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Abstract—The advent of the sixth-generation (6G) networks
presents another round of revolution for the mobile commu-
nication landscape, promising an immersive experience, robust
reliability, minimal latency, extreme connectivity, ubiquitous
coverage, and capabilities beyond communication, including
intelligence and sensing. To achieve these ambitious goals, it is
apparent that 6G networks need to incorporate the state-of-
the-art technologies. One of the technologies that has garnered
rising interest is fluid antenna system (FAS) which represents
any software-controllable fluidic, conductive, or dielectric struc-
ture capable of dynamically changing its shape and position
to reconfigure essential radio-frequency (RF) characteristics.
Compared to traditional antenna systems (TASs) with fixed-
position radiating elements, the core idea of FAS revolves around
the unique flexibility of reconfiguring the radiating elements
within a given space. One recent driver of FAS is the recognition
of its position-flexibility as a new degree of freedom (dof) to
harness diversity and multiplexing gains. In this paper, we
provide a comprehensive tutorial, covering channel modeling,
signal processing and estimation methods, information-theoretic
insights, new multiple access techniques, and hardware designs.
Moreover, we delineate the challenges of FAS and explore the
potential of using FAS to improve the performance of other
contemporary technologies. By providing insights and guidance,
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this tutorial paper serves to inspire researchers to explore new
horizons and fully unleash the potential of FAS.

Index Terms—6G, antenna, artificial intelligence, circuit,
communications, deep learning, diversity gain, extreme connec-
tivity, fluid antenna system, machine learning, multiple-input
multiple-output, multiplexing gain, next-generation multiple
access.

I. INTRODUCTION
A. Definition and Motivation of FAS

S THE landscape of mobile communication continues

to evolve, the anticipation surrounding the advent of the
sixth generation (6G) networks is steadily growing. Envisioned
as the natural successor to the fifth generation (5G) networks,
6G is expected to usher in another wave of revolution-
ary advancements, offering enormous data speeds, robust
reliability, minimal latency, extreme connectivity, ubiquitous
coverage, intelligence and sensing capabilities. These qualities
are instrumental in enabling innovative applications that were
previously unimaginable, and hence potentially fostering new
business opportunities and creating employment prospects.
With that, academia and industry professionals are gearing up
to meet highly ambitious key performance index requirements,
which include achieving a peak rate of 1 Tbps, an end-to-end
latency of 1 ms, and a connection density of 107 devices per
km?, and more [1], [2], [3], [4].

In recent developments, the International Telecommunication
Union Telecommunication Standardization Sector (ITU-T) has
reached a consensus on the anticipated usage scenarios for
6G, as shown in Fig. 1. These include [5]:

e Immersive communication;

¢ Hyper reliable, low-latency communication (HRLLC);

e Massive communication;

o Artificial intelligence (Al) and communication;

o Ubiquitous connectivity;

o Integrated sensing and communication (ISAC).

Immersive communication advances and broadens the capa-
bility of enhanced mobile broadband (eMBB) of International
Mobile Telecommunications (IMT)-2020, to deal with the
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Fig. 1. Usage scenarios of IMT-2030 [5].

use cases that provide rich and interactive mobile services,
including interactions with machine interfaces, communica-
tion for immersive extended reality, remote multi-sensory
telepresence, and holographic communication as well as sup-
porting a range of environments, such as hotspots, urban and
rural [6]. HRLLC builds upon the ultra reliable and low-
latency communication (URLLC) of IMT-2020, catering to
specialized use cases with stringent requirements on reliability
and latency [7], [8]. Well-known examples include the time-
synchronized operations for emergency services, telemedicine,
and monitoring in electrical power transmission and distri-
bution. On the other hand, massive communication extends
the concept of massive machine-type communication (mMTC)
from IMT-2020, involving the connection of a huge number of
long-lasting devices or sensors for various Internet-of-Things
(IoT) applications [9], [10].

While the aforesaid usage scenarios are progressive con-
tinuation of the 5G use cases, 6G is boosted by three
new usage scenarios. The first usage is Al and communi-
cation, addressing distributed computing and Al applications
such as automated driving [11], autonomous collaboration
between devices for medical assistance [12], offloading heavy
computational operations across devices and networks, and
the creation and prediction with digital twins [13], [14].
Ubiquitous connectivity is another new scenario, looking to
address currently underserved areas, especially rural, remote,
and sparsely populated regions. Finally, ISAC makes up the
last new usage scenario, aiming to facilitate applications
and services requiring sensing capabilities such as movement
tracking, environmental monitoring, and providing sensing
data or information for Al, extended reality, and digital twin
applications [15], [16].

It goes without saying that realizing 6G comes with funda-
mental technical challenges and a single technology will prove
to be inadaquate. Over the past generations, it is apparent that
every generational leap needs a major technology push in the
physical layer. From analogue to digital communications, from
circuit switching to packet switching, then from single-antenna
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to multi-antenna systems, and most recently from single-user
to multiuser signal processing, we always rely on advances in
the physical layer to take mobile communications to the next
level. Undoubtedly, 6G should see the degree of freedom (dof)
in the physical layer increase further to meet the demands.

For this very reason, researchers from around the world
are constantly exploring different cutting-edge technologies,
such as the integration of Al or machine learning (ML) [17],
next-generation multiple access (NGMA) [18], [19], non-
terrestrial networks (NTN) [20], reconfigurable intelligent
surfaces (RIS) [21], [22], [23], Terahertz (THz) communica-
tions [24], [25] and extremely large-scale (XL) multiple-input
multiple-output (MIMO) [26] or continuous aperture (CAP)-
MIMO [27], just to name a few. There are also the LiFi (light
fidelity) [28] and quantum technologies [29], [30] that are in
the conversation of the physical layer for 6G. A combination
of these technologies are expected to be key for achieving the
6G targets [31].

With the desire to increase the dof in the physical layer,
it is worth taking notice the emerging technology of fluid
antenna system (FAS) which represents the next generation
reconfigurable antenna technologies. According to [32], [33],

“Fluid antenna is a radical approach that advocates
software-controlled position-flexible shape-flexible
antenna.” ...and ... “FAS represents any software-
controllable  fluidic, conductive or dielectric
structure that can alter its shape and position to
reconfigure the gain, radiation pattern, operating
frequency, and other characteristics.”

A FAS device can leverage the entire spatial diversity
within a predefined space by finely reconfiguring the positions
of the radiating elements. This introduces additional dofs,
resulting in significant performance gains. In contrast to
massive MIMO or antenna selection techniques that normally
require a multitude of fixed physical antennas and/or radio
frequency (RF)-chains [34], [35], [36], [37], FAS distinguishes
itself by offering the potential to reduce hardware costs and
power consumption. This is achieved with fewer antennas
and/or RF-chains, all while maintaining the spatial diversity
inherent in the designated space. Besides, FAS can dynami-
cally adjust the dimensions of radiating elements to optimally
serve different frequencies, rotate the orientations of the
radiating elements to create optimal polarization, and perform
directional beamforming without relying on analog or digital
signal processing. These advancements are made possible
through recent breakthroughs in utilizing flexible materials
such as liquid materials [38], [39], [40], [41], reconfigurable
RF pixels [42], [43], [44], [45], [46], stepper motors [47], [48]
and metamaterials [49], [50] for antennas. FAS is independent
of the other cutting-edge technologies and can combine with
them to a great effect.

The original concept of FAS was first introduced by
Wong et al. in [51], [52]. The inspiration behind resonates
with the wisdom shared by Bruce Lee, who articulated the
philosophy of Jeet Kune Do, a martial art that he created [33].
Specifically, Bruce Lee had the following famous quote [53]:
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“Be like water making its way through cracks. Do
not be assertive, but adjust to the object, and you
shall find a way around 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 philosophy to communications, it is observed
that antennas can also be formless, shapeless like fluid,
and adjusted to different situations. This gives rise to fluid
antennas, providing the ultimate reconfigurability and agility
for signal and information processing [51], [52]. It is worth
noting that the term ‘fluid’ in FAS is used to highlight the
dynamic nature of the antennas and the motivation behind this
idea; however, the antennas may not necessarily be made of
liquid or gas. In short, FAS encompasses all forms of flexible
reconfigurable antennas that fall within its definition [54].

B. Comparison to State-of-the-Art Technologies

As myriads of cutting-edge technologies emerge to facilitate
6G, this subsection aims to highlight the key similarities and
differences between FAS and some related technologies.

1) XL-MIMO and Antenna Selection: In 1994, Paulraj and
Kailath filed a patent for an apparatus designed to increase
wireless system capacity through distributed transmission and
directional reception (DTDR) [55]. This innovation captures
the essence of contemporary MIMO technology, establishing
Paulraj as the father of MIMO. Despite this pioneering
conceptualization, MIMO did not come to fruition until the
seminal work of Foschini and Gans in 1998 [56]. Their
groundbreaking contribution introduced the Bell Laboratories
Layered Space-Time (BLAST) architecture, showcasing the
capacity benefits of MIMO and transforming the third-
generation (3G) wireless systems [57]. Since then, MIMO
systems have been upgraded to multiuser MIMO, first
in [58], [59] and then in the classical results [60], [61].
Massive MIMO became the latest version in charge of provid-
ing the bandwidth for massive connectivity in 5G [62], [63].
It has the ability to scale up spectral efficiency from space,
address small-scale fading with channel hardening, and miti-
gate interference through favorable propagation.

Researchers are naturally encouraged to explore XL-MIMO,
where the basic idea is to deploy an extremely large number
of antennas in a compact space in which the antenna aperture
could be discrete or continuous [64]. The latter design is also
referred to as CAP-MIMO [27]. Compared to XL-MIMO, FAS
may require much fewer physical radiating elements or RF-
chains. For example, a FAS device built on the liquid antenna
design may only require one RF-chain and one active radiating
element. Nevertheless, its performance may match that of XL-
MIMO if the same number of RF-chains is considered. On the
other hand, FAS built on the pixel-based antenna design can
be made similar to XL.-MIMO and vice versa, but with a dense
arrangement of antennas. In this case, FAS can be viewed as
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an alternative architecture of compact XL-MIMO with antenna
selection, as will be discussed later in Section VIII.

In contrast to antenna selection in traditional antenna system
(TAS), in which the radiating elements are separated by
half a wavelength, a FAS device can precisely configure the
positions of the radiating elements to utilize the entire channel
variation within a designated space, even in spaces smaller
than half a wavelength. This flexibility significantly reduces
the outage probability and power consumption. Additionally,
in multiuser MIMO scenarios, each user can be assigned
a spatial signature to maximize its received signal and/or
suppress the multiuser interference. Contrary to TAS, FAS can
reconfigure the steering vector and the antenna positions to
mitigate the traditional tradeoff between signal maximization
and interference nulling [65], [66]. Lastly, by intelligently
reconfiguring the positions of the radiating elements, FAS
can achieve the same as or a stronger level of channel
hardening effect than the TAS, but with much fewer radiating
elements [67]. This improves the overall spectral efficiency
and energy efficiency.

2) Non-Orthogonal Multiple Access (NOMA) and Rate-
Splitting  Multiple Access (RSMA): Existing systems,
including the 5G networks, have primarily relied on orthogonal
multiple access (OMA) techniques such as time-division
multiple access (TDMA), frequency-division multiple access
(FDMA) and code-division multiple access (CDMA) to serve
multiple users. In OMA, users are allocated orthogonal radio
resources to prevent multiuser interference. While OMA
provides certain reliability, it faces limitations in allowing
massive connectivity when radio resources are scarce. To
facilitate massive connectivity, recent interest has therefore
turned to non-orthogonal techniques such as non-orthogonal
multiple access (NOMA) and rate-splitting multiple access
(RSMA).

In NOMA, users share the same radio resource unit using
superposition coding and successive interference cancellation
(SIC) [68], [69]. For instance, in the downlink two-user power-
domain NOMA, the transmitter superimposes the user signals
with dedicated power and broadcasts the signal to the wireless
channel. During reception, the weaker NOMA user treats the
interference as noise, while the stronger NOMA user performs
SIC to decode its interference signal, then subtract it. On the
other hand, RSMA employs rate-splitting and SIC [70], [71].
In a downlink two-user RSMA, the transmitter splits the user
messages into common and private streams, each of which is
allocated at a different rate. Each (user) receiver then decodes
the common and its private streams to retrieve its messages,
allowing RSMA to partially cancel multiuser interference and
partially treat the interference as noise. These multiple access
schemes permit aggressive sharing of the spectrum amongst
multiple users and are often viewed as an enabler for massive
connectivity. Clearly, these schemes can also be implemented
in FAS to enhance user performance greatly when compared
to TAS [72]. Specifically, the positions of the radiating
elements and beamforming vector in FAS can be reconfig-
ured to create correlated or semi-correlated channels between
users, thereby enhancing the performance of non-orthogonal
techniques.
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Nonetheless, both NOMA and RSMA require channel state
information (CSI) at the transmitter and SIC at the receiver,
leading to higher system and protocol complexity. To address
this, one key research direction in FAS considers no CSI at the
transmitter, and no SIC at the receiver for multiple access. In
this context, researchers in FAS have explored the concept of
fluid antenna multiple access (FAMA) [73], [74], considering
opportunistic FAMA [75], [76], compact ultra massive antenna
array (CUMA) [77] and other variations to achieve the goal
of TKu extreme connectivity. The TKyu extreme connectivity
is a performance target statement for 6G originally proposed
in [78], which aims to achieve date rate of 1 Tbps, spectral
efficiency of 1 kbps/Hz and latency of 1 us. Instead of relying
on cell-free massive MIMO, photonics-assisted THz wireless
access, and spatio-temporal channel coding, FAMA and its
variants leverage the fact that by reconfiguring the FAS at the
user side to operate where interference undergoes deep fade,
the interference can be mitigated without CSI at the transmitter
and SIC at the receiver. FAMA offers an exciting possibility
for (transmit) CSI-free/CSI-less massive connectivity.

3) Movable Antenna System: This is an emerging wireless
system where the antenna positions are flexibly adjusted within
a spatial region to enhance channel conditions and commu-
nication performance [79], [80]. This system was inspired by
FAS and can be regarded as a specific design within the field
of FAS, where only position reconfiguration is considered. As
a majority of studies in FAS focus on position reconfiguration,
the results are often applicable to both systems and can thus
be interchangeable due to the similarity in concepts [54].

Nevertheless, it is important to recognize that certain
findings in movable antenna systems may not be directly
applicable to FAS, especially concerning the pixel-based fluid
antenna design and other general reconfiguration capabilities.
For example, pixel-based antennas are more closely related
to XL-MIMO, where many antennas or pixels are deployed
within a given surface.! This design introduces mutual cou-
pling issues, even if the antennas or pixels are non-active.
Consequently, antenna and circuit theories play pivotal roles
in determining the performance of FAS. Nonetheless, mutual
coupling is less severe in mechanical movable or liquid-based
antenna designs as the effect only occurs between the active
radiating elements in that case. Current research in movable
antenna systems also does not explore the reconfiguration of
shape or size in radiating elements. These reconfigurations are
of great interest in FAS too since they play crucial roles in
applications such as cognitive radio networks [81], [82], IoT,
body area networks [41] and etc., despite less progress in these
areas.

C. Main Contributions

FAS is an interdisciplinary subject and this paper’s aim is to
provide a comprehensive tutorial on this topic. Some review
articles have briefly addressed this matter. For instance, [83]
discussed the synergy between MIMO, RIS and FAS
whereas [33] outlined six research topics and highlighted the

Note that there is difference between a pixel and an antenna. An antenna is
typically composed of several pixels with optimized connections. More details
will be given in Section VI-C.
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potential of FAS under simplified channel models. Moreover,
liquid-based antenna designs were reviewed in [38], [39], [40],
[41] but the emphasis was on the RF design and implemen-
tation and the communication-theoretic aspects of FAS were
not covered. A recent three-part paper provided insights into
the preliminaries [84], research opportunities [85], as well as a
paradigm of using many RISs as distributed artificial scattering
surfaces for massive connectivity [86] from the information-
theoretic perspective of FAS. Furthermore, [79] outlined the
opportunities and challenges of the movable antenna system,
and there was a short article touching on the origins of the
various names used in FAS [54]. Additionally, [67] provided
a more general coverage on the fundamentals, challenges, and
future research directions of flexible-position MIMO systems.

The interest of FAS is evident. Although there have been

articles providing some insightful discussions, their scopes are
quite limited. Summaries of these review papers are given in
Table 1. This article serves as the first comprehensive tutorial
of FAS, encompassing state-of-the-art communication theory,
estimation and optimization methods, and hardware designs,
with emphasis on position reconfiguration. This tutorial can
be easily understood with basic knowledge in communication,
circuit, and antenna theories, as well as Al and optimization.
The main contributions are summarized as follows:

o This tutorial paper introduces existing channel models in
the field of FAS and highlights various key factors that
influence the system models. Readers will gain insights
into adopting or developing system models tailored to
their research applications effectively.

¢ Additionally, this tutorial covers state-of-the-art methods
for channel estimation and system optimization, includ-
ing both mathematical approaches and ML techniques.
Also, it delves into the fundamentals of FAS, providing
information-theoretic insights into its superiority com-
pared to TAS across various setups and cases.

e This paper introduces new multiple access methods
exclusive to FAS, offering a new perspective to achieve
the 6G TKyu extreme connectivity. Utilizing information
theory, approximation techniques, and symbol-level cod-
ing, the tutorial aims to facilitate readers’ comprehension
of concepts ranging from simple to sophisticated.

e An overview of various hardware designs, including
mechanical movable antennas, liquid-based antennas,
pixel-based antennas, and hybrid antennas, is provided.
These insights contribute to progress in hardware devel-
opment and offer valuable information for antenna
experts.

o Lastly, this tutorial paper outlines promising research
directions in FAS, inspiring further studies to unlock the
full potential of 6G networks. Specifically, we describe
new challenges within FAS and explore potential syner-
gies with other recent technologies, enabling researchers
to harness the full benefits of FAS.

D. Organization of the Tutorial

As shown in Fig. 2, this paper is organized into sec-
tions with the aim of providing a comprehensive understanding
of FAS. In Section II, we introduce different system models
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TABLE I
THE SUMMARY OF DIFFERENT REVIEW PAPERS
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Ref.

Summary

[33]

a) Simplified channel model and theoretical performance of FAS and FAMA were discussed.

b) Two hardware designs to enable FAS were described.

¢) Six research topics were outlined, including RIS+FAMA, MIMO-FAMA, MIMO-FAS, port selection and utility interference,
implementation of FAS, and low-latency high security FAMA.

a) Gallium-based liquid metals were reviewed.
b) Their physical, chemical and biological properties were discussed.
¢) The compatibility of Gallium-based liquid metals for different applications were highlighted.

a) Comprehensive materials used in liquid metals were discussed.

b) Various methods for fabricating the antennas were investigated.

¢) The performance of frequency, polarization and pattern reconfiguration of the antennas were reviewed.

d) The potential applications of liquid metals in wearable devices, IoT and wireless power transfer were highlighted.

[40]

a) Metallic liquid and non-metallic liquid antennas were reviewed.
b) State-of-art designs were presented.
c¢) Challenges of making the liquid-based antennas for real-world applications were identified.

[417*

a) Different liquid antenna technologies that can be used to build arrays were presented.
b) Challenges in integrating liquid antenna for wireless communications were enumerated.
¢) Some potential solutions to address the challenges were discussed.

(671

a) Various hardware designs were elaborated including traditional approaches.

b) The benefits of flexible-position MIMO in channel hardening, spectral efficiency and energy efficiency were explained.
¢) Optimizing the trajectory of the antenna positions via ML techniques was demonstrated.

d) Future directions were outlined.

[79]*

a) The general hardware design of movable antenna system was discussed.

b) The opportunities of movable antenna systems in improved signal power, suppressed interference, flexible beamforming, and
enhanced spatial multiplexing performance were demonstrated.

c¢) The challenges in channel estimations and antenna position optimization were highlighted.

[83]

a) Conventional active and semi-active RIS were discussed.

b) Surface-wave based RIS was introduced.

¢) The performance of FAS and FAMA were examined.

d) The potential of combining MIMO, RIS, and FAS was envisioned.

[84]°

a) More recent channel models and theoretical performance of MIMO-FAS and FAMA were summarized.

(851

a) Few research opportunities in FAS were outlined. These include CAP-MIMO, MIMO-FAMA, FAS-assisted wireless power
transfer and FAS-assisted physical layer security (PLS).

(86]

a) Investigated the use of RISs as distributed artificial scattering surfaces to produce a rich scattering environment that enables

FAS to prevent multiuser interference at each user.

This paper

techniques are presented.

a) The similarities and differences of FAS and other state-of-the-art technologies are discussed.
b) Several existing channel models were introduced and key factors that shape the system models are highlighted.
c¢) State-of-the-art methods for channel estimation and system optimization, including mathematical approaches and ML

d) The superiority of FAS as compared to TAS is demonstrated from an information-theoretic perspective.

e) New methods to perform multiple access, exclusive to FAS, are introduced.

f) Various hardware designs are elaborated, including their strengths and weaknesses.

g) The new challenges and potential synergy of FAS and other contemporary technologies are thoroughly discussed.

TLetters, Magazine articles

essential in characterizing the performance of FAS, while
Section III discusses various estimation methods to oper-
ate FAS. Section IV delves into the fundamentals of FAS,
providing readers information-theoretic insights into its supe-
rior characteristics compared to TAS across typical setups
and cases. Section V explores new multiple access methods
exclusive to FAS, presenting a new perspective for massive
communications. In Section VI, an overview of various hard-
ware designs related to FAS is discussed. Section VII briefly
discusses the implication regarding standardization in light
of FAS. Section VIII outlines the new challenges of FAS
and promising research directions. This tutorial concludes in
Section IX, where essential remarks and key takeaways are
provided to encapsulate the tutorial’s insights and findings.
To facilitate the readers, key abbreviations are summarized in
Table II.

II. CHANNEL MODELS

To characterize and investigate the theoretical performance
of FAS, it is important to consider the specific implementation
context. For instance, if the fluid antenna is integrated at the
receiver, then one must account for the spatial correlation at the
receiver. Similarly, if the transmitter is equipped with a fluid
antenna, the spatial correlation at the transmitter end becomes
paramount. Modeling the spatial correlation at the FAS is thus
a crucial step in characterizing the performance, and can be
done through geometric or mathematical approaches.

