually. In CUMA, the activated ports can be
chosen to add constructively to strengthen the desired signal.
Thus, the classification of the ports can be performed as [90]

Z real(h{“%) Z real(h{“")|,

neN+ neN -

Nt
>
<

N

(42)

in which A’ denotes the set of port indices for all positive
in-phase channels and A/~ for the negative in-phase channels.
With a predefined minimum required level of the in-phase
channel to be on, p, the n-th port can be selected only if

real(h{“")) > p max real(h(“") s € {+,—}.

mer “43)

The final set, A/, can be obtained by choosing from Nt and
N using the criterion (42) but only those ports satisfying (43)
is summed. Then, the in-phase and quadrant parts of the
received symbol can be aggregated as [90]

ri = Z reaul(rS:‘))7

keN

rd =) imag(r(").
keN

(44)

Finally, the received symbol is detected as [90]

G— ZneNreal(h%u’u)) —ZneNimag(h%“’")) X{ré} '
S endmag(h) S real(hi) |G

(45)
The quality of detection can be further improved by repeating
the above-mentioned process with focusing on the quadrature
component. With the sophisticated selection of the ports,
CUMA can support hundreds of users per channel use.

IV. NETWORKING TECHNOLOGY

While the foundational techniques of the physical layer
establish the basis for FAS, networking techniques are equally
essential for ensuring the efficient, reliable, and secure op-
eration of practical implementations. Given that research on
FAS is relatively recent, investigations into their upper layers
remain in the preliminary stages. Nevertheless, the impact
of networking techniques on the performance capabilities of
FAS has increasingly garnered significant interest from both
academic and industry sectors.

One of the primary objectives for networking technologies
is the effective exploitation of radio resources. In this context,
EE is considered as a critical performance metric. Moreover,
it is essential to guarantee superior QoS within the constraints
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of limited radio resources. This section focuses on the QoS
enhancement in the FAS network, exploring power allocation
strategies under QoS constraints, and studying content place-
ment methodologies in content-centric FAS HetNets.

A. QoS Enhancement

QoS enhancement techniques are mechanisms that improve
the quality of data transmission, particularly in terms of packet
delay and packet loss ratio, which are two key performance
indicators. FAS dramatically enhances QoS through spatial
diversity compression, enabling an enormous number of an-
tenna ports distributed over a compact space [124]. Thus, it
is important to reconsider the statistical behavior of FAS for
QoS enhancement in the network. Packet delay is one QoS
metric considered in many wireless communication networks.
For this reason, we focus on this delay to preliminarily discuss
the QoS enhancement in FAS networks below.

1) QoS Modelling in Mobile Networks: Fig. 9(a) depicts
a simplified FAS-based point-to-point communication system
model from an upper-layer data source to a data sink. With
FAS installed at the receiver side, the received signal can be
expressed using (18), with the channel model in Section I1I-A.
Moreover, the communication system inside the bracket of
Fig. 9(a) is termed an FAS-based communication system; the
details of such a system at slot n is shown in Fig. 9(b).

The communication system in Fig. 9(a) can be described
as a discrete-time queueing model in Fig. 9(b). Let us denote
the system bandwidth by B, the transmit power by P;, and
the noise spectral density by Ny. This system is discrete-time;
the slot duration is 7. Provided that a path loss is L, and
the noise variance is given by 072, = NyoB [I131], the average
SNR, denoted by I', is defined as

E [|s|? P, L' 1 P P,
I'= 027“? ] R T BN S L VTS
o5 NoB o2 Lp NoB LpO'n

Upper-layer data from the data source are first pushed into
a first-in-first-out (FIFO) buffer at the transmitter, and then
transmitted to the receiver over a block-fading channel (i.e.,
the channel gains {gy, }vx remain constant during a time slot).
Specifically, we define the following variables:

Aln] for the amount of data in bits from the data source at
time slot n. The RVs A[1], A[2],... are assumed to be
ii.d. exponential random variables with its probability
density function (PDF) being

Aexp (—Aa) fora >0,
= 47
Jala) {0 for a < 0. “7)

The average data rate is R = (Ts\)~! (bps);

for the amount of data in bits that the transmitter is
capable of transmitting at slot n. The random variables
S[1],S[2], ... are ii.d. from some fixed distribution;
Q[n] for the backlog size in bits at slot n.

