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Abstract—Sixth-generation (6G) networks are rapidly becom-
ing a focal point of global technological innovation, driven by
the need to support hyper-reliable, low-latency, and intelligent
connectivity for applications such as immersive extended reality,
autonomous systems, and ubiquitous sensing. While 6G promises
transformative advancements in wireless communication, achiev-
ing its ambitious goals poses significant fundamental challenges.
One natural direction is to scale multiple-input multiple-output
(MIMO) technology to unprecedented levels; however, doing so
introduces substantial hardware complexity and power consump-
tion. To overcome these limitations, recent research has explored
antenna reconfigurability as a novel degree of freedom (DoF) at
the physical (PHY) layer. Among these efforts, the fluid antenna
system (FAS) has emerged as a compelling concept, offering
reconfigurability in both spatial positioning and physical struc-
ture. This idea has inspired related innovations, including mov-
able antennas, flexible-position MIMO, reconfigurable MIMO
architectures, and adaptive antenna arrays, collectively referred
to as next-generation reconfigurable antenna (NGRA) systems.
While prior work has primarily focused on spatial flexibility, this
article introduces a generalized model of FAS that incorporates
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both structural and morphological fluidity, enabling the vision of
“shapeless and formless” antennas in future wireless systems. We
analyze FAS’s potential to enhance key performance metrics such
as coverage, energy efficiency, reliability, and spectral capacity.
In addition, we outline implementation challenges and explore
synergies with key 6G enablers, including reconfigurable intelli-
gent surfaces (RIS), non-terrestrial networks (NTN), integrated
sensing and communication (ISAC), and artificial intelligence
(AI). This survey provides a comprehensive overview of NGRA
systems and identifies promising directions for future research
in reconfigurable wireless technologies.

Index Terms—6G, artificial intelligence, deep learning, flexible
antenna array, fluid antenna system (FAS), integrated sensing and
communications (ISAC), internet-of-things (IoT), machine learn-
ing, movable antenna system, next-generation multiple access,
next-generation reconfigurable antenna system, non-orthogonal
multiple access (NOMA), non-terrestrial networks, rate-splitting
multiple access (RSMA), and unmanned aerial vehicle (UAV).

I. INTRODUCTION

W IRELESS communication technologies are advancing
at an unprecedented pace, transforming lives in pro-

found ways, from voice-only services to rich multimedia [1],
from physical presence to fully virtual immersion [2], and from
raw data transmission to semantic-level communication [3]. As
we move toward sixth-generation (6G) networks, a new fron-
tier emerges—one that transcends traditional communication
services to incorporate advanced sensing and intelligence, fun-
damentally reshaping how we live and connect [4]. The vision
for 6G seeks to seamlessly integrate the digital and physical
worlds, enabling novel interactions amongst people, devices,
and the environment [5]. In alignment with this vision, the
International Telecommunication Union’s Telecommunication
Standardization Sector (ITU-T) has reached a consensus on
the key usage scenarios that will define 6G, including [6]
(i) Immersive communications,

(ii) Hyper-reliable low-latency communications (HRLLC),
(iii) Massive communications,
(iv) Artificial intelligence (AI) and communications,
(v) Ubiquitous connectivity, and

(vi) Integrated sensing and communications (ISAC).
6G is expected to meet ambitious demands, including data

rates of up to 100 Gbps, peak speeds reaching 1 Tbps, sub-
millisecond latency, ultra-high reliability at 99.9999%, a con-
nection density of 107 devices per km2, cm-level positioning
accuracy, seamless connectivity across terrestrial, maritime,
aerial, and space environments, as well as local data processing
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within a secure framework [7], [8], [9], [10]. While the precise
technical enablers and driving forces remain uncertain [11], it
is clear that achieving these ambitious goals will require a con-
vergence of multiple technologies. Consequently, researchers
and engineers are exploring a range of cutting-edge tech-
nologies such as reconfigurable intelligent surface (RIS) [12],
[13], [14], next generation multiple access (NGMA) [15], non-
terrestrial networks (NTN) [16], ISAC [17], AI [18], and more,
to realize the ambitious vision of 6G networks.