Attention should be directed toward the FAS architec-
ture. Options include one-dimensional (1D), two-dimensional
(2D), or even three-dimensional (3D) fluid antenna surfaces.
Typically, the performance of FAS tends to enhance as the
dimension of the surface increases. The positioning, orienta-
tion, or length of the radiating element can be reconfigured
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Fig. 2. Organization of the tutorial.

discretely or continuously. Nevertheless, in the current stage
of research, the emphasis of FAS primarily centers around
position reconfiguration. Moreover, the configuration may
involve a single active radiating element or multiple elements

within a given surface, necessitating consideration of isolation
techniques, circuit settings, and mutual coupling effects.

It is also vital to consider the carrier frequency and
communication environment. The environment influences the
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TABLE II
KEY ABBREVIATIONS

Abbreviation Definition

Abbreviation Definition

AoA Angle-of-Arrivals MRC Maximum Ratio Combining

AoD Angle-of-Departure NGMA Next Generation Multiple Access
AWGN Additive White Gaussian Noise NMSE Normalized Mean Squared Error

BS Base Station NLoS Non Line-of-Sight

CAP-MIMO Continuous Aperture MIMO NOMA Non-Orthogonal Multiple Access

CSCG Circularly Symmetric Complex Gaussian OMA Orthogonal Multiple Access

CSI Channel State Information OMP Orthogonal Matching Pursuit
CUMA Compact Ultra Massive Antenna Array RF Radio Frequency

DFT Discrete Fourier Transform RIS Reconfigurable Intelligent Surfaces
DMT Diversity and Multiplexing Tradeoff RSMA Rate-Splitting Multiple Access
EWOD Electrowetting-on-Dielectric RZF Regularized Zero-Forcing

FAS Fluid Antenna System SIC Successive Interference Cancellation
FAMA Fluid Antenna Multiple Access SINR Signal-to-Interference-plus-Noise Ratio

FFT Fast Fourier Transform SIMO Single-Input Multiple-Output

HK Han-Kobayashi SISO Single-Input Single-Output
L3SCR Low-Sample-Size Sparse Channel Reconstruction SNR Signal-to-Noise Ratio

LoS Line-of-Sight TAS Traditional Antenna System
MIMO Multiple-Input Multiple-Output TIN Treating Interference as Noise
MISO Multiple-Input Single-Output UAMA Unified Asymmetric Masked Autoencoder

ML Machine Learning XL-MIMO Extremely Large-Scale MIMO

number of scatterers, determining whether the area surround-
ing the transmitter and receiver is rich in scatterers or finite.
Additionally, assessing whether the transmitter and receiver
have line-of-sight (LoS) or non line-of-sight (NLoS) is crucial.
Furthermore, near-field and far-field propagation are deter-
mined not only by the fluid antenna size but also the operating
frequency, as well as the distance between the transmitter
and receiver. On the other hand, consideration should also be
given to modeling accuracy versus mathematical tractability.
For instance, while the classical Jakes’ model is understood
to accurately represent isotropic propagation effects, it is pro-
hibitively challenging to analyze. The aforementioned factors
shape the system models. In this section, we will discuss
existing system models used for FAS, delving into their merits
and drawbacks. This exploration aims to empower readers to
make informed decisions when selecting or developing their
system models.

A. Simplified Channel Model

We shall start by introducing one of the simplest channel
models which was first used in [52]. Without loss of generality,
our focus will be on small-scale fading since the large-scale
fading remains similar to TAS. This assumption holds when
the size of the fluid antenna is significantly smaller than
the distance between the transmitter and receiver and the
operating frequency is not tremendously high. In this model,
a point-to-point channel is considered where the transmitter
deploys a traditional fixed-position antenna and the receiver
uses a linear fluid antenna with a single radiating element
(also known as active port). The fluid antenna has N preset
locations (also known as ports) that are evenly distributed over
a length of W, where A is the wavelength, as depicted in
Fig. 3. The normalized channel vector between the transmitter
and the N ports of the FAS receiver can be denoted as

= - ))) + Active port
L,

>U'Alength

‘ y
ATl

Receiver J
N ports
Fig. 3. A schematic of a 1D fluid antenna structure.
h =[h,...,hy]T, where hy, ~ CN(0,1) is the channel gain

from the transmitter to the n-th port, with a standard complex
Gaussian distribution. As the ports may be closely located,
some entries of k are strongly correlated. Thus, the channel
coefficients can be parameterized as in [87], where the first
port is treated as a reference port. More concretely, the n-th
entry of h can be computed as

hyp = (\/ 1_M%xn+ﬂn$1)
+](\/1_N%yn+ﬂnyl>7 fOI"fLZQ,...,N,(l)

where 21, ...,2ZN, Y1, .., yn are independent and identically
distributed (i.i.d.) real Gaussian variables with zero-mean and
variance of %, while pp, in (1) is chosen as

[n—1]

pn = Jo <27TN—1 W>7 2
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where Jy(-) is the zero-order Bessel function of the first kind.

Since the n-th entry of h is coupled with the reference port
only, this model greatly simplifies the performance analysis
of FAS. Nevertheless, it imposes a structure on the covariance
of two different ports (e.g., n-th and m-th ports). Due to this
structure, the spatial correlation between any two ports cannot
be observed without the reference port. That is to say, if two
ports are weakly correlated to the reference port, then they
will have to be weakly correlated to each other even though
they are close to each other but far from the reference port. To
address this, [88] proposed a simple fix to characterize each
channel coefficient using a common correlation parameter. In
particular, p,, in (1) can be replaced with

M\/i\/lF2(;;1,;);7T2W2) 7M (3)

2r W’

in which p represents the common correlation parameter,
1Fo(+;+;+) denotes the generalized hypergeometric function,
and Ji(-) is the first-order Bessel function of the first kind.
This method links all the ports on the same fluid antenna
together without a reference port. The choice of y in (3) aims
to mimic the average squared spatial correlation of an actual
1D fluid antenna structure, intending to improve the modelling
accuracy while maintaining tractability.

Nevertheless, it was reported in [89] that the channel model
in (1) with the spatial correlation parameter in (2) or even (3)
may still not accurately capture the spatial correlation between
different ports and result in an overly optimistic performance
estimation. Most recently, an enhancement is made to improve
the accuracy. Specifically, based on this model, [90] introduced
a new block spatial correlation model that strikes a balance
between accuracy and analytical tractability. That model will
be introduced and discussed in Section II-D. It is worth noting
that compared to TAS in a point-to-point scenario, where
the transmitter and receiver deploy a traditional fixed-position
antenna, the complex channel can be modeled as

h1 =z + jy1, 4

which is equivalent to having one port in FAS. Clearly, the
fixed-position antenna of TAS limits the channel dimensions.

B. Fully Correlated Channel Model

To accurately capture the spatial correlation between differ-
ent ports based on the Jakes’ assumption in [91], the work
in [89] introduced a generalized FAS channel model. In this
model, a similar point-to-point channel is considered where
the transmitter adopts a traditional fixed-position antenna and
the receiver uses a linear fluid antenna with a single radiating
element, and N ports uniformly distributed along a length of
W A. Denoting the covariance matrix of the channels by J, the
(n, m)-th element of J can be expressed as

T nm = Covlhn, hm) = Jo <27r|7v__?| W). (5)

Each entry of & can be further modeled as a linear combination
of N i.i.d. circularly symmetric complex Gaussian (CSCG)
random variables by utilizing the covariance matrix J [89].
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Average variance of h,

W=05,1,23,4,5

I I I I I I I
2 4 6 8 10 12 14

N
Fig. 4. Average variance of hy,Vn € {1,..., N} versus the approximation

level N with N = 100.

Specifically, we can denote the eigenvalue decomposition of
J as QAQY, where Q is the eigenvector matrix of J and

A = diag{A1,..., Ay} is the diagonal eigenvalue matrix of
J such that Ay > --- > Ap. As such, we can write
h=QAzg, ©)

where ¢ = [g1,...,95]7 and g, ~ CN(0,1),Yn.
Alternatively, the n-th element of & can be rewritten as

N N
hy = Z In,mV Amgm = Z qn,mV )\m(xm +jym)7 @)
m=1 m=1

where ¢ n, is the (n, m)-th element of Q. Obviously, with (6)
or (7), h follows the Jakes’ assumption, i.e., b ~ CA(0, J).
This model yields a more accurate performance estimation;
however, it is very difficult to analyze the performance of FAS
using (6) or (7) since the probability density function (PDF)
and cumulative distribution function (CDF) usually result in
expressions that involve N nested integrals, which are non-
computable and thus mathematically intractable [92].

Fortunately, [89], [92] have shown that the covariance
matrix J of the channel vector 2 mainly focuses on a few
largest eigenvalues if N is sufficiently large or W is small
enough.” This makes it possible to approximate each channel
coefficient of h, by taking only N < N eigenvalues
into account. More concretely, the entry h, in (7) can be
approximated by

N
iLn = Z n,mV Am (Tm + JYm)- 3)
m=1

From (8), it can be verified that A, ~ CA/(0, 27]2:1 q%’m)\m).
Fig. 4 depicts the value of

X R X N
5D Covln| = =373 @ ©)
n=1 n=1m=1

2This property is also exploited in the block correlation model in [90].
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New index < 2D index

W5* X length
1-st port & (1,1)-th port

A Activated port

\
e

- N\
= - >
L
’q p Nports — \ WA
A . length
=
‘ \ > L,
=~ ~
~o >
Receiver ~~_ L

Lf_f_f_f_fj_T_LT_? 4
N3*ports \

Nix-stport © (N7*, N5*)-th port

o

N{*-th port & (N{*1)-th port

Fig. 5. An example of a 2D FAS receiver, illustrating the mapping between
the 2D indices and 1D index.

Specifically, (9) computes the average variance of hn,Nn €
{1, ..., N}. In the extreme N = N case, the value of (9) is
1 since Y,y q%m)\m = Jpn,n = 1. As such, if N increases
and N < N, the value of (9) will gradually approach 1. Fig. 4
shows that this is true and can be realized by a small N (in
contrast to N). For example, when W = 0.5 and W = 2, the
value of (9) is close to 1 with N , respectively, being 3 and
6. The exact channel model %,, in (7) can thus be accurately
approximated by taking into account only a few eigenvalues
of J. Using these properties, it is possible to approximate the
PDF and CDF of h in closed-form expressions, and analyze
the outage probability of single-user FAS channels [89], [93],
and that for a two-user FAMA system [92]. Recall that in a
point-to-point TAS scenario, where the transmitter and receiver
use a traditional fixed-position antenna, the complex channel
is modeled as in (4), which has limited channel dimension.

C. Channel Model for 2D FAS

The channel model in (6) primarily focuses on a 1D fluid
antenna surface implemented at the receiver. Nevertheless, we
can extend the channel model to the scenario where both the
transmitter and receiver are equipped with 2D fluid antenna
surfaces by taking into account of the 3D environment. More
concretely, we may assume that the 2D fluid antenna has N}
ports uniformly distributed along a linear dimension of length
WEA, where i € {1, 2} and s € {rx, tx}. Thus, the 2D fluid
antenna has a size of Wy = WAx WS X and Ny = N{ x N3
ports. To simplify the notation, we can refer the 2D indices of
the ports from left to right and from top to bottom, and assign
the resulting numbers as the new port indices. For instance,
the (ny, ng)-th port can be mapped to a new index

k(m,ng) = (n2 - 1)N1 + nq. (10)

Fig. 5 illustrates an example of a 2D FAS surface at the
receiver side. Similarly, we can use the covariance matrix J 3 €
CNs*Ns to characterize the spatial correlation among all the
ports at the s side. For example, we can write the covariance
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matrix at the transmitter as

r tx tx tx B
i J1,k<ﬁ1,ﬁ2) I Nex
tx tx tx
Jix = Jk(nl,@)vl Jk(nl,'nQ)*k(ﬁl,ﬂQ) ‘]k(nl,ryLQ)’Ntx )
tx tx tx
JNt)ml JNtx’k(ﬁlnyZ) JNtvatx

(an

x represents the spatial correlation

where J ,g e -
(nq,n9)M(ny,79) L . .
between the (ng, ng)-th and (71, nig)-th ports. By considering
a 3D environment undergoing rich scattering (i.e., with a huge
number of scatterers), the spatial correlation follows
tx
k(ny ng) k(i in)

. In — 7l o) Inp — 7ia| o \?
=7 ZW\/(]VfX—lwlx + WWQK ,

12)

where jo(-) is the zero-order spherical Bessel function or the
sinc function. Suppose we consider a similar 2D fluid antenna
structure at the receiver, the covariance matrix at the receiver
can be characterized in a similar fashion. Let us now denote the
eigenvalue decomposition of Jix and Jrx as Qi Atx Qf){ and
Q. Arx Qg(, respectively. Then the complex channel between
the transmitter and receiver with 2D fluid antenna surfaces can
be modeled as [94]

1 1\ H

H = QrXAEXG(A€X> Qb (13)
in which G € CNx*Nex jg 3 CSCG random matrix, such that
each entry is i.i.d. and they follow CA/(0,1).3

Overall, analyzing the performance of FAS using this model
is much more challenging than using (6) because the rows
and columns of (13) are fully correlated. But this setup can
significantly improve the performance of FAS, given that both
the transmitter and receiver are equipped with a single 2D
fluid antenna surface and the scattering stems from a 3D
environment. Note that considering multiple active radiating
elements in FAS further complicates the analysis [95].

D. Block Spatial Correlation Model

The Jakes’ model can accurately represent isotropic prop-
agation effects [91], although the correlation structure is
generally imposed by specific propagation conditions and
antenna radiation patterns (see, e.g., [96]). Unfortunately,
the analytical characterization of FAS under Jakes’ model is
infeasible, and several efforts have been made to come up with
simplified approximations, either by replacing Jakes’ model
with a constant correlation between ports (Section II-A) or
by employing lower-rank approximations (Section II-B). The
former has a tendency to produce inaccurate results while the
latter remains prohibitively complex (analytically intractable).

3From (13), it is easy to rewrite (6) to accommodate the implementation
of a fluid antenna solely on the transmitter.
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An alternative approach has been recently proposed in [90],
providing a smart way to approximate FAS performance not
only under Jakes’ model, but more generally under arbitrary
correlation structures. Inspired by the coherence interval idea
behind block-fading models, [90] defines spatial blocks that
are independent, but the spatial correlation remains constant
within each spatial block, translating the concept of time
coherence interval into space. Hence, the resulting (approxi-
mated) correlation matrix is block-diagonal of the form

. 0 Ay - 0
J= , (14)
0 o0 Ag

where each submatrix Ay is a constant correlation matrix of
size L and correlation ,u%, ie., Ay forb =1, ..., B has ones
in the diagonal and the off-diagonal elements equal to u%. Due
to its block-diagonal structure, the approximation inherits the
tractability of the constant model in [88].

The block sizes L; are chosen based on spectral analysis of
the target (true) correlation matrix, aiming to approximate its
eigenvalues. As the fluid antenna is densified and the number
of ports or positions is increased for the same aperture, the
resulting correlation matrix is dominated by a few eigenvalues,
as predicted by statistical theory on large Toeplitz matrices
(see Section II-B), and therefore only a few eigenvalues need
to be approximated. This agrees with sampling theory, i.e.,
increasing the number of ports is equivalent to oversampling
the spatial correlation function, and thus many of the samples
(ports) provide no extra information regarding the correlation
structure. For simplicity in the approximation, one possible
choice is to assume that all blocks have the same correlation
parameter, i.e., 4, = 4, Vb. Under this choice, each block A,
yields a set of eigenvalues {S\n/}i”zl with [90]

5 _{(Lb—l)/ﬂ-i—l,ifn’:l

I (e ifn'=2,..., L. 15

n
Letting  — 1 makes the multiple eigenvalues at 1 — z°
conveniently close to 0, and each block will produce a single
dominant eigenvalue at (L, — 1)u? + 1. Therefore, each of the
blocks in (14) can approximate a dominant eigenvalue of the
true correlation matrix by setting
Ap—1
Ly = L 5 + 1J s
I

(16)

where {)\b}le is the set of dominant eigenvalues of the true
correlation matrix. To avoid getting an approximation matrix
with more ports than the original one, the block sizes L
can be increased iteratively as proposed in [90, Algorithm 1].
This procedure leads to a block-diagonal matrix with as many
blocks as dominant eigenvalues in the original correlation
matrix, and approximately equal spectrum (set of eigenvalues),
as illustrated in Fig. 6 using a linear FAS as an example.
Replacing the true correlation matrix (e.g., Jakes’) by the
above block-diagonal approximation seems to translate well
into similar performance when analyzing FAS, as exemplified
in Fig. 7, where the outage probability of FAMA is plotted
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Fig. 6. Eigenvalues of correlation matrix for a linear fluid antenna with
W = 4 and Nyx = 100 under Jakes’ model [91], Clarke’s model [96] and
the method in [90] (u2 = 0.97).
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Fig. 7. Outage probability for 3-user slow FAMA assuming a linear FAS

at each user with W = 7 and Nyx = 150 under different correlation models
(u2 = 0.97 for the block-diagonal approximation). Slow FAMA will be
discussed in Section V-B.

under Jakes’ correlation model, the block-diagonal approxima-
tion [90] and the constant model [88]. As can be seen, while
the block-diagonal model yields a tight approximation, the
constant model considerably overestimates the performance.
In short, [90] provides an alternative approach to ana-
Iytically characterize FAS which (i) retains the tractability
of [88] while yielding accurate results, tightly approximating
the performance under realistic models such as Jakes’, (ii)
can be applied to any (arbitrary) correlation structure, as well
as to linear (1D) and planar (2D) fluid antennas, and (iii)
relieves the computational burden of simulating FAS since the
block-diagonal correlation is much easier to generate than the
cross-correlation inherent to conventional models like Jakes’.

E. Finite Scattering Channel Model

Although the consideration of 2D fluid antenna at both ends
can be represented by the channel model in (13), it does not
account for LoS, 3D fluid antenna surface, or finite scatterers.
These limitations can be addressed by using the planar-wave
geometric model to characterize the channel [97]. Specifically,
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the complex channel matrix H can be modeled as

H = \/7 ar 6(] rs 90 r)at(ootad)(] t)

* WZWT (01,0 010) @t (01,0, 610) ™

a7

where K is the Rice factor, w denotes the phase of the
LoS component, x; is the complex channel coefficient of
the [-th scattered component, and L, is the total number of
NLoS paths. Also, ar(0;,,¢;,) and ai(0; ¢, ¢; ) are the
receive and transmit vector response functions, respectively.
For instance, the receive steering vector can be expressed as

ar(am(br)
1 eijTﬂ’w(a’l"(zﬁ’l‘)Tnlix)‘ eijoﬂ-'l,(eT’qST) nl;\)](rXAj| T7
(18)

where 0, and ¢, denote the azimuth and elevation angle-of-
arrivals (AoA), respectively. Further, the n-th (vector) port of
the receiver in the 3D coordinate system can be defined as

nkx nix _ ntx 1
n%x = |:N:);‘X _ WrX? NZrX _ Wrx? N]irx _ 1 fX:| (19)
and the wave vector can be defined as
¥(0,0) = [cos¢cos€ cos ¢ sin 6 siné} r (20)

The transmit steering vector can be written in a similar manner.
It is noteworthy that (17) reduces to an NLoS environment
if K = 0. Furthermore, (17) can be generalized to a rich
scattering environment when L, — oo. If there is only one
port at the receiver or transmitter, we have ar(0; ., ¢;,) =1
or at(0; 4, #;+) = 1, respectively. We can also reduce the fluid
antenna structure to 2D or 1D by, respectively, setting

-1 ny
niX = [0 N1 W5, Nlrx_ Wi } 1)
or
I‘X
—[ooNrX_ Wi } (22)

Although the model in (17) is more general and accurate than
the previously discussed models, it is much more difficult to
analyze the performance of FAS using this model because
statistical tools are limited. Hence, this model is usually
employed in simulations for evaluating the performance of
FAS. As Nis — oo for i € {1, 2, 3}, we have the asymptotic
version of (17), in which the positions of the radiating element
are continuous. In this case, we may consider only the
positions of the active radiating elements and simplify (17) to
the field response based channel model as proposed in [98].

F. Copula-Based Channel Model

The above channel models are mainly based on the system
geometry, which sometimes may only establish linear corre-
lations amongst the channel gains for any two or more ports.
A linear correlation means that an increase or decrease in one
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random variable will cause the increase or decrease of another
random variable by a proportional amount. While this seems
logical in the channels over the FAS ports, this may not be the
case under non-ideal conditions. For example, mutual coupling
effects are multiplicative and non-linear. There could also be
undesirable non-linear effects imposing on the channel ports
specific to how the ports are actually connected to the antenna
feed, perhaps via a shared medium (e.g., a surface integrated
waveguide). On the other hand, if the FAS is electrically large,
as would be the case in the application of RIS, then different
ports could see channels coming from different paths, resulting
in a totally different correlation structure. Furthermore, even
under ideal situations, the interest would be on the eventual
performance metric like signal-to-interference-plus-noise ratio

(SINR), achievable rate, and so on, but not the channel. These

performance metrics at different channel ports would correlate

with each other in a more complicated, non-linear way.

In other words, geometric channel models might be inade-
quate to capture the dependence structure inherent in FAS in
real settings. Technically speaking, while the linear correlation
coefficient is effective for elliptical multivariate distributions, it
falls short to capture the correlation of non-elliptical multivari-
ate distributions. For example, in the N-variate Nakagami-m
distribution (a widely used channel distribution), the linear
correlation approximation falters in the tails, which is critical
as bit errors or outages predominantly occur during deep fade.
This deficiency might result in the loss of the diversity gain
offered by FAS. Furthermore, generating the joint distribution
of N correlated random variables can pose huge challenges in
FAS, especially when the system is highly complex.

To tackle these challenges, copula theory emerges as a flex-
ible approach for modeling the fading channel and analyzing
the performance of various wireless communication systems,
e.g., [99], [100], [101], [102], [103], [104]. Recent efforts have
also seen copula theory applied to investigate the performance
of FAS [105], [106], [107], [108], [109], [110], [111]. In
general, the copula-based approach offers three advantages:

(i) It can characterize both linear and non-linear correlation,
as well as positive and negative correlation among two
or more arbitrary random variables;

(i1) It has the capability to generate the multivariate distri-
bution of two or more correlated random variables from
different families; and

(iii) It significantly reduces the mathematical analysis com-
plexity owing to its simple structures.