S[n]
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Fig. 9. The communication system model for a SISO-FAS: (a) a point-to-point channel model and (b) a discrete-time queueing model for FAS. Note that
even a fluidic FAS is shown but in practice, it could be realized using other technologies such as pixels and metamaterials.

With the instantaneous channel gain hpag perfectly known
at the transmitter side, the FAS-based system capacity C' at
slot n could be approximated as

(48)

heasP heasP,
C ~ Blog, <1+FASt)B10g2 <1+ FAS R
O'

n

NoB
The capacity C' and the service S have a simple relation
S =CTs.

2) Delay Distribution as QoS Metrics: An analytical ex-
pression of delay distribution can be obtained by the use of the
effective bandwidth and the effective capacity models. Because
A is an exponential random variable with its PDF (47), the
effective bandwidth of the arrival process is given by [132]

A
a® lo
)= a1ox (527 ).
where u is the QoS exponent.

The PDF of the channel power gain gpag in an N-port FAS
based on the simplified model (2) is given by

(49)

(50)

0—12 exp (—%) , N=1
Jheas (l‘) = ,
2 J57 Fx(@lr)N =t fx (afr)e == dr, N> 1
(G1))
where

2
Fx(zlr)=1- ( O.z(lfiiu

and

x (2r)

1 2<1 ) J
= —e R A —
2 0 o?(1—p

Based on this PDF, the effective capacity is found as [132]
al® (u P)

u2hox
0 2)>. (53)

= —1 ¥ T Blogy(142P,/oy) J(x)d
A Fomac 002 54
o] P, 7%
Tl o8
T—u log/o (1 + 0_77> Jreas (@)d.

If the assumptions of the Gartner-Ellis theorem hold and if
there is a unique QoS exponent v* > 0 that satisfies

a(b)(u*) = a(c)(u*; P,), (55)

the complementary cumulative distribution function (CCDF)
of delay can be accurately approximated by [132]

Sn(Py; D = Prob(D(c0) > Dpax)

~ (1= A7) 7 for Dy € No,
(56)

max)

where Ny is a set of natural numbers including zero. Also, the
expectation and variance of delay can be approximated as

D T
E[D(s0)] = 55— (57)
and
1— Aty
Var[D(c0)] = ()\—1711;&2 (58)

To illustrate the results, we simulate an N-port FAS with the
path loss L,, based on the 3GPP model for a carrier frequency
between 1400 MHz and 2600 MHz [133], defined as

L, = 128.1 4 37.6logy, (d) + 21 logq (2) , (59)

where d denotes the distance between the transmitter and the
receiver in km and f, is the carrier frequency in GHz. In the
simulations, we fix the distance d to 0.2 km, f. to 2 GHz,
the bandwidth to 10 MHz and the constant circuit power P,
to 0.1 Watts, the noise spectral density Ny to —174 dbm/Hz
and the slot duration to 1 ms.

Consider a 1D-FAS with W = 1), which is about 0.15 m.
Given that the transmit power is 20 dBm and the average data
rate R is 60 Mbps, we show the simulation and analytical
results of the delay-outage probability (DOP) with respect to
different values of the maximum delay bound D, in Fig. 10
when N = 1,5 and 50. The z-axes are delay bounds (the unit
is millisecond) and the y-axes are violation probabilities in
log scale. Under any number of ports, the simulation result is
obtained based on 10° samples of backlog size (1000 seconds
=~ 0.277 hours), the QoS exponent u* is numerically found
based on an algorithm in [132] and the analytical result is
calculated by (56). As illustrated in Fig. 10, the simulation and
analytical results almost overlap with each other in all three
scenarios. This implies that (56) can accurately approximate
the CCDF of delay in FASs with exponential arrival processes.
On the other hand, the delay performance can be substantially
improved by increasing the number of ports.
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Fig. 10. Simulation and approximation results of Prob(D > Dmax).