At the physical layer, several approaches have been inves-
tigated. These include the use of mid-band [19] and terahertz
(THz) frequencies [20], along with extremely-large multiple-
input multiple-output (XL-MIMO) [21], which can sometimes
be referred to as holographic multiple-input multiple-output
(MIMO) [22], continuous aperture MIMO (CP-MIMO) [23],
or continuous aperture arrays [24], with subtle differences in
their definitions. Mid-band frequencies strike a good balance
between providing bandwidth gains and maintaining manage-
able coverage challenges, making them attractive for a broad
range of wireless applications [25]. Furthermore, THz frequen-
cies are advantageous for their ability to deliver bandwidth
gains of several orders of magnitude, accommodating massive
device connectivity, accurate sensing, and ultra-high data rates
[26]. Meanwhile, XL-MIMO is a natural evolution in MIMO
technology, where scaling the number of antennas significantly
boosts capacity by fully exploiting spatial resources [27].

On the other hand, reconfigurable antennas have long been
anticipated as a supporting technology for wireless communi-
cations. One of the earliest designs is the electromechanically
scanned trough waveguide antenna introduced in 1960 [28],
which provides pattern reconfigurability. Additionally, in the
late 1970s, utilizing phased arrays for beam reconfiguration in
satellite communications was remotely regarded as a reconfig-
urable antenna [29], [30]. However, according to [31], antenna
reconfigurability refers to the ability to alter a radiator’s funda-
mental operating characteristics through electrical, mechanical,
optical, material or other means. New reconfigurable antenna
designs can be found in [32], [33], [34].

Different switching techniques, including PIN-diode, field-
effect transistor (FET), and micro-electro-mechanical systems
(MEMS) switches have been used in designing reconfigurable
antennas [35], [36], [37]. Reconfigurable antennas can modify
their physical structures through these switches to change
their characterizations, for example polarization, radiation and
frequency properties. They have also been employed in recon-
figurable antenna arrays consisting of reconfigurable antenna
elements [38]. These architectures, for example, allow differ-
ent element separations in reconfigurable antenna arrays [39].
Dynamically reconfiguring the structural geometry of array
elements constructs multi-functional reconfigurable antennas
that can adapt their radiation patterns to varying channel
conditions. The possibility of a favorable radiation pattern
for a given physical channel condition can be used in an
adaptive MIMO system to select different antenna designs,
by reconfiguring the multi-functional reconfigurable antenna,
under different channel conditions [40].

The growth of reconfigurable antenna research was sub-
sequently driven by the need in cognitive radio applications

[41], [42], [43]. In cognitive radios, a mobile device needs to
have the ability to reconfigure its operating frequency to take
advantage of spectrum holes. To this end, many frequency and
pattern reconfigurable antennas have been designed, e.g., [44],
[45], [46], [47], [48], [49], [50], [51]. Despite this, the impact
of reconfigurable antennas appears to be limited to providing
the basic function of a radio transceiver that is required by the
next-generation wireless communications technologies.

This is about to change with the advent of next-generation
reconfigurable antennas (NGRAs). A key lesson learned from
MIMO systems is that the position of an antenna can sig-
nificantly impact communication performance at any given
time, as multiple channel paths combine differently at different
locations, a classical phenomenon known as spatial diversity.
The potential of spatial diversity to increase capacity was
first recognized in the 1990s by Paulraj [52], before MIMO
began to revolutionize wireless communications through the
seminal work of Foschini et al. [53], [54]. Space-time coding
for diversity gain [55], [56], [57] and spatial multiplexing [58]
subsequently became foundational technologies. Furthermore,
the combination of spatial and multiuser diversity led to the
development of multiuser MIMO systems [59], [60], [61],
[62], [63], [64], which have evolved into the massive MIMO
architectures widely deployed today [65], [66].

Recognizing the reconfigurable antennas can increase spa-
tial diversity [67], the notion of reconfigurable antenna can
be expanded to include antenna position reconfigurability
in NGRA. Leading the innovations is the umbrella concept
of fluid antenna system (FAS) which is a groundbreaking
paradigm of shape-flexible and position-flexible antenna tech-
nologies [68], [69], [70]. The concept was inspired by Bruce
Lee’s philosophy on combat [71], [72].