More specifically, an N-dimension copula C : [0, I]N — 10,1

is a joint CDF of N random vectors on the unit cube [0, 1]V

with uniform marginal distributions [112], i.e
C(by,...,by;0¢) =Pr(By < by,...,By < by), (23)

in which b, = Fj;|(mn), Fp, () is the marginal CDF of
|hn|, and ¥ ¢ is the copula parameter that measures the degree
of dependency between the correlated random variables. The
significance of the copula-based method stems from the Sklar’s
theorem which asserts that for any arbitrary N-dimension CDF
Fipyl,.o b (r1, ..., ry) with univariate marginal distributions
Fip,|(rn), there exists a copula function C such that for all
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|hp| in the extended real line domain R, we have

C<F\h1\(rl)7'"’F\hN|(TN))'
(24)

F\h1|,...,|hN|(r17 ceey ’I"N) =

By applying the chain rule, the corresponding joint PDF can
be obtained as

f‘h/l'v"'thNl(7/,17 Y TN)
8NC(F|h1‘(r) F‘hN‘( ) Hf
= ’f’n
OF (1) - OF |y (riy !

(25)

Interestingly, (24) and (25) are valid for any choice of arbitrary
fading distribution. This highlights the benefits of using the
copula-based channel model. Nonetheless, it is worth pointing
out that determining an appropriate copula function C can be
challenging in certain cases [108].

G. Basic Circuit and Antenna Models

In general, more than one ports, say ng, can be activated
at the s side for processing, if there are ns RF chains. In this
case, we can express the equivalent channel as

H = A H Ay, (26)
where Agy = [of¥, ..., alX ] and Ay = [, ax |7

are the activation port matrices at the transmitter and receiver,
respectively, such that oz%x and oc‘l”X are standard basis vector,
ie., oy, € {e1,...,en,} and ey, is an all-zero vector except
the m-th entry being unity.

As multiple ports are activated, it is necessary to account for
any mutual coupling between them, a phenomenon influenced
by circuit and antenna theories. Circuit and antenna designs
play pivotal roles in determining the mutual coupling effect.
To consider this effect accurately, the mutual coupling matrix
should be added to h or H, which usually involves com-
puting the scattering parameter matrix or mutual impedance
matrix [113] tailored to the specific hardware design and
circuit configuration. For example, if liquid-based or mechan-
ical movable antennas are used, the channel H with mutual
coupling effect can be modeled as [114]

Hy=ZX HZY

mc»

27)

where ZI%. and Z. are the mutual coupling matrices which
can be pre- computed offline if the number of ports at side s
is finite. The mutual coupling matrix can computed as

Ze =23+ 2})(Zs+ ZF D)7, (28)

where Zj, Z; and Z denote the antenna impedance, load
impedance and mutual impedance matrix of the active ports
at side s, respectively. To compute them, it is necessary to
consider the structures and positions of the radiating elements.
This can be done by using the antenna toolbox in MATLAB®
considering different lengths/sizes, types, and array structures
of the radiating elements. Alternatively, it is also possible to
mathematically model these structures [115]. Note that with
efficient hardware designs, the mutual coupling effect can
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sometimes be made trivial even when few active ports are
closed, i.e., Z3,. ~ I.However, if pixel-based antennas or any
similar designs are used, the mutual coupling is usually non-
trivial when the number of ports is large. Hence, in practice,
efforts are required to improve the scattering parameter matrix
via circuit setting such as multiport conjugate matching, or
antenna design such as isolation techniques.

Furthermore, the scattering parameter matrix and mutual
impedance matrix are related by [116]

Z3.=7Z0(I—8) NI+ 8y), (29)

where Zj is the reference impedance and S is the scattering
parameter matrix at side s. The scattering parameter matrix can
be affected by factors such as the operating frequency, material
of the radiating elements, impedance mismatch, transmission
line effects, circuit elements and components, isolation tech-
niques, and many more. Apart from these, optimizing (27) can
be extremely difficult due to the presence of Z&¥, and ZX,
not to mention that they are also influenced by the circuit
setting and antenna design. Nevertheless, it is important to
highlight that mutual coupling is not always harmful. In some
cases, it can be used to improve the performance of FAS [94].

Compared to TAS with M; = M x Mg multiple fixed-
position antennas that are separated by a distance d;’ on the s
side, where W > d? > 0.5, the spatial correlation between
the (my, mg)-th and (7, mg)-th antennas can be modeled as

S
K(my mg) K (iny ing)
= Jo (QW\/(WH — i df)? + (Ima — m2d25)2>7 (30)

where m; € {1,. L j + 1},Vi. The complex channel of
TAS in a MIMO setup can then be generated using similar
steps as in (12)-(13). Alternatively, in a finite scattering model,
we can consider d7,Vi, in (19) Unlike FAS, notice that
M7 in TAS is restricted by L i J + 1, yielding limited
spatial resolution. Furthermore, for a fair comparison, only
ng antennas should be selected for transmission. This is also
referred to as MIMO with antenna selection.

H. Other Existing Models

It is essential to acknowledge that various system mod-
els exist in the field of FAS. As a matter of fact, the
repositioning of the radiating elements can be optimized
as a continuous function rather than a discrete one, as
investigated in [117], [118]. The fluid antenna structure may
appear in the form of a uniform linear, planar, or circular
array [119]. Reconfiguring the lengths or heights of the
radiating elements is also possible to best serve different
operating frequencies [81], [82], and adjusting the 3D orien-
tations of the radiating elements can improve the performance
as shown in [120], [121]. Moreover, correlation can actually
take place in the time and frequency domains, in addition to
the spatial domain [98], [122]. These diverse channel models,
along with the previously discussed ones, can be extended
to scenarios involving multiple FAS users, as evidenced
n [72], [123], [124], [125]. Stochastic geometry can also be
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Fig. 8. Some key considerations in FAS models.

seamlessly integrated into FAS [126], [127], [128], where the
locations of multiple transmitters are distributed randomly.
Rather than going through all existing channel models in
literature, the materials above aim to equip readers with
the essential knowledge regarding the factors to consider
and extensions that can be made. This foundation enables
researchers to adopt existing channel models or develop new
ones tailored to their applications. On the other hand, circuit
and antenna theories can help develop a more physics- and
electromagnetic-compliant modeling of FAS and enhance its
performance. In a nutshell, some key considerations include
antenna architecture, circuit configuration, spatial correlation,
and environment, as highlighted in Fig. 8.

III. CHANNEL ESTIMATION

In this section, we discuss the process of channel estimation
for FAS. Unlike TAS where each port or preset location of
the antennas requires estimation, FAS simplifies the process
by necessitating the channel knowledge from only a few
locations for complete recovery of the full CSI. This efficiency
is achieved through leveraging the strong spatial correlation or
channel sparsity inherent in FAS. Moreover, we will elucidate
how ML and mathematical approaches can be effectively used
for channel state acquisition. Specifically, we provide concrete
examples of how ML can be employed for channel estima-
tion in rich scattering environments and how mathematical
approaches can be applied for channel estimation in a finite
scattering environment. Nevertheless, it is worth noting that
both techniques are not limited by specific environments.

A. Rich Scattering Environment

To obtain an efficient performance in FAS, it is important
to obtain reliable CSI of all the ports. Nevertheless, estimating
each of the ports can lead to substantial hardware switching
and system overhead. To tackle this, we can apply state-of-
the-art techniques such as deep learning to extrapolate the CSI
of the unknown ports from that of a few known ports (also
referred to as the observable ports). In particular, it is possible
to exploit the fact that a channel-to-channel mapping exists if
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the position-to-channel mapping is bijective [129], which is the
case in a static FAS communication environment (including
geometry, materials, positions, etc). Therefore, there exists a
channel mapping ®, : {hp} — {hy}, where h and hy are
the CSI of observable and unknown ports, respectively.

The function of channel extrapolation can be mathemati-
cally represented as

hZ/{ :fnet(h(%@)a (31)

where fnet () serves as the neural network operation and © =
{0p, g, On, 0D, OR } is the set of learnable parameters. Given
the aforementioned channel extrapolation problem, a unified
asymmetric masked autoencoder (UAMA) architecture can be
employed to address this issue, as illustrated in Fig. 9. The
overall operation of UAMA can be defined as

fn(g) = Pre—mapper(ep)
o Encoder(?®)
o Mid—mapper(eM)
o Decoder(?p)

o Post-mapper(?®) (32)

which lists the compositions of 5 trainable modules, denoted
by the ‘o’ notation. Note that the learnable parameters of the
neural networks are placed in superscripts for clarity in order
to differentiate from standard functions.

Multiple UAMA modules are combined to create a UAMA
model as illustrated in (31). In the following, we summarize
the role of each module.

o Input: The input to UAMA consists of the real and
imaginary parts of CSI from the observable ports, h¢ =
[R(ho),S(heo)]. But it is also possible to extrapolate the
channel using complex-valued inputs [130].

e Pre-mapper (with parameters 6p): This module is
employed for non-linear projection and position encod-
ing. First, it projects h into a high-dimensional space,
yielding a latent representation v, thus enabling the explo-
ration of the channel-to-channel mapping relationships
within a larger solution space. Afterwards a position
encoding is performed with respect to the port locations
to obtain positional embeddings, which facilitates the
exploration of spatial coupling relationships amongst
different ports. Note that the non-linear mapping is
achieved through the multi-layer perceptron (MLP) and
non-linear activation functions (e.g., Gaussian error linear
unit—GELU [131], rectified linear unit—RELU [132],
etc.). Conventional positional encoding techniques are
primarily categorized into three classes: (i) absolute
positional encoding, (ii) relative positional encoding, and
(iii) learnable positional encoding. The selection of an
appropriate technique depends on the specific channel
characteristics.

e Encoder (with parameters 6g): This module is utilized
to construct basis vectors based on v, which are yielded
from the observable ports. Various adaptive mechanisms
are utilized to construct basis vectors in response to the
CSI of observable ports, which are subsequently used for
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Fig. 9. A UAMA architecture for CSI extrapolation.

the linear representation of the CSI of unknown ports. For
instance, attention mechanisms can be employed, wherein
the basis vectors are constructed based on the similarity of
CSI across different observable ports. Additionally, there
exist spatial and frequency domain interaction mecha-
nisms, such as the spatial MLP (e.g., DynaMixer [133])
and the dynamic fast Fourier transform (FFT) (e.g.,
FNet [134]), as shown in Fig. 9. We collectively refer to
these various mechanism modules as MetaMixer. Note
that all these mechanisms possess a global receptive field.
Mid-mapper (with parameters 6y): This module is
employed to reduce the dimensionality of the basis
vectors. This is very important to help alleviate the
computational complexity during the decoding process.
Decoder (with parameters 6p): This module is utilized
to recover the CSI of unknown ports. On a planar
array with a certain resolution, the channels often exhibit
local correlations and smoothness. Therefore, we can
linearly represent the CSI of the remaining unknown
ports in a local diffusion using the basis vectors gener-
ated by the Encoder, which essentially involves learning
the coefficients of these basis vectors. As depicted in
Fig. 9, the modules with inductive bias for capturing
local correlations and smoothness include Convolutional
Neural Networks (CNN) (e.g., ResNet [135]), Local
Attention (e.g., Swin [136]), Graph Neural Networks
(GNN) (e.g., GPS [137]), and etc. We collectively refer to
these local diffusion architectures as MetaDiffusion. Note
that the introduction of the aforementioned inductive
bias significantly reduces the complexity of channel
extrapolation.

e Post-mapper (with parameters 0 ): This module reduces
the dimensionality of the high-dimensional CSI to the
dimensions of the original space. Specifically, it maps the
latent representation v to the predicted output ﬁu.

Besides the aforementioned key modules, each mod-
ule incorporates normalization techniques such as
LayerNorm [138], BatchNorm [139], InstanceNorm [140],
etc. Their purposes are to expedite the convergence speed
and enhance the gradient stability of backpropagation. Finally,
mean squared error (MSE) is typically used as the objective
function.

Note that recent study of channel estimation/extrapolation
using deep learning has primarily focused on mechanisms such
as MLP-like [141], [142], [143], [144], [145], attention [146],
CNN-like [147], long short-term memory (LSTM)-like [148],
and etc. These methods all fall within the UAMA framework.
For instance, they can be divided into two steps: (i) construct-
ing basis vectors from the observable CSI and (ii) extrapolating
the remaining unknown CSI based on the former.

In Fig. 10, we employ UAMA and examine the relationship
between the number of observable ports and the normalized
mean squared error (NMSE) at different frequencies F while
the physical size of the FAS is fixed.* The NMSE metric is

Sitest |n —hi |12
defined as NMSE, ;= &= U —r®
Ut Zt:l ”hu H
the number of test samples and the superscript (¢) specifies the
t-th sample. In this simulation, we employ a transformer [149]

, where Stest 1S

4This means that the electrical size of the FAS increases with the carrier
frequency. This also implies that weaker correlation between the observable
ports is anticipated at higher frequency.
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Fig. 10. The NMSE for CSI extrapolation versus the number of observed
ports at different frequencies F with number of ports (N1, No) = (20, 40),
number of users U = 10, and the planar FAS size (W7, Wy) = (2cm, 4cm).

architecture as the encoder, while the decoder utilizes a CNN-
like architecture similar to ResNet [135]. The computational
complexity of the attention mechanism is (’)(N% l1+ No l12),
in which No represents the number of observable ports and
Iy represents the hidden layer dimensions. The computational
complexity of the CNN-like mechanism is O(Nc2i2 + Ni3),
where N = Nj x Ny is the total number of ports, c,
is the convolution kernel size, and lp represents the hidden
layer dimensions. Hence, the overall complexity is O(N, % h+
Nol? 4+ Nc2i2 + Ni2) where typically No,co < N.

As can be observed from the results in Fig. 10, the NMSE
for CSI extrapolation at a FAS receiver decreases with the
number of observable ports. This is because when the number
of observable ports increases, the constructed basis vectors in
the channel space become more precise, and thus resulting in
smaller errors in linearly approximating the CSI of unknown
ports. Furthermore, only a small percentage of observable ports
is required to accurately estimate the CSI of all the ports. For
instance, we can achieve an NMSE of 10~3 or lower for the
frequency range from 2.5 GHz to 39 GHz by using only 100
observable ports out of 800 ports. In the following subsection,
we will investigate different channel estimation methods for
finite scattering environments via a mathematical approach.

B. Finite Scattering Environment

As summarized in Table III, there have been efforts
tackling the CSI estimation problem in FAS. In [126],
it was proposed to estimate the CSI at a few ports
using the LMMSE-based method, and then simply take
the estimated CSI of an observable port as that of other
ports in its neighborhood. Although this scheme can be
applied in both rich and finite scattering environments,
it introduces not only estimation error but also approx-
imation error. Under finite scattering, a more efficient
and common practice is to estimate the sparse parame-
ters of the channel and then reconstruct the CSI at all
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ports based on these parameters [150], [151], [152], [153],
[154].

In this subsection, we use the multiuser uplink system
in [150] as an example. Consider a simple setup as depicted
in Fig. 11, where the base station (BS) has M fixed-position
antennas that are separated by A = % and each user has a
1D fluid antenna, with N selectable ports uniformly distributed
along a linear dimension of length WA. In the multiuser
uplink, the channel vector from the n-th port of user u to the
BS can be denoted by hy , € CMX1, By stacking h , for
alln € {1, ..., N}, we can obtain the channel matrix between
the BS and all the ports of user u as

H, = [hu,lw-whu,N] (33)

Channel estimation in FAS aims to estimate H ,,, Vu. In the
following, we discuss several methods that can do it.

1) Least Square Method: A direct, straightforward
approach to estimate H, involves all the users to transmit
orthogonal pilot sequences while switching the radiating
elements synchronously across all N ports of their FASs. In
each port, a pilot sequence is transmitted 7' times, where T
subframes are dedicated to CSI estimation and each subframe
contains 7’5 time slots. Upon receiving the pilot sequences at
the BS, the least square estimate of h , for user u can be
obtained by post-multiplying the normalized received signal
matrix by the corresponding pilot sequence, resulting in the
estimate

~ LS

hu,n = hu,n + 6'u,n7 34

where 6 5, is the estimation error row vector caused by the

noise. By stacking (34) for all n € {1, ..., N}, we can obtain
the least square estimate of H, as

H,1s=H,+3,, (35)

where 3, = [0u1s- 504 N] T denotes the noise matrix. The
performance of the least square method is mainly determined
by the number of times a pilot sequence is repeated, i.e., T,
and the transmit power. Nonetheless, due to the large number
of ports, i.e., N, requiring the radiating element of each user to
switch across all ports for channel measurement involves high
hardware switching and pilot overhead. Hence, the least square
method is not particularly practical in real-world scenarios and
is only provided here as an obvious benchmark.

2) low-sample-size sparse channel reconstruction (L3SCR)
Method: Let us consider a finite scattering environment where
the channel has sparsity, i.e., the channel can be characterized
using some sparse parameters by considering only a few main
propagation paths. In this case, L3SCR can be applied to
estimate the channel [150]. In contrast to (35), this method
proves effective in reducing hardware switching and pilot
overhead greatly. Suppose that during the estimation period,
each fluid antenna switches to only Ny < N observable ports,
which are uniformly distributed with adjacent spacing 7, to
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TABLE III
A BRIEF SUMMARY OF PAPERS ON CHANNEL ESTIMATION IN FAS

l Ref. [ Summary ‘
[126] | a) A multi-cell homogeneous network was considered based on stochastic geometry. There were a base station (BS) and
a user equipment (UE) in each cell.
b) The BS used a single omnidirectional fixed-position antenna, while each UE used multiple linear FASs that form a
ring.
¢) A skipped-enabled linear minimum mean-squared error (LMMSE)-based channel estimation (SeCE) technique was
proposed to estimate the channel at only some selected ports. d) This paper proposed to estimate the CSI at only a few
observable ports using the LMMSE-based method, and then simply take the CSI of an observable port as that of other
ports in its neighborhood. Although this scheme can be applied in both the rich and finite scattering environments, it
introduces not only estimation error but also approximation error.
[150] | a) A multiuser uplink millimeter-wave (mmWave) system was considered.
b) Each transmitter was equipped with a linear FAS while the receiver used multiple fixed-position antennas.
¢) A low-sample-size sparse channel reconstruction (L3SCR) method was proposed to estimate and reconstruct the
channel, and its performance in terms of the estimation accuracy and complexity was compared with the orthogonal
matching pursuit (OMP) method.
[151] | a) A point-to-point mmWave system was considered.
b) The transmitter used a fixed-position antenna while the receiver used a linear FAS.
c) The channel parameters were estimated based on the least squares regression scheme.
[152] | a) A point-to-point system was considered.
b) Both the transmitter and the receiver were equipped with a 2D FAS.
¢) A successive transmitter-receiver compressed sensing (STRCS) method was proposed to estimate the channel.
[153] | a) The same system as in [152] was considered. The aim was to solve the estimation error propagation problem in [152]
and reduce the estimation overhead.
b) The channel parameters were jointly estimated by the OMP algorithm.
c) Different measurement position setups were studied.
[154] | a) A point-to-point system was considered.
b) The transmitter used a fixed-position antenna while the receiver used a linear FAS that has multiple antennas.
c) The successive Bayesian reconstructor (S-BAR) was proposed to estimate the channel.
ay r(0},) and @y ¢ (0}',) are, respectively, the steering vectors
/ 1 ) ’ . .
=" § at the BS and user u, which are given as
. :
I . o | u
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Fig. 11. Channel estimation for a multiuser uplink system, where each user
is equipped with a linear FAS while the BS has multiple traditional fixed-
position antennas.

vhau o] € CMxNo By using the

acquire H oy = [hy 1, -
5

plane-wave geometric model, H, , can be rewritten as

Ly

Hou=VMNG Y i anr (07, au. (9;ft)H, (36)

=1

where L, is the number of propagation paths between the BS
and user u, and Ii;j’ is the complex channel gain. Furthermore,

SFor ease of expositions, we here consider a 1D fluid antenna surface with
K = 0 in (17). Without loss of generality, the constant factor , /% in (17)
P
is normalized for brevity.

where OZLT and Hft are, respectively, the AoA and angle-of-
departures (AoD) of the I-th path. Moreover, let us denote

K, = diag{m%, N -Wi‘u} e CLuxLu,
AU,'{‘ - a’”‘f"( /ﬁ?”) ?c au,’r (0%“,7")} € CMXL”?
Au = @ (08,) - aue (0, ;)] € VXL

(39)
Then H, ,, can be expressed in matrix form as
Hoy=+\/MNoA, K, AL, (40)

In L3SCR, the main idea is to obtain the least square estimate,
H u,Ls» of (40) utilizing the least square method, and then
estimate the sparse parameters of the channel based on H u,LS-
Below we give details on how to estimate the number of paths,
Ao0A, AoD, channel gain, and reconstruct the channel.
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o Estimation Number of Paths and AoA: Denote £ &€
CMXM 45 the normalized discrete Fourier transform
(DFT) matrix, and multiply its conjugate transpose to

ﬁﬂ «.1.s- Then we have
O )

DFT

H,1s=2%4,,K,A%, + 213, .. 41)

1
VMNg
When the number of fixed-position antennas at the BS, M,
. ~ DFT . . .
is large, H , 1,5 is a row sparse matrix with full column
rank. As such we can calculate the total power of each

row of H. “ LS and consider the count of distinct power

peaks Ly as an estimate of the number of propagation
paths, L,. In addition, we can estimate the AoA from the
indices of these power peaks, denoted as {71, ..., 7; }
It is essential to note that the accuracy of the DFT based
method is limited by the resolution M' By solely relying
on this method, the estimates for the number of paths and
Ao0A may be not quite reliable. To improve the estimation
accuracy, the angular rotation operation can be applied
to compensate the angular mismatch [155]. Let ¥ €
CM*M: denote the diagonal angular rotation matrix with
rotation parameter 1) € [ — 2}\47 5 M] Applying both the
D;:T and angular rotation matrices to \/%NOH u,LS» WE
obtain

~ DFT,ro

Hy H H
u,LS =R"v AUJ”KuAu,t

L HyHs
+ \/WQ D YR
With the angular rotation matrix, the power beam at index
m is rotated to m — M+, which can vary continuously
within [m — 1, m + 1] as ¢ € [~ 5t7, 557] corresponds
to a new angle for each 1. The remaining challenge is
to determine the optimal ) for a given power peak m; €
{m,..., miu}, ensuring that the estimated angle after
compensation closely aligns with the actual angle. This
can be achieved by discretizing the interval [ — ﬁ, ﬁ]
and utilizing a 1D search method. After that, the estimates
of AoA, ie., GUT and Au r, can then be obtained from
the power beam indices and ).
o Estimation of AoD and Channel Gains: After obtaining

H
Hu 1s- Itis noted that

(42)

Au r, We can multlply it to W
each column of \/W H u,LSAU,T contains the AoD
and channel gain information of a specific path. As a
result, this presents a 1-sparse reconstruction problem,
and hence we can apply low-complexity matched filters
to estimate the AoD and channel gains. Specifically, let
D e CNoxD pe the dictionary matrix, where D is the
dictionary size, and each column of D is the steering
vector with angle (%)ﬂ. By pre-multiplying D and

s ~ ~ H .
post-multiplying A, ;- to ﬁﬂ u,1.§» We can obtain
1
MNo
~ [%%*DHCLW(Q&) + DHrou, e

’*%UDHau,t (9%1“75) + DH”u,Lu} ;

HegH
D Hu7LSA’U,,’I"

(43)
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where Vol denotes the /-th column of V,, and V,, =

\/7 o,u- When D is large, each column vector
in (43) exhibits a power peak, which corresponds to an
AoD and channel gain pair. These give us the estimates
of the AoD él,t and channel gain R}’

o Channel Reconstructions: Once the number of paths,
Ao0A, AoD, and channel gains are estimated, the complete
channel matrix H, can be reconstructed based on the
plane-wave geometric model. In particular, the channel
matrix can be reconstructed as

~ H
,t (eﬁt) 5

(44)

Ly
H,135crR = VMN Z R] G,y (ef,r) ay
=1

where auﬂn(éfr) can be obtained based on (37) and

aui (01

. w ~ . A
_ L |:1, 6—]27‘(‘71\]71 cos 9;‘_& o 67]27chos e

VN
(45)

3) orthogonal matching pursuit (OMP) Method: In the
L3SCR method, we can see that the sparse parameters of
the channel are estimated in two steps, with the first step
handling the joint estimation problem of the number of paths
and AoAs utilizing the DFT-based method and angle rotation.
After that, in the second step, the AoDs and channel gains
are estimated using matched filters. Note that the accuracy of
the first step depends significantly on M, i.e., the number of
the BS antennas. When M is sufficiently large, the estimates
of the number of paths and AoAs are accurate; otherwise,
they are not. Clearly, the estimation errors from the first step
affect the overall estimation performance. To improve the
accuracy, OMP in [156] can be adopted to jointly estimate
the AoA-AoD pair in an alternative manner, at the expense of
higher computational complexity. The performance of OMP in
channel estimation for FAS has been verified in [152], [153]
in a point-to-point communication system, where both the
transmitter and receiver are equipped with a FAS. In the
following, we explain how to apply this method to estimate
the channel for the considered system.