B. Power Allocation

Power allocation refers to the strategy of distributing trans-
mit power among multiple users, channels, antennas, or sub-
carriers within a communication network. Its aim is to maxi-
mize key system performance metrics, such as rate, coverage,
or capacity, while adhering to overall power constraints and
often ensuring fairness across users. In the context of FAS,
power allocation entails determining the optimal distribution
of power across users or spatial streams, while simultaneously
exploiting the unique capability of FAS to dynamically select
the most favorable ports for maximizing system objectives.
The distinct characteristics of FAS, including its high spatial-
domain flexibility and strong dependence on CSI, must there-
fore be carefully accounted for in the design of power allo-
cation schemes. This section provides a structured overview
of power allocation in FAS from three main perspectives:
optimization objectives, solution methodologies, and integra-
tion with emerging applications. Additionally, we highlight
a special case of power allocation under QoS constraints to
further illustrate its principles and practical relevance.

1) Optimization Objectives and Constraints: Power allo-
cation in FAS aims at diverse objectives under application-
specific constraints, with the most common being EE max-
imization and sum-rate maximization. The EE maximization
problem is often studied under delay-outage probability con-
straints [125], [126], where FAS improves EE by leveraging
spatial diversity to lower transmit power while preserving QoS.
Typical constraints in this context include statistical delay
bounds, total power budgets, and limits on the number of
active FAS ports. In multi-user FAS networks, sum-rate max-
imization serves as a key strategy for boosting aggregate data
rates. FAS contributes by mitigating multi-user interference
through optimal port selection, which allows power allocation
to be directed toward signal enhancement rather than interfer-
ence suppression [127], [128]. For this problem, ensuring a
minimum rate per user is the fundamental constraint.

2) Solution Methodologies: The solution methodologies for
FAS power allocation can be classified into the convex opti-
mization and decomposition, learning-based approaches, and
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hybrid techniques. With convex optimization and decompo-
sition solution, the non-convex joint optimization FAS power
allocation problem can be decomposed into tractable problems,
such as large-scale or small-scale fading optimization. Deep
reinforcement learning, on the other hand, is suitable to
address high-dimensional state spaces of the large number of
FAS ports and CSI [129]. However, it may face challenges
related to sample inefficiency and difficulties in designing a
reward function for multi-objective optimization.

3) Integration into Emerging Applications: More recently,
power allocation techniques for FAS have been explored in
emerging application scenarios. For example, [128] investi-
gated an unmanned aerial vehicle (UAV)-assisted architecture
where UAV relays establish line-of-sight links with FAS-
equipped ground users. In this scenario, FAS mitigates small-
scale fading while NOMA enables user multiplexing, and the
power allocation problem is formulated to jointly optimize the
UAV altitude, FAS port selection, and NOMA power coeffi-
cients. In the energy harvesting context, FAS ports co-located
with RF energy harvesters allow simultaneous exploitation of
spatial diversity and energy focusing. Here, the simultaneous
wireless information and power transfer (SWIPT) optimization
problem balances the tradeoff by distributing power between
information-bearing and energy-carrying signals[130].

4) Case Study: Power Allocation under QoS Constraints:
Consider that the total transmission power can be expressed
as Pyt = P.+ P,, where P, is the constant circuit power and
P; is the transmit power consumed by power amplifier. Based
on Zorzi and Rao’s definition in [134], an N-port FAS’s EE
can be found as

R
nn(Py) = P.+ Db,

As shown in Fig. 9(b), upper-layer data experience delays
in a queueing buffer. We first define a maximum delay bound
Dax and a tolerance €, and specify a target DOP constraint
{Dmax, €} in order to support QoS for a hypothetical applica-
tion. The system has to guarantee the following inequality:

Prob (D(00) > Dpax) < €, (61)

where D(c0) is the steady-state delay. Given that the trans-
mitter decides the allocation of the transmit power P; on the
basis of the constraint { Dy,ay, €} and the rest parameters are
fixed, the EE can be optimized. That is to solve:

(60)

max nn (FP;) (62)

s.t. Prob(D(c0) > Dpax) < €.

Given the DOP constraint {Dy,ax, €} and that the average
packet length 1/ at a slot is known, the target QoS exponent
ul can be expressed as

t 1
ul =\ (1 — EDnlax+1> ,

which is an inverse of the function (56) with respect to Dy, ax
and e. Moreover, the optimal power P} is unique and satisfies
the following equation:

T, B
o0 P\ e
A / (1+xt> for (@ P)de — 1| =uf, (64)
0

On

(63)
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Fig. 11. Optimal EE under different DOP and number of ports of FAS.

and P, can be solved by any root-finding numerical methods,
e.g., binary search method.