Bruce Lee once famously said [73]:
“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, Wong et al. in

2020 envisaged that antennas could be formless and shapeless
like water or fluid, adaptable to different situations [71], [72].
More precisely, FAS refers to any software-controllable fluidic,
conductive, or dielectric structure that can dynamically modify
its shape and position to reconfigure key parameters such as
gain, polarization, radiation pattern, operating frequency, and
other characteristics. Under this definition, FAS is not limited
to a specific implementation but encompasses a wide range of
reconfigurable antennas, including liquid-based antennas [74],
[75], [76], [77], movable antennas [78], [79], metamaterial-
based antennas [80], [81], reconfigurable radio-frequency (RF)
pixels [82], [83], and flexible antenna arrays [84], [85], [86],
etc. Most recently in [87], a theoretical interpretation for FAS
from the electromagnetic perspective was provided.

With this in mind, Wong et al. investigated the information-
theoretic performance of a position-flexible FAS channel [88],
[89]. The main concept of FAS is to fully exploit the spatial
diversity using shape/position flexibility within a given space,
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fully utilizing the allowable space for performance enhance-
ment. FAS has subsequently inspired several related research
endeavors, including movable antenna systems [90], flexible-
position MIMO systems [91], reconfigurable antenna MIMO
systems [92], flexible antenna arrays [93], and several others.
Beyond these developments, there are dynamic metasurface
antennas (DMA) [94], [95], [96] or more precisely leaky-wave
antennas (LWA)1 [97], [98] that have been explored to reduce
cost and power consumption for XL-MIMO systems. In fact,
those approaches could also be interpreted as FAS.

A. Related Works and Main Contributions

Unlike traditional antenna systems (TAS) with fixed config-
urations, NGRA systems like FAS can reconfigure the antenna
platform, the position, the polarization, and the dimensions or
size of the radiating structures, etc. These capabilities provide
unprecedented flexibility and adaptability that are unthinkable
before and pivotal for the next-generation wireless networks.
Thus far, several review articles have touched upon various as-
pects of FAS and related topics. For instance, there is a recent
three-part series briefly introducing FAS from an information-
theoretic perspective [99], highlighting research opportunities
[100], and discussing a paradigm involving distributed artifi-
cial scattering surfaces (DASS) for massive access [101]. Also,
[68] investigated the synergy between MIMO, RIS, and FAS,
and [70] emphasized the relevance of FAS in 6G networks
while [72] identified six promising research topics. There are
also survey articles that focused on RF design and implemen-
tation of liquid-based antenna designs [74], [75], [76], [77],
fluid antenna multiple access (FAMA) [231], and FAS-related
networking perspectives [249]. In [90], the opportunities and
challenges of mechanically movable antennas were examined.
Further exploration of related technologies can also be found
in [91], which discusses the fundamentals, challenges, and
future research directions for flexible-position MIMO antenna
systems. Last but not least, a comprehensive tutorial covering
communication theory, optimization, and the hardware aspects
of FAS is provided in [69]. The summary of different review
and survey papers related to FAS is presented in Table I.

In contrast to existing works, this paper provides a novel
unified perspective and an in-depth overview of FAS/NGRA
systems that encompass a variety of key antenna reconfigura-
tions. More uniquely, it envisions a next-generation wireless
communication paradigm that treats antenna reconfigurability
as a new resource dimension, inspiring innovative features,
communication strategies, and signal processing techniques,
rather than constraining system design within the limits of
state-of-the-art antenna technologies. The main contributions
of this paper are summarized as follows:
• To begin with, we present a new system model, termed

multi-dimensional FAS,2 which builds upon the concept

1Some of the FAS prototypes are also designed based on LWA, e.g., [81].
2Technically, multi-dimensional FAS is the same as the original concept of

FAS. However, as existing system models typically consider one (mostly po-
sition reconfiguration) or only a few antenna reconfigurations, we specifically
refer to this NGRA model as multi-dimensional FAS to differentiate it from
existing FAS models, highlighting its infinite reconfiguration dimensions.

of formless and shapeless antennas for future wireless
communications, as originally introduced in [71]. In this
system, the antenna platform, the positions of radiating
elements, their polarization, and their dimensions/size can
all be reconfigured, offering ultimate flexibility in the
physical layer for future wireless networks.