The OMP method operates through several steps. First of
all, similar to the L3SCR method, all FAS users sequentially
transmit orthogonal pilot sequences at Np observable ports,
and the BS obtains the least square estimate H u,Ls of (40).
Next, a set of quantized angle grids is selected, and based on
this selection, the sensing matrix is computed. Note that the
number of angle grids should exceed the number of observable
ports at the transmitters, i.e., N, and the number of antennas
at the receiver, i.e., M. Furthermore, the residual vector is
initialized to be the vectorization of H u,Ls- Following this,
the OMP method iteratively chooses the column of the sensing
matrix that is most strongly correlated with the residual vector.
The column index corresponds to a pair of grids, from which
an AoA-AoD pair can be estimated. Subsequently, the channel
gain associated with the corresponding AoA-AoD pair can be
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with M = 64 and N = 10.

estimated by solving the least square problem. The residual
vector is then updated by subtracting the contributions of
the chosen column vectors from the vectorization of H u,LS-
These steps continue iteratively until the difference between
the residual vector in the current iteration and that of the
previous iteration falls below a predetermined threshold. Upon
estimating the sparse parameters, the final step involves recon-
structing the complete channel matrix to obtain H uw,0MP>
mirroring the concluding step in the L3SCR method.

In Figs. 12 and 13, we show the NMSE obtained by various
estimation methods and the average required computational
time for each channel realization across different parameters.
Several observations can be made from the results in these
figures. Firstly, when M is small, the OMP method outper-
forms the L3SCR method in terms of the NMSE, whereas the
situation reverses if M is large. Secondly, in numerous config-
urations, the least square method outperforms the L3SCR and
OMP methods in terms of the NMSE. However, it is important
to recognize that the least square method requires significantly
higher hardware switching and pilot overhead compared to the
other two methods. This is owing to the requirement for the
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antennas of all users to switch and transmit pilot sequences
at all N ports, which may lead to lower spectral efficiency in
practice. In addition, it is evident that the OMP method incurs
much higher computational time than the L3SCR method. This
is attributed to the need for matrix inversions in the OMP
method when handling least square problems, contributing to
high computational intensity.

4) Other Schemes: So far, we have shown that in the finite-
scattering environment, the geometric model can be adopted
to characterize the channel of an FAS-assisted uplink system.
Based on this model, some standard tools can be employed
to estimate the sparse channel parameters at some prescribed
observable ports, based on which the CSI at all N ports can
then be reconstructed. Besides the L3SCR and OMP methods,
there are still some other schemes that can be applied for
channel estimation in FAS-assisted systems, such as the S-
BAR method [154], the multiple signal classification (MUSIC)
method [157], estimation of signal parameter via the rotational
invariance technique (ESPRIT) [158], the unitary ESPRIT
algorithm [159], the space-alternating generalized expectation-
maximization (SAGE) scheme [160], etc. These methods differ
mainly in terms of the estimation accuracy they achieve and
the computational complexity levels they demand.

With different estimation methods familiar to the readers,
we will discuss the fundamentals of FAS in the next section.

IV. FUNDAMENTALS OF FAS

In this section, we discuss the benefits and unique features
of FAS in comparison to TAS across various fundamental
setups. Following the conventional approach in point-to-point
communication channels, these setups are basically divided
into four main categories: single-input single-output (SISO)-
FAS, single-input multiple-output (SIMO)-FAS, multiple-input
single-output (MISO)-FAS and MIMO-FAS. For fair compar-
ison, each of these categories is, respectively, compared to
SISO, SIMO, MISO and MIMO setups in TAS in which the
number of active radiating elements is the same. Unlike TAS,
there are several more cases in FAS because the transmitters
and receivers may be equipped with either fluid antennas or
traditional antennas. Therefore, it will be more convenient to
have specific terminologies for different setups and cases. The
terminologies are introduced in Table IV.

We will begin with the simplest setup, i.e., SISO-FAS and
then build to more advanced setups, such as, SIMO-FAS and
MISO-FAS. We will show how these setups are closely related
to the downlink or uplink communications in which multiple
users are being served by an access point or BS. After that,
a more complicated setup, i.e., MIMO-FAS is then discussed.
With the terminologies, we can easily identify the superiority
of SISO-FAS, SIMO-FAS, MISO-FAS and MIMO-FAS as
compared to the conventional SISO, SIMO, MISO and MIMO
fixed-position antenna systems, respectively.® This section is
concluded by extending MIMO-FAS to multiuser MIMO-FAS,
which is highly relevant to cellular networks and WiFi.

SHere, our results are presented using (13), where N = NJ and
Ws = W25 , unless stated otherwise. Note that (13) is an extension of (6)
and (7).
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TABLE IV

TERMINOLOGIES FOR DIFFERENT SETUPS AND CASES
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Transmitter Receiver Terminologies Transmitter Receiver Setup
Single Single SISO Multiple Single MISO
traditional antenna® traditional antenna traditional antennas traditional antenna
Single Single Rx-SISO-FAS Multiple Single Rx-MISO-FAS
traditional antenna fluid antenna traditional antennas fluid antenna
Single Single Tx-SISO-FAS Multiple Single Tx-MISO-FAS
fluid antenna traditional antenna fluid antennas traditional antenna
Single Single Dual-SISO-FAS Multiple Single Dual-MISO-FAS
fluid antenna fluid antenna fluid antennas fluid antenna
Single Multiple SIMO Multiple Multiple MIMO
traditional antenna traditional antennas traditional antennas traditional antennas
Single Multiple Rx-SIMO-FAS Multiple Multiple Rx-MIMO-FAS
traditional antenna fluid antennas traditional antennas fluid antennas
Single Multiple Tx-SIMO-FAS Multiple Multiple Tx-MIMO-FAS
fluid antenna traditional antennas fluid antennas traditional antennas
Single Multiple Dual-SIMO-FAS Multiple Multiple Dual-MIMO-FAS
fluid antenna fluid antennas fluid antennas fluid antennas

#A ‘traditional’ antenna corresponds to a fixed-position antenna in conventional communication systems.

A. TAS: Benchmarking Scheme

Before discussing the benefits and uniqueness of FAS, we
find it useful to first discuss the technical details of the existing
TAS. In general, any wireless communication system with a
fixed antenna configuration, where the system parameters such
as position, shape, and other characteristics remain unchanged,
can be interpreted as TAS. Thus, for benchmarking, we can
compare FAS with position-reconfigurable antennas to TAS
with fixed-position antennas. In this comparison, it is sufficient
to evaluate both systems with the same number of RF chains,
as this allows for comparable signal processing capabilities.
For example, maximum ratio transmission (MRT) can only
be performed if multiple active ports/antennas are considered
at the transmitter side, while maximum ratio combining
(MRC) requires multiple active ports/antennas at the receiver
side. Likewise, parallel transmission can only be achieved if
multiple active ports/antennas are employed at both ends.

In certain cases, it is useful to consider the same antenna
structure, such as position-reconfiguration dimensions and
identical antenna sizes. In this context, multiple fixed-position
antennas can be used in TAS but the key distinction between
FAS and TAS is that the antennas in TAS require at least half
a wavelength of spacing. Besides, since FAS is not limited to
antenna-position reconfiguration alone, TAS can similarly be
extended to exclude other reconfigurable characteristics, such
as antenna orientation and shape, for benchmarking purposes.

B. SISO-FAS: The Basic Principles

Let us now consider a Tx-SISO-FAS as shown in Fig. 14.
Since the same analogy can be applied to Rx-SISO-FAS, our
discussion here will be sufficient to understand both cases.
However, interested readers may refer to [89], [93] for a more
comprehensive treatment on the case of Rx-SISO-FAS. At
the end of this subsection, we will look into Dual-SISO-FAS
and highlight its outstanding performance, followed by Tx/Rx-
SISO-FAS, as compared to the traditional SISO system.

Let us consider a 2D fluid antenna surface that consists
of one RF chain and Niy = ]\71tX X N2'EX ports. We assume

F7tx
W3 length Activated port

WA
length

Amplitude (dB)

YV VyYyYvyvyvy

AAAAALAAALAAA

T
N5 ports

Receiver

Transmitter

Fig. 14. A schematic of Tx-SISO-FAS with 2D FAS.

that the NZ-tX ports are uniformly distributed along a linear
dimension of length W *X, where i € {1, 2} and Wiy =
Wltx/\ X W2tx)\. Furthermore, we assume that only one port can
be activated at a time. The complex channel vector between
the transmitter and receiver can be denoted as k. As discussed
previously, the complex channel between the n-th port of the
transmitter and the receiver can similarly be expressed as (7).’
Since h ~ CN(0,J), |h1], ..., |hn,,| are correlated Rayleigh
random variables. Moreover, since a CSCG random variable
is preserved by linearity, hy, is still a CSCG random variable
and thus |hy| is a Rayleigh random variable for a fixed n.
This implies that FAS is equivalent to TAS if the same port
is always activated regardless of the other factors. Intuitively,
there is no difference between a fluid antenna and a traditional
antenna if the position of the radiating element remains fixed.

To obtain the best performance, the port with the maximum
amplitude should be activated [52], i.e.,

|hpas| = max{|hi], ... |hy[}- (46)
7Since QQH = I, it is apparent that Tx-SISO-FAS and Rx-SISO-FAS

are fundamentally similar. Thus, there is no significant difference if the fluid
antenna is implemented at the transmitter or the receiver in SISO-FAS.
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By choosing the optimal port, the rate of Tx-SISO-FAS can
be computed as

Rpas = 108;(1 + SNR|hFAS|2)a

where SNR is the signal-to-noise ratio (SNR) and the outage
probability of Tx-SISO-FAS can be expressed as

]P(RFAS < Rmin)7

where R, is the minimum rate requirement.
Following this, the diversity gain of Tx-SISO-FAS can be
evaluated as

(47)

(48)

Drpas = min{ Nex, N{y (Wix) },

in which N/, (W;x) denotes the maximum diversity that can
be obtained for a fixed Wiy as Nix — oco. Since the ports are
spatially correlated, it would be inconceivable to have infinite
diversity just by increasing Nix for a fixed Wix. Thus, (49)
suggests that, even if Niy — oo, there is only finite spatial
diversity available in FAS due to a finite size Wiy.

To understand this at a more intuitive level, we illustrate
the amplitude of FAS versus Wik in a 1D FAS and consider
different values of Nix in Fig. 15. For any finite Niy, each
marker represents the amplitude that is accessible by FAS. For
practical relevance, we also assume that a minimum amplitude
is required by the FAS receiver which corresponds to the
minimum rate requirement. As it is seen, if Nix is small
(e.g., Ntx = 9), FAS is unable to satisfy the minimum
amplitude and thus outage occurs more easily. A much larger
Nix is required in FAS to fully exploit the fine resolutions
of the spatial diversity in a given space, which makes FAS
different from antenna selection in TAS. But when Nix is
sufficiently large (e.g., Nyx = 201 or 101), the spatial diversity
cannot further be improved because the total peaks and valleys
are statistically similar for a fixed Wix due to the spatial
correlation. Moreover, there is also a maximum amplitude that
can be obtained by FAS as Wiy increases. This means that the
amplitude cannot be improved indefinitely just by increasing
Wix, and thus the rate remains limited unless other techniques
are employed. However, if Wiy is increased, the total peaks

(49)
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Fig. 16. The performance of different SISO-FAS cases versus Ng, where
SNR = 40 dB, Ryin = 15 bps/Hz, and Ws = 2X X 2\: a) average rate;
and b) outage probability.

and valleys may also increase and thus more spatial diversity
can be harnessed. The same principles can be applied to Rx-
SISO-FAS or higher dimensional fluid antenna surface.

Obviously, we can implement a fluid antenna at the
transmitter and receiver to obtain better performance, i.e.,
Dual-SISO-FAS. This changes the channel vector h to the
channel matrix H. For optimal performance, the transmitter
and receiver can activate the port that provides the overall
highest amplitude. Using these optimal strategies, we can
investigate the performance of a traditional SISO system,
Tx/Rx-SISO-FAS and Dual-SISO-FAS over different Ny, s €
{rx, tx}.

As illustrated in Fig. 16, the performance of Dual-SISO-
FAS outperforms Tx/Rx-SISO-FAS followed by the traditional
SISO system. The rationale behind the superiority of FAS is
that Dual-SISO-FAS can be interpreted as a fully correlated
MIMO system where only one input and one output are used.
Consequently, the performance is understandably much better
than the traditional SISO system. Likewise, Tx-SISO-FAS and
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where Rpi, = 15 bps/Hz and Ns = 100.

Rx-SISO-FAS correspond to the correlated MISO and SIMO
systems but only one input or output can be accessed by the
transmitter or receiver, respectively. Since the SISO system
is a subset of the correlated MIMO/MISO/SIMO system, it
is straightforward that FAS is more superior than TAS. Thus,
despite having the same number of radiating elements, FAS
outperforms TAS because an extreme number of correlated
channels within a given space can be exploited.

It is worth pointing out that FAS can also yield higher
energy efficiency than TAS due to the diversity gain.
Specifically, FAS requires less transmit power than TAS to
achieve a specific rate. This can be verified by computing
the average power consumption to satisfy a fixed rate based
on the above optimal strategies. Fig. 17 shows the average
power consumption of different SISO-FAS cases versus W;.
As observed, the average power consumption of Dual-SISO-
FAS and Tx/Rx-SISO-FAS is significantly lower that of the
traditional SISO system. This superiority follows the same
principle in diversity gain. In other words, the extreme diver-
sity gain of FAS can be used to reduce power consumption or
improve energy efficiency.

C. SIMO-FAS and MISO-FAS: The Connection With
Broadcast Channel and Medium Access Channel

A natural extension of SISO-FAS is SIMO-FAS and MISO-
FAS. For brevity, we focus on SIMO-FAS as similar principles
can be applied to MISO-FAS. If the receive active ports
are co-located, then Rx-SIMO-FAS is similar to a correlated
SIMO system as seen in Fig. 18(a), resemblance to antenna
selection with an extreme number of compactly-placed fixed-
position antennas in a given space. To obtain the optimal
performance, the receiver in Rx-SIMO-FAS can activate ports
that provide the highest MRC gain in the presence of mutual
coupling. Matching networks can also be employed to improve
the performance. Alternatively, the receiver may suboptimally
select ports that provide the highest MRC gain while ensuring
a minimum distance between the active ones to prevent
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Fig. 18. Special cases of SIMO-FAS: a) Rx-SIMO-FAS; and b) Tx-SIMO-
FAS.

mutual coupling.® Compared to traditional SIMO systems, Rx-
SIMO-FAS is capable of achieving additional gain by finely
reconfiguring the positions of the active radiating elements in
response to the channel conditions. The gain is more obvious
when the size of FAS increases.

In contrast, Tx-SIMO-FAS is more similar to a correlated
MIMO system where an antenna is selected by the transmitter
and the receiver performs MRC. The main distinction between
traditional MIMO with antenna selection at the transmitter and
Tx-SIMO-FAS is that in FAS, only a single fluid antenna is
required at the transmitter as opposed to having an extreme
number of fixed-position antennas within the predefined space.
Due to position flexibility, the gain of Tx-SIMO-FAS is more
apparent when the FAS size is small. To obtain the optimal
performance, the transmitter in Tx-SIMO-FAS can activate the
port with the largest MRC gain. Similar to SISO-FAS, we can
implement the fluid antennas at both ends and optimize their
ports using the same principle in Dual-SIMO-FAS.

In Fig. 19, we present the performance of different SIMO-
FAS cases against the FAS size, Ws. It is assumed that the

8This approach works for liquid-based fluid antennas. However, depending
on how FAS is implemented, unselected ports may still cause mutual coupling
and in this case, keeping distance between active ports are not useful.
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SNR = 40 dB, Ryin = 16.8 bps/Hz, and Ns = 100: a) average rate;
and b) outage probability.

number of active ports is 4. As anticipated, Dual-SIMO-FAS
outperforms Tx/Rx-only SIMO-FAS significantly, followed by
the fixed-position SIMO antenna system. When W; is small,
Tx-SIMO-FAS outperforms Rx-SIMO-FAS while the opposite
occurs when Wy is large. The main reason is that in the SIMO
case, there are multiple fluid antennas in the Rx-only case but
only one fluid antenna in the Tx-only case, which means that
correlation hurts the Rx-only case more than the Tx-only case.

The above mainly focuses on co-located receive active ports.
However, what would happen if the receive active ports are
distributed? In this case, Rx-SIMO-FAS is no longer similar
to a correlated SIMO system because the channel from the
transmitter to each receive active port can then be regarded
as i.i.d. Due to higher spatial diversity, its performance can
be improved using cooperative MRC as compared to the co-
located case. A prevalent scenario is the multiuser assumption.
In TAS, this assumption converts the SIMO system into a
broadcast channel, which is also referred to as the downlink
communications. To understand the performance of FAS in a
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where Nyx = 100 and Wiy = 4X2.

broadcast channel, let us consider a scenario where multiple
FAS users are being served by an access point with a
traditional antenna in the downlink as shown in Fig. 20.
Since the input signals originate from the same antenna, it
is possible to use multiple access schemes that can prevent
multiuser interference. It is well known that superposition
coding and SIC (e.g., power-domain NOMA) are capacity-
achieving techniques in degraded broadcast channels [18].7
Therefore, it makes sense to continue employing power-
domain NOMA when the receivers are equipped with fluid
antennas and the number of users is not large. For ease
of exposition, we refer the use of traditional antenna in
NOMA and fluid antenna as TAS-NOMA and FAS-NOMA,
respectively. We also consider the use of OMA with only
CSI at the receiver and refer to this suboptimal scheme as
FAS-OMA-CSIR. The sum-rate results with 4 users are given
in Fig. 21. The results reveal that FAS-NOMA provides an

9Since NOMA is capacity-achieving in this setup, RSMA is not considered.
However, it is worth noting that RSMA can be more effective in situations
when for example, CSI is imperfect, the channel is non-quasi-degraded, or
only one layer of SIC is employed. In these scenarios, RSMA might offer
performance gains compared to NOMA.
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enormous rate improvement of 7 bps/Hz as compared to TAS-
NOMA when the SNR is 15 dB. From another perspective,
FAS-NOMA requires 9 dB less than TAS-NOMA to reach
6 bps/Hz. The performance of FAS-NOMA clearly outper-
forms TAS-NOMA, especially at medium SNR. Remarkably,
it is observed that even FAS-OMA-CSIR outperforms TAS-
NOMA at all SNR. In other words, a suboptimal scheme in
FAS can outperform the capacity-achieving scheme in TAS,
establishing a new possibility for performance leap. To further
understand the impact of different multiple access schemes in
FAS as compared to TAS, see [72].

The above discussion can be generalized to MISO-FAS. For
example, if the transmit active ports are co-located within a
given space, Tx-MISO-FAS is similar to an existing correlated
MISO system with antenna selection in which a huge number
of fixed-position antennas is deployed within a given space.
Besides, Rx-MISO-FAS resembles a correlated MIMO system
where an output is selected by the receiver. Instead of MRC,
MRT is used at the transmitter. It is also expected that Dual-
MISO-FAS outperforms Tx/Rx-MISO-FAS, followed by the
fixed-position MISO system. On the other hand, Tx-MISO-
FAS with distributed transmit active ports is the reverse setup
of Rx-SIMO-FAS with distributed receive active ports. Thus,
we can relate them to the broadcast channel (downlink) and the
medium access channel (uplink) by considering the multiuser
setup, according to where the user signals come from and
where they are being sent to.