Consider again the same FAS with W = 1. In Fig. 11,
we demonstrate numerical results on the maximum achievable
EE obtained from (64) for different DOP constraints, i.e.,
Dpax =90,1,2,...,15} ms where ¢ = 0.02. We see that EE
increases when extending D,,,x and relaxing the DOP. When
Dyhax goes to infinity, the optimal transmit power converges
a value that satisfies R = E[C], which is the condition for
a stable system. Again, the EE in FAS-based communication
systems is significantly higher compared with single-antenna
FPA scenario. In the case of Dyax = 1 or 10 ms (required
for 5G/6G networks [135], respectively), the EE in a 50-port
FAS is about 2.02 to 16.11 times higher than a FPA system.

Fig. 12 shows numerical results on the optimal EE under
a target DOP constraint {Dp.x = 5 ms, € = 0.02} using
different number of ports, NV, and different normalized size of
FAS, W. The EE increases as N increases, but this growth
becomes less pronounced when NV is large. Additionally, it
can be observed that increasing the size of FAS does enhance
the EE of the systems, but the improvements are marginal.

C. Network Technologies in FAS HetNets

FAS introduces a new spatial DoF by enabling antenna
elements to dynamically reposition across a predefined surface.
This adaptability enhances spatial diversity, strengthens signal
robustness, and allows fine-grained control over the propaga-
tion environment. In HetNets, where dense deployments, user
mobility, and interference pose significant challenges, FAS
provides promising solutions through dynamic beam steering,
adaptive user association, and spatial interference suppression.
Unlike FPAs with fixed radiation patterns, FAS can continu-
ously adjust to instantaneous channel conditions, thereby re-
ducing handover frequency and improving mobility resilience.
This advantage is particularly critical in ultra-dense small-
cell deployments, where traditional handover mechanisms
often become inefficient. Consequently, handover thresholds,
association strategies, and beam management policies must be
revisited to fully exploit the capabilities of FAS.
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Fig. 12. Optimal EE using different number of ports of FAS and W under
a DOP constraint { Dmax = 5 ms, e = 0.02}.

With the advent of 6G networks demanding ultra-reliability,
low latency, and massive connectivity, FAS emerges as a
transformative technology to enhance HetNet performance.
However, its dynamic behavior introduces new complexities:
user association becomes less predictable, CSI acquisition and
tracking become more frequent, and spatial agility adds a new
dimension to scheduling and resource allocation algorithms. A
particularly relevant application area is CCN, where popular
or delay-sensitive content is proactively cached closer to users
to reduce latency and backhaul load. In FAS-enabled CCNs,
the spatial agility of FAS-equipped UE and BSs can be
exploited to maintain more stable and higher-quality links,
thereby improving content delivery performance. However,
the dynamic and location-adaptive nature of FAS complicates
traditional content placement strategies, which often assume
static or slowly varying user association patterns. This calls for
new caching and content delivery algorithms that are aware of
FAS-specific characteristics such as antenna scanning range,
beam alignment latency, and spatial association variability.

In the remainder of this section, we present the system
model and key enabling technologies for FAS-assisted Het-
Nets, with particular emphasis on content delivery and place-
ment strategies within content-centric architectures.

1) Transmission Model: As illustrated in Fig. 3(a), con-
sidering a multi-user CCN-enabled HetNet setup comprising
SBSs tiers and 2D-FAS-equipped UEs. It is assumed that
each SBS has limited storage and caches the most popular
content. The UEs connect to their nearest SBS(s) that has
the desired content, with a finite set of contents F =
{fi,---s fi,---, fr}, where f; is the [-th most popular content,
while the SBSs connect to the backhaul via a macro-cell
BS (MBS). The popularity of each content follows a Zipf
distribution, with the request probability for the [-th content
given by [136]

1—¢

= W7 (65)
k=1

b
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in which ( is the Zipf exponent and ZlL:l p; = 1. Each SBS
can cache up to K contents, with K < L. Additionally, a
probabilistic caching strategy is assumed, where each content
is independently cached at each SBS with probability ¢;. Thus,
the set of caching probabilities ¢ = {q1, ..., ¢r,} must satisfy
the constraint ZLL=1 q; < K. It is also assumed that content is
arranged in descending order of request probability, with more
popular content being more likely to be cached.