• We highlight the advantages of multi-dimensional FAS by
demonstrating that its various types of antenna reconfig-
uration can provide significant flexibility or substantial
performance gains for wireless communication systems
compared to TAS with fixed configurations.

• To fully unlock the potential of multi-dimensional FAS,
we identify the key research areas for further advance-
ment and discuss potential techniques, including devel-
oping optimization techniques tailored to its various ca-
pabilities, designing efficient strategies for acquiring full
channel state information (CSI), exploring applications
and scenarios in which the antenna reconfiguration can
deliver the most impact, inventing novel uncoordinated
communication strategies, and investigating innovative
designs and materials for hardware development.

• Finally, we discuss how FAS and other NGRA systems
can be integrated with cutting-edge technologies such
as RIS, NGMA, NTN, ISAC, and AI to advance future
wireless communications. Specifically, we review recent
advancements, present concrete case studies showcasing
their combined benefits, and highlight the new opportu-
nities and challenges introduced by NGRA systems.

B. Organization

As illustrated in Fig. 1, this paper is organized as follows.
Section II introduces multi-dimensional FAS, discusses its
advantages, and outlines key research directions. It is worth
noting that several mathematical fomulations are presented to
provide readers with a rigorous theoretical foundation for this
novel technology. Then Section III explores the integration
of FAS and other NGRA systems with other cutting edge
technologies, covering recent advancements, case studies, and
detailed discussions of new opportunities and challenges.
Finally, Section IV presents the conclusions. The abbreviations
of this paper are listed in Table II.

II. MULTI-DIMENSIONAL FAS: AN NGRA SYSTEM FOR
FUTURE WIRELESS COMMUNICATIONS

In this section, we introduce the multi-dimensional FAS
model, a new NGRA system model that establishes the concept
of formless and shapeless antennas, as originally introduced
in [71] for future wireless communications. As illustrated in
Fig. 2, the platform of the antenna is highly flexible, capable
of dynamically altering its shape in a given three-dimensional
(3D) space. The radiating elements, usually active, including
their number, size, positions, and orientations, can be adjusted
dynamically. As a result, by modifying the position and shape
of the antennas, this system can reconfigure the polarization,
operating frequency, radiation pattern, and other performance
metrics [72], [87]. This remarkable flexibility can provide new
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degrees of freedom (DoF) to greatly enhance system perfor-
mance across various applications, such as cellular networks,
wireless fidelity (Wi-Fi), Internet of Things (IoT), Internet of
Everything (IoE), wearable devices, and many others.

Taking into account various antenna reconfiguration capa-
bilities, we present a new system model, which is a modified
version of the one proposed in [102]. Specifically, the channel
frequency response between the transmit and receive multi-
dimensional FAS for the k-th subcarrier can be modeled as

Hk =

L∑
l=1

PH
r (ψr) J̄

H
l,r︸ ︷︷ ︸

rx-polarization


 βl,k︸︷︷︸

ch. gain

ar

(
qr,θ

l
r

)
aHt
(
qt,θ

l
t

)︸ ︷︷ ︸
position of

radiating elements

�

gk,r
(
θlr, lr

)
gHk,t

(
θlt, lt

)︸ ︷︷ ︸
sizes of

radiating elements

⊗ V Dl,k︸ ︷︷ ︸
depol.