D. MIMO-FAS: Optimization and Diversity and Multiplexing
Tradeoff (DMT) Overview

MIMO-FAS is closely related to a traditional fixed-position
MIMO antenna system. The main distinctive feature of FAS is
the very fine resolution in the spatial domain that can harness
additional diversity. Conceptually, MIMO-FAS is equivalent to
MIMO with an extreme number of antennas being deployed
in a given space while only having a subset being activated.
As a result, MIMO-FAS can jointly optimize the active ports,
beamforming and power allocation for a specific metric.

One important problem is to maximize the achievable rate
for Dual-MIMO-FAS, which is unfortunately recognized as an
NP-hard problem. However, a simple yet near-optimal solution
can be obtained in the high SNR regime. Specifically, the
optimization can be split into two sub-problems: (i) optimal
port selection and (ii) optimal beamforming and power allo-
cation. To solve the port selection subproblem, it is possible
to exploit a property related to the achievable sum-rate and
formulate a relaxed problem for which a near-optimal solution
at high SNR can be obtained utilizing strong rank-revealing
QR (RRQR) factorization [161]. Given that the port selection
is known, the optimal beamforming and power allocation
subproblem can then be solved using singular value decompo-
sition (SVD) and waterfilling power allocation [162]. For other
SNRs or more complicated problems, various approaches such
as alternating optimization, generalized Bender decomposi-
tion, genetic algorithms, penalty methods, and other relaxation
techniques can be used to address the challenges [163], [164],
[165], [166], [167], [168]. Interestingly, the activated ports,
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Fig. 22. A schematic of Dual-MIMO-FAS with 2D FAS.

beamforming and power allocation of MIMO-FAS can also be
optimized jointly with only statistical CSI [169], [170].

To better understand the distinction between FAS and
TAS, consider Dual-MIMO-FAS, as shown in Fig. 22, and
compare it with the traditional MIMO system. For any MIMO
system, there is fundamental tradeoff between diversity and
multiplexing gains. Specifically, a MIMO system is said to
achieve a multiplexing gain of r and a diversity gain of d
if [171]

Rsys(SNR) _,
log SNR ’
and the outage probability satisfies
: log (]P“s)}l}bt (SNR, r))
SNR— o0 log SNR

in which Rgys(SNR) and ]P’g’;,‘st(SNR, r) are, respectively, the
rate and outage probability of the MIMO system. Since Dual-
MIMO-FAS is also a MIMO system, it is natural to have this
tradeoff as well. If Wiy and W,y are sufficiently large, then
the DMT of a traditional MIMO system is a piece-wise curve

connecting the points (r, d(r)) where [172]

50
SNﬁ—)OO (50)

= —d(r), (G

d(r) = (ntx — r)(mx — 1), (52)

and r € [0, nyin], in which nyi, = min{ngx, mx}, nx and
nyx are the number of traditional antennas at the transmitter
and receiver, respectively. In contrast, according to [94], the
DMT of Dual-MIMO-FAS is a piece-wise curve connecting
the points (nyin,0) and

{7”, (NtIX(VVtX) - T)(erx(Wrx) - 7”)}, r= 0,...,]\77

(53)
where N/, (Wix) is the maximum transmit diversity that can

be obtained for a fixed Wiy as Nex — 00, Ny ( Wix) is defined
in a similar fashion, and

~ (Nt/x(WtX) -

N =arg min

77) (Nr/x( Wrx) - 77) )

Mmin — 7]

UISA
0<n<mnpip—1

(54)

In FAS, we may interpret that nyx and n;x are the number
of active transmit and receive ports. Under the assumption
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Fig. 23. The DMT of different MIMO-FAS cases.

where Wiy and Wi are sufficiently large, we have ni <
N[ (W) and nrx < N/L(W). After some manipulations,
we can similarly obtain the DMT of Tx/Rx-MIMO-FAS by
connecting the points (7,i,,0) and

{7“, (J\[;(Ws)—r)(ng—7“)}7 r:07...,]\~75, (55)
where 5 is the complement of s, and
- NI(W,) — —
Ns = arg min ( 2(Ws) 77)(713 77). (56)
neL Mmin — 7

0<n<nmin—1

In Fig. 23, we present the DMT results of different MIMO-
FAS cases. The DMT of Dual-MIMO-FAS is an outer bound
of Tx/Rx-MIMO-FAS, followed by MIMO. To obtain a good
sense of how much diversity gain can be obtained in MIMO-
FAS, a simple method was proposed in [94] to approximate
the values of N/, (Wix) and N/, (Wix). When Wix = Wiy =
0.25\2, the maximum diversity gain of MIMO-FAS with 2D
fluid antenna surface at both sides is 169 while the maximum
diversity of the traditional MIMO system with 2D antenna
surface at both sides is 16. To help readers better understand
the performance gain, the estimated maximum diversity of
Dual-MIMO-FAS and traditional MIMO are given in Table V.
The rationale behind the superiority of MIMO-FAS is that all
ports must experience deep fading in order for an outage to
occur. From the DMT, it is seen that the multiplexing gains
cannot be improved in MIMO-FAS but it is worth highlighting
that MIMO-FAS provides some rate gain when compared to
traditional MIMO. To further understand the performance gain
of MIMO-FAS, the readers may refer to [94], [118]. Similar
to previous setups, the extreme diversity gain in MIMO-FAS
can be exploited to improve the energy efficiency.

E. Multiuser MIMO-FAS: The ML Approach

In this subsection, we extend the concept of MIMO-FAS to
multiuser MIMO-FAS, a setup applicable to cellular networks
or even WiFi, as depicted in Fig. 24. In contrast to the above,
we shift our focus to the optimization complexity and discuss
state-of-the-art methods to overcome this problem. For brevity,
we assume that the BS is equipped with a 2D fluid antenna
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TABLE V
MAXIMUM DIVERSITY BASED ON DIFFERENT Wy

HASE! MIMO Dual-MIMO-FAS
05x05 [ 4x4=16 13 x 13 = 169
1x1 9x9=8l 23 x 23 = 529
15X 1.5 | 16 x 16 = 256 | 34 x 34 = 1156
2x2 | 25x25=625 | 48 x 48 = 2304
2.5 x 2.5 | 36 x 36 =1296 | 60 x 60 = 3600
3x3 | 49 x 49 = 2401 | 73 x 73 = 5329

The above results were obtained using the method proposed in [94] with
the assumption that £ = 1073, and N5 = 100.

Activated port

W length

Fluid antenna

Userl |

suod ([N

et Nfports
iactivatedport ! :
2D fluid antenna surface

Activated port

Base Station

Machine
Learning

Fig. 24. A schematic of ML-based multiuser dual-MIMO-FAS with 2D FAS.

surface with My RF-chains, where the dimension of the fluid
antenna surface is Wiy = fo)\ X WQtX)\ and there are a total
of Nix = Nltx X N2tX ports. On the user side, we consider
two cases: (i) a single traditional antenna with one RF-chain
and (ii) a 2D fluid antenna surface with one RF-chain, a
dimension of Wix = W{*A x W3*A and Nyx = N{* x Ny*
ports. Note that the earlier represents multiuser Tx-MIMO-
FAS and the latter represents multiuser Dual-MIMO-FAS. Let
A = {1,..., Nix} denote the set of ports. Then the subset
Aix = {af*,..., af¥} C A, with a cardinality of U, represents
the indices of the activated ports of the BS to serve U users,
such that U < M;y.!0 Given the set Ay, precoding is then
performed to eliminate the multiuser interference based on
the CSI information of A¢. In the following, we discuss
the models of multiuser Tx-MIMO-FAS and multiuser Dual-
MIMO-FAS and formulate their corresponding optimization
problems that maximize their achievable sum-rates.

1) Multiuser Tx-MIMO-FAS: Given the set Ay, the
received signal of the u-th user with traditional antennas is

yu = R WA 4,
Atx X X
R = [hy (af), . by (al)],

(57)
(58)

where thA“X) represents the channel between user u with
the activated ports of the BS, hy(a'X) denotes the complex
channel coefficient between user u and the a!X-th port of the
BS, and W (A=) — [ngtx), . .,w(&%‘)] € CU*U denotes
the precoding matrix with transmit power of Pix. Moreover,
s = [s1,...,5y]T € CYX! is the vector of the transmitted

symbols of all the users with E{|s,|?} = 1, and ¢, is the

lo{a%’(} represent the entries where the column vectors of Ay are unity.
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additive white Gaussian noise (AWGN) with Ny being the

noise power, i.e., ¢y, ~ CN(0, Ng). We use the superscript

Aix to indicate that W (Ax) is a function of the set Aix.
Consequently, the SINR of the u-th user is given by

2
(Apx, W) ‘h(uA“‘)wSLA“‘)
SINR, ™ - " YT . (59)
P atu R w A |7 4 N

To maximize the sum-rate of multiuser Tx-MIMO-FAS, we
optimize the set Aty and the precoding matrix W (A=) More
concretely, the optimization problem can be formulated as

U

(Atx)
D log (1+SINR5Z““’W t )>, (60)
u=1

max
Atx , W(-Atx>

where additional constraints can be added if needed.

2) Multiuser Dual-MIMO-FAS: In this case, we let A, =
{a™, ..., affa;* € [1, Nix]} represent the set of the active
ports of the users, where a;* denotes the index of the
activated port of the u-th user. Moreover, let W (AecArx) —
[ngt’"A"‘), e w(l}At"’A"‘)] be the precoding matrix that is
related to both of the active ports of the BS and users. Then
the received signal of the a]*-th port of user u is

1 (a) = W) 4 e
R = [ (af, af) b (o al)] (©2)
where hy, (alX, alX) denotes the complex channel coefficient

between the aX-th port of user u and the a'X-th port of the

BS, while ¢\ ~ CA(0, No) is the AWGN at the a%*-th
port of user u. The SINR of the a]*-th port of user u is

-AX7 TX7W(-Atx,-Arx)
SINR (A )

rx 2
‘ hf(uAtX’au ) w gL-Atxy-Arx)
= . 63
(-Atxﬂlqix) (»Atxa-Arx) 2 ( )
Zﬂ;ﬁu h w = + NO

U u
Then we can maximize the achievable sum-rate of multiuser
Dual-MIMO-FAS:

U
-A x7a15X7W(AtX7‘ArX)
max Z log2(1 + SINR& ‘ )>.

w(Agx,Arx) u=1

(64)

As expected, both (60) and (64) pose optimization challenges
because selecting the subset A¢x from A involves a combina-
torial optimization problem, and the design of the precoding
matrix is intricately coupled with the activated ports, i.e., Atx.

Besides mathematical optimization approaches, we can use
deep learning to solve more complicated problems [173]. For
instance, [148] used a mixture of ML techniques, including
the Smart “Predict, then Optimize” (SPO) framework [174] to
create algorithms that can select the best port with minimal
observations. These methods significantly reduce outage prob-
ability, even with just one port observation. Meanwhile, [175]
proposed a novel online learning framework to address
port selection challenges in time-varying channel conditions.
Leveraging bandit learning, the algorithm dynamically learns
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the optimal port selection without relying on full instanta-
neous CSI. Exploring the feasibility of reinforcement learning
for addressing combination optimization challenges in this
context is of great interest. One viable approach involves
treating the BS as an agent within a reinforcement learning
framework [176], utilizing metrics such as outage probability
as rewards for non-gradient-based optimization of the port
selection model. In scenarios where both users and BS are
equipped with fluid antennas, the application of multi-agent
reinforcement learning [177] represents a potential avenue.
More concretely, it offers the prospect of enabling individual
users to make informed port selection decisions without
requiring knowledge of the CSI of other users. Recently, a
successful application appears in [76] where deep reinforce-
ment learning has been shown to be effective in tackling
the distributed optimization problem for opportunistic FAMA.
Furthermore, [76] also managed to incorporate game theory
into deep learning for improving the learning efficiency for
self-optimizing FAS users.

To gain valuable insights into the new flexibility introduced
by multiuser MIMO-FAS as well as its performance improve-
ments compared to the traditional multiuser MIMO system, we
simplify (60) and (64) by employing regularized zero forcing
(RZF) precoding. In particular, we consider a scenario with a
carrier frequency of 4.5 GHz and the BS is equipped with 2D
fluid antenna surface with 30 x 30 ports and a dimension of
Wix = 1m x 1m or Wix = 0.2m x 0.2m. The dimension of
the user 2D’s fluid antenna surface is 0.1m x 0.1m and the
number of ports is 3 x 3. To optimize the performance, we use
multi-agent reinforcement learning in [124]. Here, we consider
quaternary phase shift keying (QPSK) modulation. Fig. 25
shows the average bit error rate versus the number of users
for different Wix and SNR. As it is seen, the performance
of FAS is related to Wiy, and a larger Wik can offer higher
diversity gain as discussed previously. Furthermore, the gain
is more significant at high SNR. For a more comprehensive
discussion and coverage, readers may refer to [124].

The unique advantages of multiuser MIMO-FAS over
traditional multiuser MIMO also extend to the newfound capa-
bilities in flexible beamforming and rapid channel hardening.
In Fig. 26, we compare the average channel-to-interference
ratio between FAS and TAS in rich scattering environments.
Given the ability to finely reconfigure the positions of radi-
ating elements within a given space, it is evident that the
average channel-to-interference ratio of FAS can be signifi-
cantly enhanced as compared to TAS when considering an
equal number of active ports or antennas. Interestingly, the
gain of FAS increases with the size of the fluid antenna
surface.

To understand the underlying principle, let us examine their
behaviors more closely in a finite scattering environment. As
studied in [65], TAS in some cases may lose array gain over
the desired signal when nulling the interfering directions due
to the fixed positions of radiating elements. In contrast, FAS
can achieve the full array gain in these cases, giving rise to
superior performance. Fig. 27 illustrates an example of such
cases, in which the positions of radiating elements in TAS
are separated by half a wavelength, and the positions in FAS
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—— Multiuser Dual MIMO-FAS, W, = (0.2 x 0.2), SNR = 30 dB
—— Multiuser Dual MIMO-FAS, W, = (0.2 x 0.2), SNR =5 dB

Multiuser Dual MIMO-FAS, Wi, = (1.0 x 1.0), SNR = 30 dB
—— Multiuser Dual MIMO-FAS, W, = (1.0 x 1.0), SNR =5 dB
— — Multiuser MIMO, Wy, = (0.2 x 0.2), SNR = 30 dB

)
— — Multiuser MIMO, W, = (0.2 x 0.2), SNR =5 dB
Multiuser MIMO, Wy, = (1.0 x 1.0), SNR = 30 dB
— — Multiuser MIMO, Wy, = (1.0 x 1.0), SNR =5 dB
O Multiuser Tx MIMO-FAS, W, = (0.2 x 0.2), SNR = 30 dB
O Multiuser Tx MIMO-FAS, W, = (0.2 x 0.2), SNR =5 dB
Multiuser Tx MIMO-FAS, W, = (1.0 x 1.0), SNR = 30 dB
O Multiuser Tx MIMO-FAS, W, = (1.0 x 1.0), SNR =5 dB
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Fig. 25.

are optimally reconfigured using the closed-form expressions
from [65]. Note that this capability can be extended to multi-
beam forming at a cost of some array gains, as studied
in [66].

Moreover, FAS enjoys rapid channel hardening with signif-
icantly fewer radiating elements as compared to TAS. Unlike
TAS, which relies on the law of large number, FAS exploits
the extreme value theorem to realize strong channel harden-
ing [67]. Fig. 28 provides an example of the channel hardening
effect in FAS and TAS. To achieve a 0.02 channel variation,
FAS only requires 9 active radiating elements, compared
to 64 fixed-position antennas in TAS. Hence, by recon-
figuring radiating elements, FAS improves the performance
of cellular networks in new ways. In the subsequent
section, we explore multiuser FAS communications more
extensively.

V. NEW METHODS FOR MULTIPLE ACCESS

With position flexibility, FAS can innovate multiple access
and change the way in which interference is mitigated. This
new technique is referred to as FAMA [73], [74]. Specifically,
unlike existing techniques, FAMA does not require any CSI at
the transmitter nor SIC at the receiver. The idea behind FAMA
is to enable receiver to access a desirable spatial moment for
communications where the interference suffers from deep fade.
This is in contrast to usual spatial multiplexing schemes where
signals are carefully mixed to create artificial interference null,
as in the case of multiuser or massive MIMO.

FAMA can be categorized into two types: slow
FAMA [74], [76], [92], [178], [179], [180], [181] and fast
FAMA [73], [182], [183]. In slow FAMA, the receiver’s
antenna position changes whenever the channel changes
while in fast FAMA, the receiver changes its position on a

Bit error rate versus the number of users with different antenna configurations.

symbol-by-symbol basis. In both schemes, the interference is
treated as noise and thus no advanced signal processing is
required. To understand the working principle, in Section V-A,
we first consider a simple scenario where there are only two
pairs of transmitters and receivers. By leveraging information
theory, we will show that slow FAMA can be capacity-near-
optimal. A general setup with any number of users will be
considered in Section V-B via some approximation techniques.
In Section V-C, our attention then turns to the fast FAMA
approach for symbol-level port switching for extreme massive
connectivity. It is worth noting that fast FAMA has the
capability of accommodating hundreds of users on the same
channel while slow FAMA is typically not expected to handle
10 users or more. Finally, we introduce CUMA, a variant of
slow FAMA, that improves the multiple access capability with
slow port switching. We conclude this section by commenting
on how FAMA may inspire a scalable new multiple access
scheme for future mobile networks.

A. Han-Kobayashi (HK) Comparison

Consider an interference channel in Fig. 29, in which there
are two pairs of transmitters and receivers. Each transmitter
aims to send the intended information signal to its respective
receiver but it interferes with the other receiver. To simplify
discussion, we assume that each transmitter is equipped with a
traditional fixed-position antenna while each receiver has a 2D
FAS with Ny ports uniformly distributed in a grid structure
over an area of W;y. This setup can be viewed as the classical
two-user Gaussian interference channel if each receiver uses a
fixed port. In information theory, it is widely known that the
best achievable scheme of a two-user Gaussian interference
channel is the HK scheme which uses rate-splitting and joint-
decoding to perform all possible strategies [184], [185]. It is
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Fig. 26. The average channel-to-interference ratio comparison of multiuser
MIMO-FAS and multiuser MIMO-TAS: a) the effect of active ports/antennas,
where Nigx = 50 X 50 and Wix = 4.5\ X 4.5); and b) the effect of Wi,

where Nigx = 10n4x X 10ntx and ngx = ({@J + 1)2.

capable of approaching the capacity to within one bit for all
values of channel configurations by setting the interference to
noise level [184]. Intuitively, given the availability of global
CSI at the transmitters and receivers, it is possible to improve
the rate performance when optimal rate-splitting and power-
splitting are computed for each port and the optimal port is
selected for communications. We refer to this scheme as HK-
FAMA, which is mainly used for benchmarking [125].

To understand the working principle of FAMA, we introduce
the concept of generalized degrees of freedom (gdof) in non-
symmetric reconfigurable channel for FAS with finite SNR.!!
Specifically, the gdof of a scheme is defined as

Rsys (Arx)

dof £
gdo or

(65)

HNote that channel reconfiguration is only useful here when the SNR is
finite and not asymptotically high.
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Fig. 27. Normalized array gain of FAS and TAS in different directions, with
ngx = 8, 0y des = 90° (AoA of the desired user signal), 07 ;; = 84°
(AoA of the first interfering signal), 62 ;3 = 103° (AoA of the second
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Fig. 28. Channel variation comparison for FAS and TAS versus the number
of active ports/antennas, where Niy = 50 X 50 and Wiy = 4.5 X 4.5\,

where

* Ptx|h11(afx)|2
C —r.rﬁ?flog 1+T

Piy| a2 (a5¥)|?

1 1
+log| 1+ No ,

(66)

| B (aX)|? is the channel gain between the transmitter and the

" -th port of the desired receiver, and Rsys(Arx) is the max-
imum system sum-rate as a function of the optimal port. The
gdof can be interpreted as the ratio of the maximum sum-rate
of a system to the maximum sum-rate without interference.
Thus, we say that the system has full dof if Rgys(Arx) = C*,
i.e., the interference has no effect on the receivers. In contrast,
the system has zero dof if Rsys(Are) = 0, i.e., the interference
affects the system to the extent that no communication is
possible. In addition, we find it useful to define v and [ as the
ratio of interference-to-noise ratio to SNR, in decibels. These
variables represent the interference level. If « = /3, we have a
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Fig. 29. A schematic of HK-FAMA for an interference channel with two
transmitter-receiver pairs.

symmetric interference channel. If o or 8 > 0, the system is
operating in the interference-limited regime. Otherwise, it is
operating in the noise-limited regime where noise dominates.

We illustrate the sum-rate performance of HK-FAMA and
FAMA as well as other existing schemes such as HK, orthog-
onalization (ORTHO) and treating interference as noise (TIN)
for the two-user interference channel in Fig. 30. Note that the
performance of HK, ORTHO and TIN can also be obtained in
FAS by always activating the same port or by setting Nyx = 1.
As shown in Fig. 30(a), the performance of FAMA approaches
to that HK-FAMA as Ny and Wpx increase, meaning that HK
is unnecessary and FAMA can be near-optimal if Ny and Wi
are sufficiently large. To help understand this, we investigate
the maximum gdof that can be achieved by these schemes over
different realizations as demonstrated in Fig. 30(b). Here, HK-
FAMA and FAMA have the ability to reconfigure the channel
in each channel realization (i.e., they can adjust the values of
« and 3 by selecting a different port while HK, ORTHO and
TIN cannot). It can be observed that HK-FAMA and FAMA
tend to make the values of o and 3 small to obtain a higher
gdof, implying that the noise-limited regime is operationally
more desirable if such channel reconfiguration is possible. In
contrast, HK, ORTHO and TIN are unable to reconfigure the
channel because the active port is fixed or Nyx = 1. In other
words, the performance of those schemes are limited by the
randomness of the channel configuration in each realization
while FAS provides receivers the unique ability to reconfigure
the channel to operate in the noise-limited regime.