A typical FAS-equipped UE with NV = N; x Ny ports and
size of W = W13 Ax Wy is located at the origin of a Cartesian
plane, while the locations of SBSs are assumed to follow an
independent homogeneous Poisson point process (HPPP) WS
with intensity pg. Specifically, the point process \I/ls represents
the SBSs that cache content /, with intensity g;ug in each tier.
The intensity of UEs is assumed to be much higher than that of
SBSs, and each FAS-equipped UE is allowed to communicate
with one SBS per time slot. Therefore, the received SNR at
a FAS-equipped UE requesting content [ from its respective
SBS that includes this content is defined as

b D (1Xu])
= ; , (66)
T
where P; denotes the transmit power, and D (|X;]) = 8| X;|™¢
represents the path-loss with the distance |X;|, in which (3

and « are the frequency-dependent constant and the path-loss
exponent, respectively. Under the assumption of advanced in-
terference management algorithms, communications are noise-
limited, and inter-cell interference is relatively low, so o2

n
in (66) represents the combined power of noise and weak

interference at the FAS-equipped UE. Additionally, n* is the
index of the best port, given by
n* = arg max { ‘h(l)‘ } 67)

where h%l) is the channel coefficient between the n-th port
of a typical FAS-equipped UE and its serving SBS, and the

channel gain g(l)

ie., gg)

2
‘h(l ’ follows exponential distribution,

~ Exp (1). According to (67), we have

gins = gy =max {gl".... g0} 68)

By assuming a 3D environment under rich scattering, the
covariance Jj; between two arbitrary ports k£ and [ is char-
acterized as (8). Note that in the FAS-equipped UEs only the
optimal port that maximizes the received SNR is activated.
Hence, as shown in [137], the covariance of Jakes’ model J ;
is effectively approximated with the dependence parameter
of elliptical copulas, e.g., the Gaussian copula, the cumulative
density function (CDF) of ggs is given by [137]

o (=2r(67 (Fo (1), 007 (B (1) 39), ©9)

where ®r is the joint CDF of a multivariate normal dis-
tribution with mean zero and correlation matrix R, and

~1(x) = v/2erf ™' (22 — 1) is the quantile function of the
standard normal distribution, in which erf™' (-) refers to the
inverse error function and Fg,i’) (r)y=1—e"".

2) Performance Analysis: The performance of content de-
livery systems is crucial for optimizing network efficiency.
Two key performance metrics that are essential for analyzing
the performance of CCN are the successful content delivery
probability (SCDP) and the content delivery delay (CDD). The
SCDP quantifies the likelihood that a content requested by a
typical UE is both cached within the network and successfully
transmitted, providing an indication of the system’s efficiency
in meeting user demands. On the other hand, CDD measures
the delay associated with delivering content to the UE, taking
into account retransmission protocols such as automatic repeat
request (ARQ) and the impact of channel fading.

For downlink, the SCDP is mathematically defined as
P.q = Zle pPs;, where the probability of successful
transmission is calculated as P;; = Prob(y; > 7), and v
represents the SNR threshold. Given that F;; is conditioned
on the random variable |X;|, which represents the distance
between the typical FAS-equipped UE and its nearest serving
SBS that has cached content [, P,.q is reformulated as

L
Pyea = szE|xl| {PYOb <% > ’Y‘ | X| = I)}

= Zpl / Pl“Ob Y > ’7) f|XL| (Z‘) dzx, (70)
where f|x,| (v) is the PDF of |X;|, given by [136]
fix, (v) = 2mqusx exp (77‘1’(][,[1,5582) . (71)

Therefore, the SCDP can be derived as

L ,70_2
_ 2
—F D | |pe™TUHST dg,
gras \ PO

oo
Pyca= ZPZQWMSQZ/
Ps.l

=1

(72)

Solving the integral (72) is mathematically intractable but
it can be solved numerically. By setting the simulation pa-
rameters as L = 100, K = 10, A=4, us = 1072 m~2,
P = —30 dBm, 02:760dBm,a:3,6:1,’y:0dB,
¢ =1, and Ty = 1 ms, the SCDP and CDD are analyzed by
the results in Figs. 13 and 14 for various scenarios.