 J̄l,tPt (ψt)︸ ︷︷ ︸
tx-polarization

,

(1)

where

J̄l,s = blkdiag (J1, . . . ,JMs) ∈ C2Ms×2Ms , (2)

Ps (ψs) = blkdiag
(
p
(
ψ1
s

)
, . . . ,p

(
ψMs
s

))
∈ R2Ms×Ms ,

(3)

gk,s (θs, ls) = [gk(θs, l1) · · · gk(θs, lMs)]
T ∈ CMs×1, (4)

as (qs,θs) = [a (q1,θs) · · · a (qMs
,θs)]

T ∈ CMs×1, (5)

Jm =

[
Gc,m Gx,m
Gx,m −Gc,m

]
∈ C2×2. (6)

In (1), L denotes the total number of propagation paths, βl,k
is the l-th path complex channel gain (including effects such as
path loss, shadowing, and etc.), V accounts for the orientation
difference between the transmitter and receiver, Dl,k accounts
for the depolarization effect due to multipath fading, and J̄l,s
accounts for the co-polarized and cross-polarized gain of the
radiating elements, where Gc,m and Gx,m are the co-polarized
and cross-polarized of the m-th active radiating element.

Furthermore, Ps (ψs) in (3) represents the overall polariza-
tion reconfiguration of the radiating elements, gs (ls, fk) in (4)
represents the gain of the radiating elements for specific size
reconfiguration, and as (qs,θs) in (5) represents the positions
of the radiating elements, which must lie within the 3D flexible
platform, Qs, for s ∈ {r, t}. Also, Ms for s ∈ {r, t} is the
number of active radiating elements. Note that the transmitter
and receiver can have a maximum of Mmax

t and Mmax
r active

radiating elements, respectively. Consequently, the number of
active elements must satisfy Mt ≤Mmax

t and Mr ≤Mmax
r .

It is worth noting that in some scenarios, it may be advan-
tageous to have Mt < Mmax

t and Mr < Mmax
r , such as when

energy efficiency is prioritized in the system. Next, we will
adopt the channel model in (1) to explore the reconfiguration
of the platform, position, polarization, and radiation size in
greater detail, showcasing the superiority of multi-dimensional
FAS over TAS with fixed configurations. It is also important to
note that most of existing NGRA system models are typically

a special case of (1). Furthermore, specific fading distributions
and spatial correlation models may be a special case of (1).

A. Platform Reconfiguration

In general, Qs represents the antenna platform or region
in a 3D space where the radiating elements can be activated.
This antenna platform can take various flexible shapes, such
as a straight line, a wiggle line, a flat plane, a folded plane,
a deflected plane, a cube, or other configurations, depending
on the antenna materials and design. In this section, we focus
on a flat two-dimensional (2D) plane within a 3D space and
consider several linear and nonlinear transformations to make
the antenna platform flexible, as considered in [93]. Let us
define a flat 2D plane within a 3D space as

Q2D
s =

{
q

∣∣∣∣−Xλ2 ≤ qx ≤
Xλ

2
,−Y λ

2
≤ qy ≤

Y λ

2

}
, (7)

where q = [qx qy qz]
T for some arbitrary qz , while Xλ, and

Y λ define the dimensions of the plane along the x- and y-
axes, respectively. Fundamentally, we can rotate Q2D

s about
the z-axis using the following rotation matrix

Qrot (φrot) =

 cos (φrot) −sin (φrot) 0
sin (φrot) cos (φrot) 0

0 0 1

 . (8)

Applying this transformation yields the rotated 2D plane

Q2D
s,rot =

{
qrot

∣∣qrot = Qrot (φrot) q,∀q ∈ Q2D
s

}
, (9)

which represents the 2D plane rotated by φrot.3

Also, we can fold Q2D
s along the y-axis using the matrix4

Qfold (φfold) =

 cos (φfold) 0 0
0 1 0

sin (φfold) 0 1

 . (10)

To effectively apply this transformation, we divide Q2D
s into

two halves as

Q2D
s+ =


 qx
qy
0

∣∣∣∣∣∣ 0 ≤ qx ≤ Xλ

2
,−Y λ

2
≤ qy ≤

Y λ

2

 ,

(11)
and

Q2D
s− =


 qx
qy
0

∣∣∣∣∣∣− Xλ

2
≤ qx ≤ 0,−Y λ

2
≤ qy ≤

Y λ

2

 .

(12)
Then we can fold the plane by an angle toward the negative
z-direction as

Q2D,fold
s =

{
qfold

∣∣qfold = Qfold (±φfold) q,∀q ∈ Q2D
s±
}
.