B. Slow FAMA: Approximation Techniques

Here, we continue our discussion of FAMA in the case of
two users but deviate from the capacity-centric HK compari-
son. The setup depicted in Fig. 31 is considered, in which each
transmitter corresponds to a traditional fixed-position antenna
of a BS and each user has a 2D FAS. A virtue of FAMA is
that CSI is no longer necessary at the transmitter side and the
receiver ends also do not rely on SIC.12 However, in FAMA,
interference is not completely eliminated. The interest would

12Evidently, FAS can also be used as a new dof to improve existing multiple
access schemes, as discussed in the case of NOMA in Section IV-C and
multiuser MIMO in Section IV-E.
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N21"X = 10; b) the maximum gdof over 300 independent channel realizations.
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Fig. 31. A schematic of downlink slow FAMA, where a BS is equipped
with two traditional fixed-position antennas and the two users are equipped
with fluid antennas.

be to understand how much the overall performance is affected
by the interference. In this model, the u-th user is exclusively
served by antenna u € {1, 2} with a transmit power of P,. In
the interference-limited regime, where the interference level is
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much greater than the noise power level, the SINR of the u-th
user at the af*-th port can be approximated as'?

- Pulhuu(aé")\Q

" Palhu(a)?’
where @ is the complement of u and hgq, (ay*) is the complex
channel coefficient from the %-th antenna to the a*-th port of

user u. The performance of user u can be generally evaluated
using the outage probability, approximately given as

SINR,, (a™) (67)

PEAMA(R,)
~ P? max |huU(1)‘2 |huU(NrX)|2 Y¢h Pa
hau(L)]2 7 Thau(Nex) 2 P,
| (1)] | s (Next)|*
=P gy, e < Ry o, (68)
haw = (N2 =

where 7;1, represents the minimum SINR threshold without
outage and R, £ v/ Ytn Pi/ Py Similar to (6), we can define
haw = [hau(1),.. ~ahﬁu(er)]T and Kgy = f%uJu as
the covariance matrix of hg,, where ¢2, denotes the large-
scale fading from the u-th antenna to user u. According
to [89], [178], hy, can be generated through the eigenvalue
decomposition on J, and the introduction of 2N, i.i.d.
Gaussian random variables. We refer to this as the “exact
channel model”. Under this model, PEAMA(R, ) can be
analyzed analytically but the obtained expreséion involves Nyx
nested integrals, which are computationally intractable [178].
To overcome this, approximation techniques are required.

Utilizing the strategies in [89], the exact channel model is
approximated in two stages, leading to the approximations of
outage probability in [178]. In the first stage, it is recognized
that the exact channel model is mainly determined by a few
largest eigenvalues. This allows the approximation of each
channel coefficient by considering only Nix dominant eigen-
values, where er is considerably smaller than the number
of ports Nyx. This is known as the first-stage approximation,
providing a closed-form expression for the outage probability.
However, despite the significant simplification achieved in this
stage, the approximated outage probability remains challeng-
ing to compute since it involves a 4 Nyy-fold integral.

To further simplify the analysis in the second stage, we
begin by defining a random matrix H uu Of size Nyx X Nj.
This matrix serves as an Nj-dimensional extension of ftm,
where each column of H uw Shares the same distribution as
haw, and different columns are statistically independent. The
parameter Ni plays a key role in influencing the accuracy of
the approximation and requires careful design. Then, another
random matrix H 3, of the same size, featuring independent
rows and dependent columns, is introduced. The similarity
between Hz, and H ww 18 quantified by measuring the dis-
tance between their covariance matrices, a metric minimized
through the appropriate design of Ni. This new model allows
for an approximation of the outage probability expressed as a
2-fold integral in closed form, which is easy to compute.

In Figs. 32 and 33, the approximations are evaluated. In the
simulation results, we consider a 1D FAS with N ports and

13We refer to this as the signal-to-interference ratio approximation.
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Fig. 32.  Outage probability and the first-stage approximation, where ¢, =
5 dB, Py = Py, and Nyx = 10.
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Fig. 33.  Outage probability and the second-stage approximation, where
Yth = 5 dB, Py = Py and Nix = 10.

a length of Wix\ at each user. As observed, when Wiy is
small (e.g., Wix = 1), the outage probability remains almost
constant as Ny increases. In contrast, when Wy is sufficiently
large, the outage probability initially decreases greatly with
N;x before it gradually saturates. This observation reveals that
an excessive increase in Nyx does not yield additional gains
when W;y is fixed, which resembles the behavior observed
in a point-to-point FAS where only a maximum diversity can
be achieved for a fixed W;y. Evidently, the results illustrate
that the outage probability significantly decreases as Wpx
increases. This indicates that increasing the size of FAS can
significantly enhance the performance of FAMA, especially
when Wy is small. The comparison between the results in the
two figures also discovers distinct performance characteristics
of the two approximation strategies. With a well-designed Ny,
the curves obtained by the first-stage approximation almost
coincide with those obtained by the exact channel model.
As for the second-stage approximation, despite being not as
accurate as the first scheme, it exhibits a relatively good
performance when the outage probability is above 1076.
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Readers are referred to [178] for more technical details and
mathematical expressions.

Certainly, FAMA can handle more than two users, and as
considered above, this belongs to the slow version of FAMA
where the port is selected based on maximizing the received
SINR at each user. That is, at the u-th user, it aims to find

Pulhuu(afi‘)IQ
max P} .
arxe{l,...,Nix } Eq];éu Pﬂ|hﬂu(aﬂx)| + Ny
(69)

(ay)" = arg

In the general case with any number of users, the outage
probability for slow FAMA has been analyzed in [74] and the
performance analysis of FAMA in conjunction with oppor-
tunistic scheduling was also further given in [75] but under the
simplified channel model in Section II-A. Most recently, an
accurate performance evaluation for the general slow FAMA
was accomplished using the new block-correlation model
in [90]. ML-based approaches that perform joint optimization
of port selection and scheduling can also be found in [76].

In short, the huge diversity gain of FAS can be exploited
and translated into an uncanny ability to mitigate interference,
under the concept of FAMA without requiring SIC at the users
nor CSI at the transmitter for precoding optimization.

C. Fast FAMA: Symbol-Level Switching

In fact, the first version of FAMA in [73] implies fast port
switching on a per-symbol basis. This is in contrast to the slow
FAMA approach [74] that chooses the best port to adapt to the
instantaneous channel conditions for the maximum received
SINR, i.e., (69). If the CSI remains unchanged, slow FAMA
keeps the same port selection, which is understandably more
practical. This is not the case for fast FAMA, in which each
FAS-enabled user chooses the port that maximizes the ratio
between the instantaneous desired user’s signal energy and the
energy of the instantaneous sum-interference plus noise signal
for a much approved multiple access capability, i.e.,

max |huu(a2")|2

X 2
>xe{l,...,Npx } ‘Zﬂ;ﬁu hﬁu(aix)sﬁ + Cu(aix)
(70)

(a)" = ar

A major difference from (69) is that here in fast FAMA, the
solution to (70) is data-dependent and specifically a function of
the data from the interfering users and even the noise sample.
In terms of interference mitigation, fast FAMA exceeds slow
FAMA by a huge margin. The reason is that for slow FAMA,
it relies on the existence of some port where the sum of the
interference power is weak, which is not likely as the number
of interfering users becomes large. On the contrary, the sum-
interference plus noise signal is complex Gaussian distributed,
which is particularly true when U is large. This implies that
the magnitude of the sum-signal will be Rayleigh distributed
and deep fade does occur. In other words, there will be natural
phenomenon that on a per-symbol scale, the sum-interference
plus noise signal will vanish at some port. Fast FAMA (70) is
designed to exploit this phenomenon which is impossible for
slow FAMA and that explains its increased capability.
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Fig. 34. Data rates of a) slow FAMA and b) fast FAMA against the number
of UEs with varying sizes and resolutions of FAS at each UE. Each UE is
equipped with a 2D FAS offering Nrx = N{* x N3* flexible positions
or ports. The data rate is computed assuming binary symmetric channels,
employing uncoded QPSK transmissions. The system operates at a frequency
of 39 GHz and the channel has a Rice factor of 7 with two scattered paths,
ie, K="7and Lp = 2.

The results in Figs. 34(a) and 34(b) investigate the average
network rate performance of both slow and fast FAMA
under finite scattering channels with Rice factor K = 7
and 2 scattered paths and considering QPSK transmission.
The channel conditions reflect what would typically feature
in the mmWave band. In the simulations, we considered
39 GHz. The network rate was obtained by estimating the bit
error rate, then computing the channel capacity of a binary
symmetric channel and averaging over a lot of independent
channel realizations. Two FAS sizes are considered, i.e.,
(W, Wy*) = (10 cm, 10 cm) or (30 cm,30 cm). The former
represents the size of a typical handheld device while the
latter may be interpreted as the size of a laptop. As can be
seen, for both slow and fast FAMA, the network rate will
increase, if the FAS size increases and/or its port resolution
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increases. It is worth pointing out that if we continue to
increase the port resolution, then the rate will not increase
without bound, as already reported in single-user [89], [93]
and multiuser systems [90], [178]. On the other hand, it is
observed that the network rate generally increases with the
number of users but will eventually plateau if there are too
many users, exceeding the capability of FAMA. The results
indicate that slow FAMA can handle 6 co-channel users if the
size is (W, W3*) = (10 cm, 10 cm). This number can be
increased to 9 users if the size becomes (30 cm,30 cm). The
results for fast FAMA are even more impressive and hundreds
of users can be accommodated. The results demonstrate that
fast FAMA can deal with 300 users (with a smaller FAS) and
serving 500 users is possible if a larger FAS is allowed.

Despite the unbelievable multiple access capability without
CSI at the transmitter side, fast FAMA is not practically ready
because it is indeed a challenge for each UE to estimate the
energy ratio in (70) for the maximization and then switch to
the optimal port instantly. Recent attempts have addressed this
to some extent if the CSI of the desired user’s channel and the
received signals at all the ports are perfectly known [182]. On
the other hand, the concept of virtual FAS in [186] is expected
to be useful to estimate the received signals at the unobserved
ports if only a subset of ports are observable. Overall, however,
it is fair to say that this remains largely an open problem.

D. CUMA: An Enhancement to Slow FAMA

As discussed above, slow FAMA is practical but has limited
multiple access capability while fast FAMA is not known to
be practically realizable despite its extraordinary connectivity.
Therefore, there is desire to keep the practicality but improve
the performance of slow FAMA, which has led to the CUMA
technique in [77]. In CUMA, rather than focusing on one best
port for reception, a large number of ports are activated and
their signals are summed in the analogue domain to produce
the output signal for detection. The key is to select the correct
ports where the desired user’s channels would be aligned to
give user a boost in the desired signal and hence an advantage
over the aggregate interference signal. Specifically, the signal
alignment may be achieved by ensuring the in-phase (or real
part) components of the desired user’s channel at the selected
ports are all positive, or all negative. Similarly, this can be done
focusing on the quadrature (or imaginary part) components
of the channel at the selected ports. The output signals at
different selected port groups can then be combined for
detection.

Mathematically, assuming that the BS is equipped with only
fixed-position transmit antennas and each antenna is assigned
to send the information symbol to a designated user, the signals
that would have been received at the FAS ports of the u-th
user can be written in vector form as

Yu = hoyusy + Z higysa + S
UFu

(71)
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where the notations above follow from (61) with slight
modification. Following (17), we can write

K _— - N
ha = g o an (00" 607")

Ly
L @) (p(a) ()
RBACESY ;Rl ar(al”" Pl ) (72)

where a (6, ¢) has been defined by (18).

An important step in CUMA is that user u forms the set,
say IC, of the selected ports according to some criteria. Note
that /C here replaces the parameters a.< in (61), and this vector
version (71) collects the received signals at all the ports. With
K, CUMA proceeds to aggregate the received signals of the
selected ports in the analogue domain to get

{ yi(/C) = > rer real([yy]r), (73)

vt (K) = Spex imag [y, ),
where [ -] returns the k-th entry of the input vector. The real-
valued signals in (73) correspond to, respectively, the in-phase
and quadrature of the aggregated complex signals from the
set of ports K. Denoting the complex information symbol as
Sy = 55 + 78y, the aggregate received signals are given by

() = | Y real([huuly) | 50

kel

iy Zimag([huu]k) 58

ke
U
+ Z real Z hgysy + ¢, (74)
kek a=1
N k
and
y () = | D imag([huuly) | s
kel
+ Z real([hyul;,) s
kel
U
+ Y imag | > hausi+ ¢, (75)
kek o
UFU k

As the aggregation of the signals at the selected ports is done
without scaling nor phase shifting, only one RF chain suffices
to obtain the two real-valued output signals (73).

In [77], two RF chains were assumed, one concentrating on
aligning the in-phase component of the desired user’s channel
and another performing the same for the quadrature component
of the desired user’s channel. Specifically, the first set of the
selected ports, KR, is obtained based on several criteria. First
is to shortlist the ports based on the parameter p such that

o+ — {k : veal([huuly) > pm?xreal([huu]e)}. (76)
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Fig. 35. The receiver architecture for CUMA with nyy RF chains.

A similar criterion can also be used to obtain another set
K™ = {k s real([hyyly) < pmeinreal([huu]g)}. )

Then a second criterion is applied to limit the number of ports
in the set (K™ or K7) to be at most Npyax. To do so, we can
randomly select up to Ny ax entries to form a new set, i.e.,

{KT C KTKT] < Nmax - (78)
Similarly, for X, we also have
{K= CK7|IK7| £ Nmax}- (79)

Note that in the above, the selection of each entry is equally
probable without replacement. Finally, the set of selected ports,
KR, can be chosen between K1 and K~ by

K} = arg Z real([hyul,)
kek+

Z real([hyu];)|- (80)

kekK-

NG

The same procedure can be adopted focusing on the quadrature
component of the desired user’s channel to give K}.

Due to the random sampling in (78) and (79), if we repeat
the above procedures, then different sets, ICHS and IC%, will be
produced. As mentioned above, the aggregation of the selected
signals from a set requires a dedicated RF chain. Thus, if the
FAS receiver has ngp RF chains, then we can repeat the above
procedures ngp/2 times, as shown in Fig. 35. Recently, [187]
considered the case of nyp = 4 for CUMA and revealed a
substantial performance gain over CUMA with ngrp = 2.
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In general, with ngp > 2 (assuming an even number), the
information symbol for the u-th UE can be estimated by

[y (KT)
v (KF)
e 17|
o (Kl) v

u= NQ o - - ) (81)
v <ICLR£) 2
RS (/c )
2
v <K:H"RF ) BV
L 2 /] gi(Kﬂnu:>
2
(e
L 2 i
where
(k)2 { Zke/c'real([huu]k) - Zke}cimag([huu]k)}
Sher imag([Pual,)  Spex real([hyuly)

(82)

Note that the port resolution of FAS in CUMA should be high
to be meaningful. Otherwise, the different port selection sets
would not result in different communication experience. Also,
it is noteworthy that given the finite size of FAS at each user,
the performance of CUMA would not keep on improving even
if ngp increases without bound. That said, the most important
cases are nrp = 1,2 or 4, with ngp = 1 being the simplest
version, ngry = 2 being the original version of CUMA in [77]
and nyp = 4 perhaps being the expected version, knowing
that 5G requires mobile devices to have 4 RF chains to operate.
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Fig. 36. Average data rates of CUMA with different values of nyy versus

slow FAMA with FAS size of a) (W{*, W3*) = (10 cm, 10 cm) and
b) (W, W3*) = (30 cm, 30 cm). Other parameters are the same as that
in Fig. 34.

Finally, CUMA can be viewed as an upgraded version of slow
FAMA as it maintains the port switching to a per-block basis
but deviates only in terms of the receiver architecture.

We here provide the average rate results comparing CUMA
and slow FAMA in Fig. 36. To be more precise, it would be
necessary to take into account the potential mutual coupling
effects among the ports in the system model for performance
evaluation. Nonetheless, as shown in [188], the effects can be
ignored if the return loss and isolation at each port are kept
at —15 dB and —20 dB, respectively, which are practically
achievable [189], [190]. For simplicity, we therefore did not
consider mutual coupling effects in the simulations. In Fig. 36,
the same parameters as in Fig. 34 were assumed. As before,
we will focus on two cases, (W™, Wy*) = (10 cm, 10 cm)
and (30 cm, 30 cm). The results of the former case are given
in Fig. 36(a) while Fig. 36(b) deals with the latter.

With a smaller size and low resolution of FAS, as illustrated
in Fig. 36(a), the benefits of CUMA are not obvious. In
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fact, slow FAMA can perform much better than CUMA with
nrr = 2. With sufficient port resolution, i.e., (N7, N3*) =
(15,15), CUMA starts to catch up with slow FAMA as the
number of users to serve increases. The great performance of
CUMA begins to show when nyp = 4 and the port resolution
of FAS is sufficiently high. As we can see, in this case,
CUMA greatly outperforms slow FAMA and is capable of
supporting more than 30 users, as compared to only 6 using
slow FAMA. The results are even more encouraging if the
FAS size is increased to (30 cm,30 cm) in Fig. 36(b). It can be
observed that with sufficient size and port resolution, CUMA
with ngp = 2 can even achieve much higher rate than slow
FAMA and serve many more users. In summary, CUMA can
support more than 30 users if the FAS has sufficient size and
resolution.

E. CSI-Less Extreme Massive Connectivity

As discussed, FAMA can offer a much simpler alternative
to CSI-based massive MIMO for massive multiple access, the
one that permits transmitter CSI-free multiple access. But in
practice, how important it is to avoid the need of CSI at the
transmitter side? To answer this question, we may check out
how much CSI a BS is practically possible to have in order to
preform precoding. In 5G, we are able to have a 64-antenna BS
performing precoding to support a maximum of 12 UEs. That
is 12 x 64 = 768 instantaneous complex channel coefficients
to be estimated and fed back to the BS. Moreover, this needs
to be conducted once every few milliseconds.

Now, if we contemplate the idea of delivering 1 kbps/Hz in
6G [78], this may mean that we are using a 1000-antenna BS
to serve 1000 UEs on the same physical channel by precoding.
This demands an estimation of 1000 x 1000 = 10° channels
to be available at the BS every few milliseconds. This does
not seem remotely possible. However, if the channel is LoS-
dominant, precoding may be effectively designed based on the
LoS link which typically varies only very slowly, or not at all.
This will present a much more practical setup for precoding
to operate in massive user access scenarios.

In particular, recalling from the finite scattering channel
model (17), we have the user channel

K .
H =,/ K+1€jwat(90,t7¢0,t)H
/ 1 Ly
- 9 H
+ Lp(K+1) lz::lﬁla't( l,ta¢l,t) y

where the index for UE is omitted for conciseness and the UE
is assumed to have a single fixed receive antenna. For MRT
precoding, the full channel vector H for every UE is required
at the BS so that the precoding vector can be set as

(83)

HY
== 84
®MRT H| (84)

Alternatively, we can perform LoS-only precoding, i.e.,

ai (0o, 0,1
@ = (85)
Fos lat (6ot bo,t)ll
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Fig. 37. Average ergodic rates for massive MIMO.

which only requires the knowledge of AoDs of the LoS, 6 ;
and ¢g ; which can be considered as deterministic channel
parameters for low-mobility users. In other words, it is much
more practical to have the AoDs of the LoS of the users ready
at the BS and perform LoS-only precoding (85).

Fig. 37 illustrates the rate results for massive MIMO with
the two precoding schemes above for different values of Rice
factor, K. The wireless channel is assumed to only have two
scattered paths, i.e., L, = 2 and the average SNR is set to
I" = 50 dB. The results indicate that LoS-only precoding
can be effective and performs close to the full CSI-based
MRT precoding but this only happens if K is large, meaning
that there is a very strong LoS link. When K decreases, e.g.,
K =1 or even K = 0.5, LoS-only precoding loses its grip and
huge performance gaps from MRT precoding begin to appear,
reaffirming the importance of full CSI. The fact that recent
developments of 6G place emphasis on RIS, suggests that the
operations of 6G be likely in situations where the LoS is not
strong and the use of RIS is necessary to repair the link.

The results in Fig. 37 have revealed the main problem of
massive MIMO and its reliance on full CSI to perform well.
We are therefore interested in whether the situations would
be different if FAS is used at the UEs. In this case, we have
the channel matrix given in (17). Given the full H, one can
use SVD to decompose the channel and choose the principal
eigenvector as the precoding vector for the given user. This is
referred to as SVD precoding in this article.

Similarly, we can focus on the core LoS channel

Hy,s = ar (60,7, 0,r) at (6o, ¢>0,t)H

which can easily be constructed by knowing the AoDs, 0 ;
and ¢g ¢, and AoAs, 0y - and ¢q ., of the LoS link. The LoS-
only precoding for a FAS user therefore can be chosen to be
the principal eigenvector of H,g. Here, we assume that each
FAS UE is using the CUMA architecture with ngrp = 2.

Fig. 38 provides the rate results of CUMA with different
precoding schemes in comparison with that of massive MIMO
under the settings similar to that in Fig. 37. A few impor-
tant observations can be made. First, CUMA outperforms

. (86)
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Fig. 38. Comparison of the average ergodic rates of CUMA with precoding
and massive MIMO when a) K = 0.5 (weak LoS scenarios), b) K = 1 (equal
power of LoS and NLoS scenarios) and ¢) K = 7 (strong LoS scenarios).
For CUMA, each UE has a 2D-FAS receiver with size of (W[, W3*) =
(13X, 7A) and (N7*, Ng*) = (27,14), i.e., 378 ports.

massive MIMO with MRT precoding greatly, regardless of
whether LoS-only or SVD precoding is adopted. This means
that FAS can be a key ingredient that improves massive
MIMO without adding burden to the BS in terms of CSI
requirements. Secondly and perhaps surprisingly, LoS-only
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precoding performs better than SVD precoding in CUMA
systems. This is possible because SVD precoding is not
optimal, especially when the combining at each UE receiver
is only performing the CUMA signal alignment but not
matching to the eigenvector. Thirdly, the results demonstrate
that CUMA with LoS-only precoding performs well regardless
of K, which means that the AoDs and AoAs of the LoS link
are sufficient to enable massive spatial multiplexing if CUMA
is in place. Additionally, though in the case of large K, the
performance difference between massive MIMO and CUMA
both with LoS-only precoding is smaller, CUMA still performs
substantially better. The results further discover that hitting
>1000 bps/Hz is now a realistic target and more than 1000
users can be served by simple LoS-only precoding and each
UE using a 2-RF-chain FAS. The results also project that a
larger performance gap over massive MIMO is anticipated
with a larger number of users. On the other hand, it is seen
that the rate of CUMA improves as K increases.