Fig. 13 illustrates the impact of the SNR threshold -~y
on the SCDP for W and N, considering the scenario in
which the caching placement probability is ¢; = 1. It can
be seen that compared to the FPA system, deploying an
FAS at the UE significantly enhances transmission reliability.
This is attributed to the spatial adaptability of FAS, which
enables dynamic selection of antenna positions that optimize
the instantaneous channel gain and reduce blockage effects,
especially in dense deployments. Moreover, simultaneously
increasing both W and N improves the SCDP, as it balances
the spatial correlation between antenna ports while enhancing
channel capacity, diversity gain, and spatial multiplexing.
However, beyond a certain point, increasing N may lead to a
saturation of performance due to stronger spatial correlation
between antenna ports and increased hardware complexity,
which suggests a practical trade-off in FAS design.
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Fig. 13. SCDP versus threshold v when q; = 1.
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Fig. 14. SCDP versus caching probability ¢; when N = 3x3, W = 1A x1A.

Fig. 14 illustrates the impact of FAS deployment on caching
placement. The results show that SCDP increases monotoni-
cally with ¢; for both FAS and FPA, as higher caching prob-
ability enhances content accessibility. Yet, the performance
gain with FAS is more substantial, as its spatial adaptability
helps establish stronger UE-SBS links, particularly when the
cached content is available nearby, thereby maximizing the
benefit of high ¢;. Moreover, increasing ug, which reflects
the density of SBSs, improves the SCDP by reducing the
average distance between UEs and their serving SBSs, thereby
enhancing the overall SNR. In high pg regimes, FAS systems
benefit even more due to their ability to dynamically align with
the strongest nearby SBS, leading to lower path loss and higher
link quality. These observations highlight that deploying FAS
not only improves physical-layer reliability but also amplifies
the effectiveness of content placement strategies, indicating
the potential for joint optimization of caching and antenna
adaptation policies in future network designs.

The ARQ-based protocol is considered, where an FAS-
equipped UE requests content from the nearest SBS, which
retransmits up to M, times until successful delivery. Upon

18

-3
39 x10

—& - N =4, W =12
3F —a—N=9,W =2)
N =16, W = 3)*

2.8 —f— N =25W =42

2.6

2.4

Dq (sec)

1.6 : :
10 15 20 25
SNR threshold. ~ [dB]

Fig. 15. CDD versus SNR threshold v when ¢; = 1 and M = 3.

-3
3.5 <10 ‘
—O-FAS, g =1
—&O—FAS, ¢ = 0.7 ’L
7_*_F—As—qlf:9—5 7777777 = - B e
3F —0--FPA g =1 . A
—(O--FPA, ¢ =0.7
o —%-FPA, =05
i 251 —— Asymptoticg, 2
Q
2 g=—8=4
@)
15 ]
1¢ | ‘ |
10

4 6
ARQ rounds, M
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success, the SBS receives a one-bit acknowledgment; other-
wise, a negative acknowledgment is sent. Each ARQ round
lasts T, and an outage occurs if delivery fails after M,
attempts. Thus, the CDD is mathematically obtained as

Dea =Ty +To(1 = Pyy) + -+ Tp (1 — Pyy)*et
_p 0= Pt
0 Ps,l ’

where P ; has been defined in (72). Moreover, by considering
the high ARQ rounds regime, i.e., M, — o0, the CDD in (73)
can be derived as D23 = Ty /Py ;.

Fig. 15 highlights the impact of FAS on CDD under varying
SNR thresholds. FAS-equipped UEs experience significantly
lower delays compared to FPA-based UEs. For instance, at
v =15 dB, a UE with FAS (N =3 x 3, W = v2\ x /2))
achieves a CDD of approximately 1.72 ms, while a FPA-based
UE faces a delay of about 2.6 ms, representing a reduction of
33.85%. Fig. 16 examines the effect of M, on CDD. As M,
increases, delays rise due to more retransmission attempts. Ad-
ditionally, lower caching probability results in higher delays,
as the likelihood of the requested content being available at the

(73)
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nearest SBS decreases. Notably, FAS deployment consistently
outperforms FPA system in these scenarios, delivering content
with lower delays, even as M, and ¢; fluctuate.

V. CHALLENGES AND OPEN ISSUES

The investigation into FAS has stimulated strong research
interest. However, substantial efforts are required to facilitate
the practical application of FAS. Based on our prior discus-
sions, the following challenges and open issues lie ahead.