(13)

3If each location in Q2D
s has a vector directed normal to the plane, then

the direction of this vector will remain normal to the rotated plane. However,
if the polarization in Q2D

s is initially vertical, it will be rotated by an angle
φrot along with the plane.

4Note that with slight modifications, Q2D
s can be folded along any arbitrary

direction in the 3D space.
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TABLE I
SUMMARY OF REVIEW AND SURVEY PAPERS RELATED TO FAS AND NGRA SYSTEMS.

Reference Focus / Topic Key Contributions or Highlights
[99] Information-theoretic perspective of FAS Introduces fundamental concepts of FAS and examines its performance limits

from an information-theoretic viewpoint.
[100] Research opportunities in FAS Highlights open problems and potential research directions for future FAS

developments.
[101] DASS for massive access Discusses the DASS paradigm as a generalization of FAS for supporting large-

scale device connectivity.
[68] Synergy between MIMO, RIS, and FAS Investigates how MIMO, RIS, and FAS can jointly enhance communication

performance and adaptability.
[70] Role of FAS in 6G networks Emphasizes the potential of FAS as a key enabling technology for 6G communi-

cation systems.
[72] FAS research roadmap Identifies six early research directions, including channel modeling, optimization,

and implementation aspects.
[74], [75],
[76], [77]

RF design and implementation of liquid-based an-
tennas

Surveys the design principles, fabrication techniques, and performance character-
istics of liquid-metal and fluidic antennas.

[231] FAMA Reviews the principles, benefits, and challenges of FAMA as an emerging
multiple-access technique based on FAS.

[249] Networking perspectives of FAS Provides a high-level overview of FAS from a networking viewpoint.
[90] Mechanically movable antenna system Examines the opportunities and challenges associated with mechanically recon-

figurable or movable antennas.
[91] Flexible-position MIMO antenna systems Discusses fundamentals, challenges, and future research trends in flexible-position

MIMO, closely related to FAS concepts.
[69] Comprehensive FAS tutorial Provides an extensive overview of FAS covering communication theory, optimiza-

tion frameworks, and hardware implementation.
This paper Multi-dimensional FAS and integration of FAS with

other NGRA systems and cutting-edge technologies
Presents a multi-dimensional FAS as a unified framework that encompasses
reconfiguration across multiple domains, including the antenna platform, element
positions, polarization states, and physical dimensions.

In addition, it is possible to bend the 2D plane around a
cylinder with radius Rdef , deflecting it away from the original
plane. The deflected region can be expressed as

Q2D,def
s (Rdef) =

{
qdef

∣∣qdef = f (Rdef , q) ,∀q ∈ Q2D
s

}
,

(14)
where Rdef ≥ ±Xλπ for practical purposes, and

f (R, q) =

 Rsin
(
qx
R

)
qy

Rcos
(
qx
R

)
−R

 . (15)

It is noteworthy that as Rdef →∞, we have Q2D,def
s → Q2D

s ,
restoring the flat 2D plane.5

In Fig. 3, we illustrate an example of a flexible antenna
platform leveraged in multi-dimensional FAS. Compared to
a rigid antenna platform in TAS, such as the flat 2D plane,
reconfigurable platform provides diverse types of coverage,
potentially enhancing system efficiency and versatility across
a broad range of scenarios. Furthermore, they are essential for
future wireless communications because they allow antennas
to adapt to irregular or curved surfaces, making them ideal
for applications such as wearable devices [75], integration
with non-planar structures [103], or near-field communica-
tions [84]. On the other hand, the ability to tailor antenna
shapes for specific applications creates new opportunities to
enhance performance such as coverage while reducing costs.
Clearly, the model here is mainly geometric, assuming that
all points on the platform radiate outward from it towards the

5If each location in Q2D
s has a vector directed normal to the plane, then

after folding or bending, the direction of this vector will be rotated by ±θflip

or qx
R

in the azimuth angle, respectively. However, if the antenna polarization
in Q2D

s is initially vertical, then the polarization in Q2D,fold
s or Q2D,def

s

will remain vertical after folding or bending.

direction of normal. But in reality, a point of radiation comes
from a carefully designed structure that takes up some space
depending on the frequency and other radiation parameters.