Real environments tend to have mixed channel conditions,
some users with strong LoS while others with weak LoS. The
above results for CUMA therefore are particularly encourag-
ing. The fact that CUMA with LoS-only precoding performs
best for a wide range of K values, confirms that CUMA is
robust and will perform well with users of mixed conditions.
Nonetheless, the above results have assumed that all the users
are in the far-field but with such a large array at the BS and
so many UEs, some users are bound to be in the near-field. A
more rigorous study will be needed in the future.

VI. OVERVIEW OF FAS HARDWARE DESIGNS

In the concept of FAS, the hardware designs and implemen-
tation methods are deliberately left open, affording engineers
the flexibility to determine the optimal configuration. The key
concept is to empower antennas with the capability to flexibly
reconfigure the position, orientation, shape, or dimension(s) of
the radiator. Consequently, FAS encompasses a broad spectrum
of reconfigurable flexible antennas. Four primary designs can
realize the concept of FAS: i) mechanical movable antennas, ii)
liquid-based antennas, iii) pixel-based antennas, and iv) hybrid
antennas. In the following, we will discuss these state-of-the-
art designs and highlight their advantages and disadvantages
of facilitating the hardware development of FAS.

A. Mechanical Movable Antennas

One of the most obvious methods to realize the concept of
FAS is the use of mechanical movable antennas, as shown in
Fig. 39. This design can be separated into two parts [79]: the
communication module and the antenna positioning module.
In the communication module, the antennas are connected
to the RF-chains. Flexible cables are required instead to
facilitate the antenna positioning module. In the antenna
positioning module, the antennas are installed on a mechanical
slide, which is driven by stepper motors to reconfigure the
antenna positions in a 3D Cartesian coordinate [191], [192].
Besides, the orientation of the antennas at a given position
aided by a servo motor can offer additional dof for the
antenna movement [48]. To balance durability, speed, weight
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Fig. 39. A schematic of mechanical movable FAS [79].

considerations, and conductivity, the materials used in this
design should be chosen carefully. The communication module
and antenna positioning module are interconnected via a
central processing unit (CPU) for digital signal processing and
antenna positioning. Specifically, the motors can cooperatively
relocate the antennas to their target positions and perform
beamforming upon receiving the control signal from the CPU.
It is crucial to note that the size of the antenna framework
may far surpass the available movement area, and the speed at
which the antennas can be relocated is restricted. Additionally,
the dependence on the mechanical structure makes this design
prone to considerable wear and tear, even over a short period
of time.

B. Liquid-Based Antennas

Another idea to realize FAS is to exploit the flexible nature
of liquid or fluid as the radiating element of an antenna. Both
metallic and non-metallic liquids can be used in designing the
radiating element. One of them is gallium-based alloys, such as
eutectic gallium indium (eGaln) or Galinstan. These non-toxic
and non-flammable alloys exhibit high electrical conductivity
and show great promise for thermal properties relevant to RF
applications. Interestingly, their melting points are typically
close to or lower than room temperature [38]. Hence, gallium-
based alloys have become one of the main subjects of extensive
exploration in the realm of liquid-based antennas [39], [40].

Encouraged by the flexibility and versatility of liquid-based
antennas, researchers have explored various reconfigurability.
This includes reconfigurability in frequency [82], [193], [194],
[195], radiation pattern [196], [197], [198], [199], [200],
[201], and polarization [202], [203], [204], [205]. Additionally,
embedding fluid switches within the antenna structure is
another attractive method. This allows for dynamic control
over antenna functionality in response to the dynamic com-
munication environments, e.g., [81], [206], [207].

Despite these initial achievements, position-flexible liquid-
based FAS designs only emerged recently [208], [209], [210].
Specifically, the designs in [208], [209], [210] allow for the
controlled movement of radiating elements within preset fluid
channels using a micro-pump, as illustrated in Fig. 40. Upon
receiving a signal from the RF-chain, a surface wave launcher
converts the input signal into a surface wave, propagating to
the radiating element. As the surface wave interacts with the
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Fig. 40. A fluid-channel-based FAS antenna design [208], [209], [210]:
a) schematic; and b) prototype.

radiating elements, it is scattered into the wireless medium (if
transmitting). The reverse process occurs for the reception of
wireless signals. In [211], a pump-less design employing the
electrowetting-on-dielectric (EWOD) method in [212], [213]
was obtained, achieving a motion speed of up to 10 mm/s.
In the EWOD design, as shown in Fig. 41(a) and (b), the
positions of multiple droplets can be independently adjusted by
manipulating the electric field through electrodes placed in the
dielectric layer. The surface wave launcher [214], [215], [216]
enable propagation of the signal between the RF-chain and the
radiating elements on the dielectric layer. This design offers
not only independent adjustment of droplet sizes but also
enables the splitting or combining of droplets. Such flexibility
in droplet manipulation has the potential to optimize antenna
efficiency and operating frequency. Reconfiguring droplet sizes
contributes to enhanced antenna performance, while the ability
to split and combine droplets can improve energy efficiency.
Recently, it was reported based on experimental results that
the liquid-based FAS in Fig. 40 could greatly improve outage
probability and multiplexing gain for mmWave communica-
tions [217]. Similar experimental results on FAS using EWOD
are expected in the future and would validate the concept of
FAS further. It is fair to say that liquid-based FAS designs are
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Fig. 41. A liquid-based FAS antenna design using EWOD [211]: a) 3D view
without enclosure; and b) side view.

gathering momentum though such designs might be sensitive
to fluctuations in environmental conditions,

C. Reconfigurable Pixel Antennas

To obtain the full potential of FAS, the speed at which we
can reconfigure the antenna will need to be in the millisecond
range or less, in order to respond to the change in CSI. Physical
limits on the acceleration and velocity of the structures inside
mechanical movable and liquid-based antennas could prevent
their use at these speeds. To overcome this switching speed
challenge, it would be necessary to consider antennas that can
be reconfigured using electronic switches to realize FAS.

Approaches to the design of antennas that can be recon-
figured using electronic switches have been well explored
[218], [219], [220], [221], [222], [223] and they are usually
referred to as reconfigurable antennas. The basic principle
of reconfigurable antennas is to change the geometry of
the antenna element by electronically switching in or out
supplementary metallic structures. This subsequently alters
the distribution of the RF currents over the antenna surface
and hence changes the antenna’s radiation characteristics. A
defining characteristic is that the reconfiguration of the antenna
is performed internally within the antenna element and not
externally through the use of phase shifters or additional
antennas.

The electronic switching elements utilized in reconfigurable
antennas are typically based on PIN diodes, varactors, MEMS
switches, transistors, etc. [218]. The total number of possible
antenna geometries that can be formed is referred to as the
number of states. If there are (), switches, then an upper
bound to the number of states will be S, = 2@r In practice,
only a subset of the S, states will be used since many of
the states will not function well as an antenna. To apply
reconfigurable antennas to FAS, one possible way is to equate
each state to a possible FAS port. That is, the Ny FAS ports
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Fig. 42. Planar view of a pixel surface with Mp x Np pixels. The positions
for the switches between adjacent pixels are labelled with numbers and in
total, there are @ = Mp(Np — 1) + Np(Mp — 1) switches.

can be thought of as N possible states in a reconfigurable
antenna. To realize FAS, one possible approach is to exploit
pixel reconfigurable antennas (PRA) [44], [224], [225], [226].
In [227], there are 49 switches in the antenna, potentially
providing 249 states. Below we provide an example design of
PRA FAS.

The concept of PRA can be most easily described using
Fig. 42 where a surface is divided into Ny, x M, elements. The
size of each element can be arbitrary but when they are less
than around A/10 x \/10, we refer to them as pixels. In total,
there are @ = M, (Np—1)+ N, (M,—1) possible connections
between adjacent pixels in the surface and therefore 20
possible states. An individual pixel in the PRA cannot radiate
alone because it is significantly less than a wavelength in size.
Adjacent pixels must be connected together, either with fixed
wires or switches, to form a radiating surface.

For the pixel surface to radiate, it must be excited by an RF
source such as a radiator (or direct RF feed) from the side or
underneath the surface. A photo of a complete PRA prototype
is provided in Fig. 43 which operates at 2.5 GHz with endfire
radiation [227]. In the prototype, 30 pixels can be seen and
there are 49 switches between the pixels. In the design, the
pixel surface is excited by a dipole radiator located on its
bottom side (the large middle element). In particular, the single
RF SMA antenna feed is located at the bottom of the photo
and this feeds the dipole element (middle large element) which
radiates onto the pixel surface. The connections to the 49
digital control lines for the switches are located vertically on
the left and right sides of the antenna. The routing to the PIN
diodes for the digital control lines are located on the backside.
By appropriately turning “on” or “off” the switches, using the
digital control lines, a wide variety of antenna patterns can be
formed. In [227], it was shown that a directive beam can be
steered in 12 different directions using 12 of the 249 possible
states. A large literature of PRA designs have been published
previously [44], [224], [225], [226], [228], [229], [230] where
multiport designs can also be considered [231].
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Fig. 43. Photo of a PRA prototype that operates at 2.5 GHz and radiates
in the endfire direction (up the page) [227]. In this prototype, 30 pixels (with
size of 10 x 10 mmz) can be seen and there are 49 PIN diode switches
between the pixels. The pixel surface is excited by a dipole located on its
bottom side (the large middle element).
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Fig. 44. The PRA design based on a patch antenna structure with 5 x 5
pixels. The pixel surface forms the top patch of the antenna and is excited by
a radiator from underneath.

When a PRA with broadside radiation is required instead of
endfire, the structure shown in Fig. 44 can be used. The design
is based on a patch antenna structure and in this example, there
are 5 x 5 pixels and it is excited by a radiator from underneath.
The planar ground plane of the patch antenna is underneath the
bottom substrate and the SMA RF feed connects through the
bottom substrate to a parasitic radiator on top of the substrate
that excites the pixel surface above it.

To understand how to design PRA, we define its state as
a vector that captures the state of each connection between
adjacent PRA pixels, given by

X = I:x17$27x37"')pr ) (87)
where z, € {0,1} refers to whether the g-th connection is
open (“0”) or closed (“1”). We find it useful to define U/ as the
set of all possible PRA states and this set has 2@r elements.
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For a given PRA state x, the PRA will exhibit a cer-
tain radiation pattern and input impedance. These antenna
parameters can be linked to x through non-linear functions
which we denote as E(Q,x) and z(x), respectively, where
Q is the three-dimensional pattern angle and the vector E
represents the two far-field components of the electric field.
The expressions for the non-linear functions can be deter-
mined straightforwardly and this has been well documented
in previous work [44], [229]. A feature of these approaches
is that a single full electromagnetic simulation can be utilized
offline to find the impedance and patterns for all PRA states.

In FAS, the number of PRA states we wish to use is set
to N, which corresponds to the number of FAS ports. Thus,
we can define V; as a particular subset of ¢/ which contains
N, unique vectors or states. Furthermore, we can denote the
elements or states in the subset V; as (x1,...,Xn,...,Xp,).
Theoretically, there are totally (2]35) different subsets V; that
can be constructed from /. When used in FAS, the IV, states in
V; cannot be arbitrary. In fact, not all the pixel configurations
will have good impedance matching. Consequently, the search
space can be significantly reduced by first selecting only those
subsets V; that achieve a good match for each state x,, € V).
This matching constraint can be written as

Steed (Xn) < —10 dB, forn =1,2,..., N;. (88)
where
— 7
S, 2 90 10g| 2 = D0 4 89
feed(xn> Og Z(Xn) + ZO ( )

is known as the return loss of the PRA and Zy =~ 377 QQ is the
impedance for free space. Thus, in the optimization process,
we use only subsets V; that satisfy (88). We can then search
through the selected V; to find the optimum PRA design by

mind > [0, %o)| = 1 ezl (90)
1 n p
where

2w T
(X, X)) = / / E(Q,x,) - E(RQ,x,/)dQ  (91)
0 0

evaluates the correlation between state n and state n’ in terms
of their associated patterns, p* represents some desirable
correlation structures, and Vl* denotes the set of states that
best satisfies the required FAS correlation characteristics.
The optimization of this problem is difficult because there is
an enormous number of possible subsets V; and the objective
function is non-linear. To overcome this, heuristic optimization
techniques can be used [228], [232], [233]. A recent work on
how to use PRA for realizing FAS can be found in [234].

D. Hybrid Antennas

It is possible to combine the above techniques for a better
design specific to an application. For example, in pixel-based
antennas, one can leverage liquid-based materials to adjust the
conductivity of the pixels or address mutual coupling issues,
such as injecting a highly conductive solution into on-pixels
or a low-conductive solution into off-pixels. Moreover, with a
limited codebook, one can use a liquid solution to refine the
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beam towards a particular direction. While the hybrid antenna
design offers superior flexibility for reconfiguration, it also
introduces a higher level of design complexity. Furthermore,
interactions between different antenna designs could poten-
tially give rise to unforeseen challenges.

VII. STANDARDIZATION DISCUSSION

Incorporating FAS into either the BS or UE, or both, in
wireless networks has implications for standardization. It is
evident that channel estimation involving FAS is more com-
plex than in conventional systems, as ports need to be switched
successively to observe the pilots. If FAS is combined with
traditional beamforming at the BS, more feedback capacity
will be required to send this high-definition CSI from the UEs
to the BS. This will necessitate changes in how the CSI is
quantized and fed back to the BS. Evidently, in this case, the
optimization at the BS will involve both beamforming and
antenna positions, impacting resource allocation to the UEs.
The same is expected in the uplink. If FAS is adopted at both
the transmitter and receiver sides, it will be necessary to ensure
that there are sufficient control messages dedicated to passing
the essential parameters in the optimization procedure.

With that said, the introduction of FAS into the UEs could
actually reduce the reliance upon standardization activities
for improving wireless network performance. To see this,
recalling from the results in Section V-E, it is known that using
FAS in particular the CUMA architecture is highly beneficial
because the BS is simplified to perform LoS-only precoding,
greatly reducing the burden for CSI feedback while still
maintaining extraordinary multiple access capability. Since
LoS-only precoding is used, the CSI estimation and feedback
process does not change even if the number of BS antennas
is increased and/or if a UE switches to a better or worse
FAS handset. A FAS terminal is just a plug-and-play UE
which, when present, helps lift the network performance. A
more advanced FAS UE should also automatically get better
performance. Evidently, a FAS terminal should only come
in several standard sizes, with appropriate channel estimation
processes in place. Note that due to spatial correlation, the
estimation processes depend only on size W, but not the
resolution N of the FAS. They also get easier in higher bands
as scattering becomes fewer.

To summarize, standardization efforts are required for the
inclusion of FAS. In particular, resources should be in place to
facilitate the channel acquisition process. If FAS is utilized at
the transmitter side to bring in additional dof, then modifica-
tions are required on the feedback channel. However, once the
CSI can be reliably estimated for a FAS-equipped terminal, it
will always deliver better reception performance. Specifically,
a more advanced FAS handset will not only improve its own
quality-of-experience (QoE), but also automatically elevate the
overall network performance without requiring the BS to do
anything differently. Additionally, standards can be future-
proof if FAS terminals only come in standard sizes.

From a standardization timeline perspective, studies for 6G
in 3GPP are expected to commence with Release 20, which
will consider advanced MIMO such as XL-MIMO [235]. The
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first TSG-wide 6G workshop is anticipated in March 2025, just
before the planned Release 19 RANT functional freeze in June
2025. The RAN Working Groups will continue their efforts
over a 21-month period, from the third quarter of 2025 until
the first quarter of 2027. We expect to see active discussions
on fluid antenna and/or meta-antenna-based XL-MIMO.

VIII. PROMISING RESEARCH DIRECTIONS IN FAS

This section is dedicated to the discussion of new chal-
lenges as well as the promising research directions in FAS.
We will begin by considering the new challenges of FAS,
spanning from channel models and estimations to theoretical
foundations and performance limits. Then, we will deliberate
on various promising research directions, focusing on the
interaction between FAS and other state-of-the-art technolo-
gies such as Al, full-duplex (FD) communications, green
communications, ISAC, near-field communications, NGMA,
NTN, physical layer security (PLS), RIS, THz communica-
tions and XL-MIMO or CAP-MIMO.

A. New Challenges Within FAS

1) Hardware Development and System Models: This paper
mainly focuses on theoretical channel models, as empirical
channel models are currently lacking within the field of FAS.
Developing an empirical channel model requires conducting
numerous channel measurements, a process contingent on
the maturity of FAS devices. However, the current state of
FAS devices remains in its infancy, with existing prototypes
not yet ready for practical applications, although dedicated
efforts have been given in this matter [81], [82], [209],
[210], [211], [236]. Addressing this challenge requires col-
laborative efforts from physicists, electromagnetic specialists,
and antenna experts to create reliable FAS prototypes and
conduct comprehensive channel measurements across various
environments. The measurement data can then be employed
to construct empirical channel models tailored to different
settings.

Also, our tutorial places primary emphasis on the spatial
correlation of the ports but it is imperative to recognize
that correlation exists not only in the spatial domain but
also in the time and frequency domains. Recent develop-
ments have led to a temporal-spatial correlation model [122]
and frequency-spatial correlation model [98]. But there is
a need for a comprehensive joint frequency-temporal-spatial
correlation model, which has the potential to further enhance
the performance of FAS. The development of theoretical
channel models should also account for near-field spheri-
cal wave effects, atmospheric conditions, weather variations,
and other environmental factors, especially when dealing
with THz communications [237], [238]. In addition, mutual
coupling emerges as a significant challenge, particularly for
pixel-based fluid antennas. Strategies such as leveraging cir-
cuit and antenna theories, which involve matching networks
and employing isolation techniques in antenna design, can
help mitigate mutual coupling effects [189], [190], [239].
Furthermore, the response time or switching time of the fluid
antenna plays a crucial role in determining the performance
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of FAS [240]. While studies like [119], [241] indicated that
the switching time issue could be addressed in liquid-based
antenna designs, an alternative direction may emphasize on
delay-free fluid antenna designs.

2) System Management and Optimization: To ensure seam-
less operation of FAS within 6G networks, it is imperative to
design an optimal system management. As discussed earlier,
FAS needs to estimate the channels of a subset of ports to
reconstruct the CSI of all ports. In this context, advanced
techniques such as ML and various mathematical approaches,
have demonstrated highly efficient capabilities in reducing
the required channel acquisition to only 10-20% of all the
ports [122], [124], [148], [179]. However, the minimum
number of observable ports necessary to satisfactorily recover
the CSI for different configurations of the fluid antenna surface
remains unknown, including different size and dimensions.

One possible approach to answer this question is to leverage
the Nyquist-Shannon sampling theorem, which outlines the
requirements for accurately reconstructing a continuous signal
from its sampled, discrete version without loss of information.
According to this theorem, to accurately reconstruct a con-
tinuous signal, the sampling rate must be at least twice the
highest frequency present in the signal [242]. This implies
that an efficient FAS needs to obtain information about the
frequency of the fading in each channel realization to estimate
the channel with the minimum number of ports efficiently.
However, achieving this remains a non-trivial problem.

Another approach is to explore the functional dof
from electromagnetic information theory. In electromagnetic
information theory, the functional dof refers to the minimum
number of required samples to reconstruct a given electro-
magnetic field [243], [244]. Contemporary studies postulate
that half a wavelength is sufficient to reconstruct a continuous
field [245], [246]. Nevertheless, a preliminary investigation in
FAS reveals otherwise, as the signal is space-limited and the
spatial frequency spans over an infinite range. Hence, sampling
less than half a wavelength can significantly reduce the NMSE.
This suggests that achieving perfect channel reconstruction
based on half-wavelength sampling is still an open issue.

While the above knowledge may fill an important gap,
it is crucial to recognize that the number of channels in
FAS is significantly larger than that in TAS. As a matter
of fact, this key distinction serves as the primary factor
contributing to the superior performance of FAS, even when
both systems have an identical number of radiating elements.
However, managing and optimizing such an extreme number
of channels introduces complexity. While ML methods offer
scalability benefits, conventional management and mathemat-
ical optimization methods should not be overlooked for the
sake of tractability. In other words, striking a balance between
advanced techniques like ML for scalability and conventional
or mathematical approaches for tractability is vital in address-
ing the management and optimization complexities associated
with the increased number of channels in FAS, especially
within the evolving landscape of 6G networks. Without exacer-
bating matters, the handover process might also become more
challenging due to the channel reconfiguration capability that
can complicate decision-making [247]. Therefore, extensive
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efforts are still required in the management and optimization
of FAS.

3) Theoretical Foundations and Performance Limits: In
this tutorial paper, we have delved into various technical
aspects of FAS, exploring topics such as extreme diversity
gain, higher energy efficiency, and innovative techniques
enabling scalable multiple access without CSI at the trans-
mitter and SIC at the receiver. Nevertheless, fundamental
investigations still remain in certain areas. For example,
obtaining N’(W) (see (49)) is a non-trivial task, although
efforts have been given in this state-of-affair [93], [94]. It
is important to note that N'(W) is not the number of
independent channels or functional dof, rather it is the number
of significant eigenvalues that can enhance diversity. The
current approach relies on approximating the non-negligible
eigenvalues of the FAS channel under the assumption that
the number of ports is extremely large, approaching infinity.
However, this approach is often hindered by numerical issues,
and numerical analysis techniques can be employed to improve
the approximation [248]. Another alternative is to directly
employ functional analysis.

Furthermore, the analysis of FAS performance proves to be
extremely difficult in many cases [249], [250], [251], [252],
[253], [254], [255]. Making this matter worse, even minor
adjustments to the system model can render the problem
intractable. Therefore, novel approaches are crucial for effec-
tive performance analysis. Moreover, it is observed that the
rate does not show drastic improvement simply by increasing
the number of ports or the size of the fluid antenna surface.
Consequently, innovative solutions are still required to enhance
the network multiplexing gain, meeting the demands of mas-
sive communication. Additionally, the superior performance
of FAS-NOMA is applicable only when the access point has
a single antenna. In cases where the access point is equipped
with multiple antennas, RSMA may be more efficient in some
cases [71]. Thus, exploring the integration of FAS and RSMA,
and other multiple access schemes remains of great interest.