A. System Modeling and Electromagnetic Compliance

FAS necessitates precise electromagnetic models to accom-
modate dynamic changes in shape, position, material and other
properties. Existing models struggle to achieve an appropriate
balance between computational complexity and real-world
accuracy. Moreover, the increasing operating frequencies ne-
cessitate the adoption of a near-field model. Therefore, it is
imperative to explore accurate models for FAS’s ultra-high
spatial resolution in both far-field and near-field contexts.

B. Channel Estimation and Management

The dynamic reconfiguration of FAS mandates continuous
channel estimation, increasing overhead in densely populated
networks. Advanced technologies such as Al and machine
learning approaches can potentially minimize the required
channel acquisitions. Nonetheless, the number of observation
ports required to accurately recover the CSI for large-scale
configurations remains high. The ongoing reduction of CSI
overhead without compromising performance continues to be
a significant concern to reveal the capability of FAS.

C. Hardware limitations

The state-of-the-art channel models for FAS mainly empha-
size theoretical frameworks, with empirical channel models
remaining notably scarce. The development of an empirical
channel model necessitates numerous channel measurements,
a process that hinges on the maturity of FAS hardwares.
Current FAS devices remains in its infancy, with existing
prototypes inadequately developed for practical applications,
thereby facing durability and miniaturization issues.

D. Green FAS

Given the rising carbon emissions resulting from excessive
power consumption in wireless communication networks. EE
has become a critical performance metric for future wire-
less infrastructures. However, the evaluation on the EE in
FAS focuses on single-cell environment. Furthermore, current
models consider circuit power as constant, while dynamic
reconfiguration of FAS may lead to increased power demands.
Consequently, a thorough analysis of the realistic EE perfor-
mance of FAS is warranted, taking into account detailed circuit
power dynamics in multi-cell scenarios.
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E. Security and Privacy

The reconfigurability of FAS may introduce new vulnerabil-
ity, including potential scenarios for beam-hijacking attacks.
Robust encryption methodologies and dynamic beam-nulling
techniques are still in the development stages. Furthermore,
the spatial adaptability of FAS may inadvertently expose
user location data, requiring anonymization frameworks. The
physical layer vulnerability and the privacy issue beyond FAS
need careful treatment and further investigations.

F. Standardization and Deployment

The high costs associated with the development of FAS
infrastructure present a significant challenge. Should FAS be
employed at the transmitter side to enhance DoF, necessary
modifications to the feedback channel will be required. New
CSI feedback mechanisms and integration challenges with
existing hybrid automatic repeat request (HARQ) protocols
should be examined. Furthermore, the early stage of FAS
development limits practical channel measurements, leading to
a scarcity of benchmark datasets for standardized FAS channel
models. Nevertheless, as the integration of more antenna ports
and efficient MIMO remains a focal topic of standardization,
FAS presents a promising solution to satisfy these require-
ments contingent upon appropriate design considerations.

G. New Application Scenarios

The introduction of FAS is driving rapid transformations
within wireless networks. Due to its extensive DoF, it can
be integrated into various emerging technologies to further
enhance performance. For instance, FAS-enabled edge net-
works may improve transmission rates from the edge devices
to servers, thereby improving computational capabilities. Nu-
merous opportunities exist in new scenarios that extend beyond
the scope of this discussion. Thorough investigation in the
future will be crucial for the maturation of this technology.

VI. CONCLUSION

This paper provided a contemporary survey on the perti-
nent subject of FAS, encompassing key application scenarios,
fundamental physical-layer techniques, and relevant network-
ing technologies. The application scenarios were categorized
into three principal types: single-user HomoNet, multi-user
HomoNet, and HetNets. Subsequently, the fundamental as-
pects of FAS were presented, with particular focus on channel
modeling and channel estimation as crucial components for
understanding FAS behavior. The paper further summarized
transmission models, theoretical analyses, link-level simula-
tion results, and their variants for both single-user FAS and
multi-user FAMA. At the time of this writing, there is growing
interest in associated networking solutions. To this end, the
discussion included techniques for QoS enhancement in FAS
networks and strategies for power allocation under QoS con-
straints. In addition, this paper addressed content placement
strategies in FAS-based HetNets, which can improve system
efficiency by reducing delivery delays. Further research into
networking techniques for FAS can be pursued from multiple
perspectives. In summary, this marks an exciting period for
researchers engaged in the study of FAS.
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