Under the assumption that CSI and SIC are unavailable at
the transmitter and receivers, respectively, FAMA opens up
new possibilities for multiple access techniques. But relying on
straightforward concepts like slow FAMA or fast FAMA solely
may not be sufficient to achieve TKu extreme connectivity as
these schemes are still interference-limited. In fact, the pursuit
of TKu extreme connectivity calls for the development of more
advanced schemes. In this context, CUMA or other variations
of FAMA could play more pivotal roles. For instance, CUMA
presents the potential to achieve 1 Kbps/Hz by serving one
thousand users per a frequency-time resource. Nevertheless,
analyzing the performance of CUMA in the presence of mutual
coupling or computing the performance at an extreme scale
poses considerable challenges. Moreover, the development of
more innovative solutions would be encouraging in advancing
the quest for TKy extreme connectivity. Lastly, developing
stochastic geometry frameworks that consider accurate spatial
correlation, mutual coupling, and optimization effects can be
immensely valuable since it allows researchers to evaluate the
impacts of large-scale deployment in future 6G networks.
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B. Synergy of FAS and Other Technologies

1) AI: ML techniques can play essential roles in tack-
ling the complexity and scalability challenges when serving
multiple FAS users. Techniques such as CNN, GNN, LSTM
and reinforcement learning, among others, play crucial roles
in tasks such as channel estimation, resource allocation
optimization, handover procedures, task-oriented management,
and more [124], [175], [179], [256]. For instance, unsupervised
learning can autonomously discover joint frequency-temporal-
spatial correlations, optimizing the performance of FAS [85].
Deep learning can classify index patterns for FAS based
on index modulation, a system proposed in [257], [258],
[259], [260], or explore optimal ports for beamforming [124].
ML has also proven valuable for handover and task-oriented
management, particularly in systems with massive chan-
nels [261]. Conversely, FAS can improve the performance of
Al applications such as computation accuracy, as evidenced
in [262], [263]. Interestingly, FAS applications in autonomous
vehicles and unmanned aerial vehicles (UAVs) show tremen-
dous potential, given that the positions of both the radiating
elements and the communication objects themselves can be
controlled [67].

2) FD Communications: Compared to conventional half-
duplex communications, FD communications is a promising
technology that can potentially double the spectral efficiency.
This capability has garnered significant interest from both the
research community and the industry [264]. The combination
of FAS and FD communications holds the potential for
mutual benefits. Although FD communications is anticipated
to boost the network spectral efficiency by overlapping the
uplink and downlink signals if self-interference can be mit-
igated, this introduces both intra- and inter-cell interference,
posing a threat to the performance of large-scale multi-cell
networks. The extra dof by FAS can thus be important to
address multiuser interference by selecting the port that either
maximizes the SINR or experiences minimal interference.
For instance, [265] adopted a multi-port fluid antenna tech-
nology to propose a cooperative communication strategy to
elevate the performance of a multiuser FD NOMA network.
Moreover, an analytical framework utilizing stochastic geom-
etry has been derived to evaluate the outage and average
sum-rate performance of fluid antenna-assisted FD cellular
networks [128].

3) Green Communications: As global warming and cli-
mate change pose serious concerns, researchers are actively
exploring techniques to make wireless communication systems
more sustainable. In this context, FAS has emerged
as a valuable technology. On the one hand, FAS can
minimize transmission power while meeting user rate require-
ments [166], [167], [168]. On the other hand, FAS can
maximize energy efficiency in various scenarios [180], [266],
thanks to the diversity gains it offers. Furthermore, a paradigm
shift from traditional information transmission to power
transfer has occurred, influenced by groundbreaking works
such as [267] and [268]. Nevertheless, wireless information
transfer and power transfer exhibit distinct behaviors. For
instance, interference can be utilized to enhance received
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power for energy harvesting, as suggested by [269], but high
received power does not necessarily translate to maximum
information transfer. Conventional approaches typically focus
on maximizing either wireless information or power transfer,
using techniques like power allocation, beamforming, and
time switching or power splitting. In contrast, FAS intro-
duces a novel approach to address this tradeoff [270], [271].
Specifically, the SINR and received power over the ports in
FAS exhibit different trends. This unique capability of FAS
suggests that specific ports can be dedicated to maximizing the
SINR for information reception, while others can be assigned
to maximize the harvested energy [85].

4) ISAC: Cellular networks have undergone a transfor-
mation, shifting from their initial purpose of providing
communication services to becoming ISAC networks, also
referred to as dual-functional radar-communication networks.
The ultimate goal of ISAC is to create perceptive mobile
networks where both communication and radar sensing func-
tions are seamlessly combined within a single system that
shares the same frequency band and hardware. The sensing
operation of ISAC involves extracting essential information
about targets and their surroundings. Notably, MIMO schemes
have gained widespread recognition for their pivotal role in
this configuration because they offer precoding capabilities for
achieving spatial beamforming and waveform shaping [272].

Presumably, FAS could provide an additional dimension
for enhancing the performance of ISAC [124]. Specifically,
for ISAC transmitter, we can employ FAS to optimize the
ports and precoder jointly to establish favorable commu-
nication and sensing channels for performing sensing and
communications simultaneously. On the other hand, for ISAC
receiver, we can employ slow or fast FAMA to leverage the
variations in the channel envelope to eliminate interference
due to radar sensing [74], [182]. Also, FAS enables a flexible
coexisting approach to use the spatial resources for realizing
radar sensing and communications simultaneously. In fact, the
greatest impediment for the ISAC network is to balance com-
munication and sensing performance of the dual-functional
waveform [273].

FAS provides a novel approach to unify the communica-
tion and sensing functionality by creating an ISAC channel
that can make them reinforce each other. In particular, the
spatial steering vectors of the sensing and communication
channels can be aligned using FAS. In such cases, the
functionalities of communication and sensing can be achieved
with a common signal waveform, simplifying the network
design significantly. Furthermore, since the communication
waveform can be utilized for sensing directly, removing the
need for dedicated signals for sensing, the interference due
to the sensing requirement can be reduced greatly. A crucial
challenge in a FAS-assisted ISAC system is however the need
to optimize the port and beamforming jointly, which is an
NP-hard optimization problem. In [124], a deep reinforcement
learning and pointer network was proposed to build an end-
to-end learning network for addressing the intractable joint
optimization problem.

5) Near-Field Communications: Traditionally, wireless
systems are assumed to operate in the far field, where the
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Fig. 45. Near-field and far-field communications.

wavefront can be approximated using planar waves. However,
with increasing operating frequencies and antenna array sizes,
this approximation may no longer hold accurate, necessitating
the adoption of a near-field model. A fundamental premise
of near-field communications is the Rayleigh distance,
which defines the boundary between the near-field and
far-field regions. The Rayleigh distance is proportional to
the product of the square of the array aperture and the
operating frequency [274], [275]. As shown in Fig. 45, if
the distance between the transmitter and the receiver exceeds
the Rayleigh distance, the region is considered far-field, in
which the electromagnetic field can be approximately modeled
by planar waves. If the distance is less than the Rayleigh
distance, then the region is considered near-field, and the
electromagnetic field should be modeled using spherical
waves [276], [277]. Unlike the far-field case where signal
beams can focus energy at a certain angle due to different
electromagnetic wave propagation models, near-field signal
beams can concentrate energy at a specific location with a
given angle and distance [278]. This property can be exploited
to mitigate inter-user interference and enhance spectrum
efficiency. Therefore, near-field beams provide additional
resolution in the distance domain, enabling possibilities
like location division multiple access [279]. Since the near-
field effect becomes more pronounced as the operating
frequency and antenna array size increase, it is crucial to
investigate the performance of FAS in the context of near-field
communications, as a large surface area is desired in FAS.
In addition, exploring how more users can be accommodated
using the concept of FAMA in a near-field environment is
intriguing.

6) NGMA: To facilitate massive communications in 6G,
the adoption of NGMA is evidently crucial [18], [19].
One avenue of exploration involves examining the interplay
between existing multiple access methods such as OMA,
NOMA, RSMA, grant-free access and FAMA. A notable
advantage in this research direction lies in the availability
of CSI at the transmitter, enabling effective interference
management and enhancing network connectivity and capac-
ity [280]. Specifically, FAS-NGMA should adeptly support
multiple users across allocated resource blocks, encompass-
ing spatial moments, time slots, frequency bands, spreading
codes, and power levels. This approach has the potential to
further enhance the connectivity, spectral efficiency, energy
efficiency, and latency of wireless communication systems. On
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an alternative trajectory, one can delve into the exploration
of novel multiple access schemes, such as slow or fast
FAMA, opportunisitic FAMA, CUMA or other variations of
FAMA schemes where CSI and SIC are not mandated at the
transmitter and receiver, respectively. The advantage in this
research direction lies in the simplification of the multiple
access protocol, as CSI acquisition, beamforming, and power
allocation are not required at the transmitter, and SIC is not
necessitated at the receiver. However, under certain situations,
CSI and SIC are feasible and can bring additional performance
gains. It is important to look into the synergy and see how
FAS can benefit from the presence of CSI and SIC. Given
the emergence of novel multiple access schemes, it is also
crucial to analyze their performance to obtain deeper insights.
Consequently, some efforts have been given in this matter, see,
e.g., [75], [181], [281], but consideration of more practical
assumptions in the analysis needs to be sought.

7) NTN: In order to realize ubiquitous connectivity, 6G is
anticipated to extend beyond terrestrial boundaries, incorpo-
rating technologies such as drones, balloons, satellites, and
more [282]. Compared to terrestrial devices, non-terrestrial
devices may experience LoS links, introducing challenges
related to strong intra-cell and inter-cell interference. To
address these issues, researchers have actively explored
multiple access and interference management schemes [283],
[284], [285], [286], [287], [288]. Interestingly, FAS presents
promising solutions for NTN. It was shown in [65] that the full
array gain in FAS can be harnessed over the desired direction
while null steering can be realized over all undesired direc-
tions. Building upon the concepts from [289], [290], [291],
the position reconfiguration of fluid antennas can also be
strategically employed to increase the rank-deficiency of the
LoS channels. To a certain degree, fluid antennas can also
be utilized with optimal trajectories or positioning to jointly
configure the small-scale and large-scale fading effects for
NTN. Conversely, trajectory optimization, which is widely
adopted for UAV communications, may also be applied in
FAS [67]. Moreover, handover issues may be addressed via
the use of fluid antennas and ML methods.

8) PLS: Since FAS provides an additional dof and sig-
nificant communication gains over TAS, some researchers
have investigated the potential of FAS in the context of
PLS [292], [293], [294], [295], [296]. Specifically, [292]
considered a FAS-assisted wiretap channel consisting of a
legitimate transmitter (Alice), a legitimate receiver (Bob), and
an eavesdropper (Eve). In this setup, Alice transmitted not
only the information-bearing signal but also a jamming signal
to disrupt Eve. The secrecy rate of the system was maximized
by port selection and power control. The study revealed that
employing FAS yielded secrecy performance comparable to
the scenario where Bob utilized multiple traditional antennas
and MRC. Nevertheless, in [292], Alice adopted Gaussian
noise for jamming, causing interference not only to Eve
but also to Bob as well. To further improve this, [293]
revisited the same system in which Alice adopted a different
jamming mode to transmit encoded codewords instead of
Gaussian noise. This allowed Bob to successfully decode
the jamming signal and cancel the interference, while Eve
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could not. With such an approach, the secrecy performance
of the system was greatly enhanced. Different from [292]
and [293], where the fluid antenna was deployed at Bob, [294]
and [295] investigated scenarios with multiple fluid antennas
at the transmitter, i.e., Alice. In [294], a single Eve was
considered while [295] examined scenarios with multiple
Eves. Algorithms were proposed to optimize the beamforming
vector and the positions of the fluid antennas, demonstrating
that FAS can significantly enhance the secrecy performance.
Furthermore, [296] provided a thorough secrecy analysis for
FAS in spatially correlated Nakagami-m fading channels. FAS
has also recently been considered to maximize the average
monitoring rate in proactive monitoring systems that oversee
suspicious communication [297].

Despite the work above, there are still many open questions
that remain unanswered. For example, if both Alice and
Bob are equipped with multiple fluid antennas, how should
the system be designed to approach or achieve the optimal
secrecy performance? Can Alice’s or Bob’s fluid antennas still
improve the system secrecy if Eve also uses fluid antennas
to enhance its wiretapping capability? These questions point
to the need for further investigation into the intricate inter-
actions and dynamics in scenarios where all parties employ
FAS. Future research efforts could delve into the design
and optimization strategies for secure communication systems
involving multiple FAS-equipped entities, addressing potential
challenges and uncovering new insights in the realm of PLS.

9) RIS: With the shortening of communication distance
due to the use of higher operating frequencies in 5G and
beyond systems, RIS has emerged as an important fix to repair
broken links between the BS and UEs, reducing the need for
network densification which is extremely costly. However, the
doubly fading of the cascaded channels in RIS means that
the received signal power is usually weak compared to noise,
despite the beam-focusing of RIS. FAS here can thus provide
the diversity desperately needed at the UE to mitigate the
noise effects. In [298], it was shown that FAS can significantly
improve the outage probability and delay outage rate for the
RIS setup. In addition, recently, the joint optimization of the
BS precoding, the RIS phase shifting matrix and the FAS
positions in the multiuser setup was investigated in [299]. The
results showed that the required transmit power of the BS
could be reduced substantially while meeting the users’ SINR
constraints.

While RIS and FAS clearly can serve as additional dof and
benefit from each other, they can also synergize each other
from a different perspective. In particular, slow FAMA works
by finding a favorable position in FAS for each UE such that
the aggregate interference power is minimal. This is likely only
if the channels have sufficient fluctuation in space to exploit,
such as in rich scattering scenarios. Otherwise, the interference
mitigation capability of slow FAMA degrades significantly, as
would be in the mmWave band [300]. In this case, it is possible
to utilize RIS as artificial scatterers that recreate rich scattering
conditions for FAMA to function well [33], [83]. This idea is
easy to realize as it involves no optimization of the RIS and
the beam-focusing is performed by nature as the multiple paths
combine at the FAS of each UE. This technique was explored
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in [86] where it was demonstrated that artificial scatterers via
random RISs effectively restored the performance of FAMA.

Apparently, it is still not well understood how to bring
the best of both when they combine. Future work is needed
to explore proper situations and applications where the
performance of RIS-FAS justifies the increased complexity.
Evidently, it is also of great interest to study its performance
limits.

10) THz Communications: While mmWave communica-
tions (30—100 GHz) is anticipated to unlock the capacity in 5G,
achieving data rates in the terabits-per-second (Tbps) range
remains an impossible feat. Accordingly, THz communications
(0.1-10 THz) have emerged as a highly promising solution
for future 6G networks to address spectrum scarcity and
capacity limitations [301], [302]. In contrast to mmWave- and
centimeter-wave communications, THz communications offers
advantages such as broad bandwidth, narrow beamwidth, and
high directivity. However, THz communications also comes
with the drawbacks of high propagation loss, susceptibility to
LoS blockage, and rank-deficient channel. Recognizing that
FAS provides an additional dof by dynamically reconfiguring
radiating elements, integrating these two technologies becomes
crucial. For example, in [237], the outage performance of a
point-to-point THz communication exploiting FAS over cor-
related a-p fading channels was studied. The results showed
that FAS can address key challenges such as high path loss,
blockages, and molecular absorption effects in the THz band.

11) XL- and CAP-MIMO: Another emerging technol-
ogy that has attracted significant interest is XL-MIMO or
CAP-MIMO. As discussed earlier, the antenna aperture of
XL-MIMO can be discrete or continuous. As a matter of
fact, there is similarity between XL-MIMO and pixel-based
antenna.'* This suggests that key enabling hardware designs
in XL-MIMO may be applicable to FAS, and vice versa.
However, FAS typically operates with a fewer number of
RF chains and can be seen as XL-MIMO with antenna
selection, the size of which may not be restricted. The latter
design is referred to as CAP-MIMO [303], also known as
holographic MIMO [304] or large intelligent surface [305].
Unlike FAS, the entire aperture in CAP-MIMO is fully used
for communications. Recent works in this area have explored
pattern optimization [306], channel estimation [307], antenna
design [50] and an approximation via discrete antennas [27].
Although CAP-MIMO has shown promising gains, much of
the theory is still not fully understood. In terms of implemen-
tation, the holographic concept offers a promising approach to
optimize precoding. However, the technology bottleneck arises
from the necessity to fully manipulate the current distribution
of a continuous aperture. Therefore, FAS can be interpreted as
a simplified CAP-MIMO architecture. Specifically, FAS can
activate several regions of ports instead of requiring control
over the current distribution across an entire radiating surface.
The number of regions depends on the number of RF chains of
the transceiver. The advantage of such architecture is that there
is no need to fully manipulate the current distribution over

]4Evidently, it is worth pointing out that a key difference in pixel-based
antenna systems is that optimization in electromagnetic properties and signal
processing is jointly done, which is not possible in XL-MIMO.
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any position of a continuous aperture antenna. Furthermore,
in this architecture, the impact of transmit power and noise
can be better understood [27]. Also, this architecture opens the
new possibility of implementing a simple and scalable multiple
access scheme, as demonstrated in [77], [300].

12) Integrated Computing and Communication: Cutting-
edge information processing technologies like Al and ML have
the potential to deliver ubiquitous computing and intelligent
services, facilitating the efficient analysis and processing of
massive data from wireless devices. However, leveraging these
approaches encounters significant challenges due to constraints
such as limited radio resources, the need for ultra-low latency,
ultra-high reliability, and high capacity in the next generation
of wireless communications, i.e., 6G technology [308]. Hence,
the traditional communication-before-computing technique is
not able to handle such massive data computation from smart
wireless devices, e.g., [oT, wearable, and sensor devices, due
to excessively high latency and low spectrum efficiency.

One intelligent solution to tackle this is to integrate
computing into communication, referred to as over-the-
air computation (AirComp) [309], [310], [311]. Contrary to
conventional wireless communication via multiple access
channels, which needs data transmission and decoding,
AirComp utilizes the signal-superposition feature of wireless
multiple access channels to compute a class of nomographic
functions [312] of distributed data from smart devices via con-
current transmission. Hence, communication-while-computing
is possible [313].

Incorporating FAS into AirComp has potential to provide
a pioneering fusion of dynamic adaptability and distributed
intelligence [262], [263], [314]. This synergy can be achieved
by exploiting the “fluidic” electromagnetic wave properties
of FAS, while AirComp harnesses distributed computational
resources for real-time data processing and optimization. More
precisely, FAS, when integrated with AirComp, can not only
transmit and receive data but also actively engage in compu-
tational tasks. In this regard, fluid antennas that are equipped
with computational capabilities will become active nodes
in the network that are able to perform signal processing,
data fusion, and optimization tasks in real-time. Crucially,
channel strength variation over the FAS ports at the transmitter
side can provide high-resolution computation in the analogue
domain without the need of power control. Such distributed
intelligence improves the energy and spectral efficiency of
wireless communications for mobile edge computing, i.e.,
reducing latency and maximizing bandwidth utilization.

Nonetheless, coordinating the dynamic adjustments of FAS
alongside the computational tasks performed by AirComp can
be intricate, and ensuring that the computational resources by
AirComp are synchronized with the changing configurations
of FAS requires sophisticated algorithms and communication
protocols. In addition, constraints on computational resources,
e.g., CPU, memory, available within AirComp can complicate
the optimization of FAS. Besides, given dynamic environmen-
tal conditions, both FAS and AirComp will need to quickly
make real-time adaptations to maintain desirable performance,
which is not straightforward. Most importantly, optimizing the
allocation of computational resources based on the dynamic
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characteristics of the FAS requires formulating the problem as
a multi-objective optimization problem, which is an NP-hard
combinatorial optimization problem with intricate coupling
amongst optimization variables. Hence, designing mathemati-
cal models and optimization algorithms that can dynamically
allocate computational resources within AirComp to maximize
the performance of such an integrated system while adapting
to the changing characteristics of the FAS is critical.

13) Others: There are evidently more areas deserving dis-
cussion that can benefit from the application of FAS but are
not covered in this article. For instance, it is speculated that
coding that imposes time correlation of data could help a FAS-
equipped UE figure out the best port on a per-symbol basis, for
realizing fast FAMA. Furthermore, the results in Section V-E
revealed that FAS could greatly simplify precoding in the case
of LoS-dominant channels. Therefore, Li-Fi (light fidelity) and
cell-free MIMO may be ideal scenarios for applying FAS.
In addition, FAMA has a unique capability of dealing with
co-channel interference without precoding and should find
applications in cognitive radio networks. On the other hand,
CUMA may be regarded as performing hybrid beamforming
without phase shifters in the analogue domain. Thus it is
reasonable to expect that certain hybrid signal processing
techniques may be useful to enhance the CUMA architecture.
Last but not least, while semantic communication is gathering
much attention in recent years, the operating conditions that
do need semantic communication are usually hostile and
narrowband, e.g., not permitting heavy channel coding and
interference-rich. In this case, FAS can be an essential tool to
provide some immunity. In summary, there are many uncharted
territories that involve FAS but are not mentioned in this
article.

IX. CONCLUSION

This paper provided a comprehensive tutorial on FAS, an
emerging shape-flexible position-flexible antenna technology
poised to redefine the landscape of 6G and beyond networks.
Specifically, it was pointed out that it is essential to consider
the fluid antenna architecture, circuit and system configura-
tion, spatial correlation, and environmental factors to develop
physics- and electromagnetic-compliant models for FAS. Also,
we demonstrated that with ML and advanced mathematical
methods, FAS could obtain the full CSI by only observing on
a few ports (or positions) due to the strong spatial correlation
or channel sparsity. Also, the extreme number of channels that
can be accessed by FAS contributes to its superiority over TAS,
not only in diversity gain but also energy efficiency. Moreover,
FAS not only liberates the fundamental tradeoff between signal
maximization and null steering but facilitates rapid channel
hardening. Intriguingly, FAS opens the door for novel multiple
access schemes to increase the network multiplexing gain in
which CSI is not required at the transmitter and SIC is also
not necessary at the receiver. This becomes possible because
the interference signal may experience deep fade in the spatial
domain while the desired signal remains strong. In addition,
the hardware designs are left open for researchers to determine
although we reviewed several emerging hardware designs for
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realizing FAS. This open-ended approach allows researchers to
define their own hardware architecture, pushing the envelope
of what is possible in FAS-assisted wireless communications.
On the other hand, we discussed how FAS-assisted wireless
communications can be potentially useful to various state-of-
the-art technologies. While we acknowledge the challenges of
FAS and its fast evolving nature, it is hoped that this tutorial
will serve as a guiding light. We envisage this paper being not
just a culmination of existing information but a catalyst for
future breakthroughs. As the journey to 6G has already begun,
we invite researchers to explore new horizons and unlock the
full potential of FAS for unprecedented performance.
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