B. Position Reconfiguration

With recent advancements in antenna technologies, position
reconfiguration has become one of the most widely considered
aspects of antenna reconfiguration [79]. Specifically, the posi-
tions of the active radiating elements can be adjusted within a
predefined 3D space, denoted as Qs, as discussed earlier. Let
us define the wave vector as

k (θ) =
2π

λ

 cos (θele) sin (θazi)
sin (θele)

cos (θele) cos (θazi)

 , (16)

where θ = [θazi, θele]
T , with θazi and θele representing the

azimuth and elevation angles, respectively.6 The position of
the m-th radiating element is given by

qms =
[
qm,sx qm,sy qm,sz

]T
, (17)

where qms ∈ Qs, andQs represents the position-reconfigurable
region in a 3D space. Accordingly, the response vector can
then be expressed as [104]

as (Qs,θ) =
[
ejk(θ)

T q1s · · · ejk(θ)
T qMss

]T
. (18)

Intuitively, if two of the coordinates (e.g., qm,sy , qm,sz ,∀n)
are fixed, the position can only be adjusted along a straight
one-dimensional (1D) line. Similarly, if one of the coordinates
(e.g., qm,sz ,∀n) is fixed, the position can only be reconfigured

6Note that the distribution of θ should account for the flexible shape of the
antenna platform.
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Fig. 1. Organization of the paper.

within a flat 2D plane. Fig. 4 shows an example where the
antenna platform is a flat 2D plane, the m-th active radiating
element is located at qms with an impinging plane wave
characterized by elevation angle θazi and azimuth angle θele.

In practice, position reconfiguration is often discrete because
any mechanism is likely digitally controlled. Hence, it is rea-
sonable to discretize Qs into a finite set of possible positions.
These positions are also referred to as ports in the literature
of FAS. Consider a special case where the antenna platform
is a 2D plane, (i.e., Qs = Q2D

s ), with qz = 0. If the x- and
y-axes of Q2D

s are discretized into 2Nx+1 and 2Ny+1 ports,
respectively, the (nx, ny)-th position can be expressed as7

qnx,nys =

[
nx

Xλ

2Nx
ny

Y λ

2Ny
0

]T
, (19)

where

nx ∈ Z,−Nx ≤ nx ≤ Nx, (20)
ny ∈ Z,−Ny ≤ ny ≤ Ny. (21)

The overall response vector in Q2D
s can be rewritten as

ȧs (θ) =

 e−jπX cos(θele) sin(θazi)

...
ejπX cos(θele) sin(θazi)

⊗
 e−jπY sin(θele)

...
ejπY sin(θele)

 .
(22)

7Similarly, we can apply several linear and nonlinear transformations on
the coordinates to consider a flexible antenna platform.

If the m-th active radiating element is located at the (nx, ny)-
th position, the m-th entry of the response vector becomes

ams (θ) = e
jπ
[
nxX
Nx

cos(θele) sin(θazi)+
nyY

Ny
sin(θele)

]
, (23)

= (bms )
T
ȧs (θ) , (24)

where bms = en is an all-zero vector except for a unity at the
n-th position such that n is the 1D index corresponding to the
2D indices (nx, ny). For example, the relationship between
the 1D index n and the 2D indices (nx, ny) is given by

n = (nx +Nx) (2Ny + 1) + (ny +Ny) + 1. (25)

Using this discretization approach, it is sometime useful to
introduce the following activation port matrix

Bs =
[
b1s · · · bMs

s

]
, (26)

where bms 6= bm
′

s ,∀m 6= m′, so that the active ports do not
overlap or collide. This leads to

as (θ) = BT
s ȧs (θ) . (27)

Beyond the application of active port matrices or vectors, other
methods are also viable to ensure this constraint. When Nx
and Ny are arbitrarily large, the discrete positions effectively
approximate the continuous position reconfiguration.

By reconfiguring the position of the active radiating ele-
ments, a multi-dimensional FAS can achieve extreme energy
efficiency [105] or diversity gain [106], [107], [108], [109],
[110], [111]. Fig. 5 illustrates the average transmit power to



7

TABLE II
ABBREVIATIONS

Abbrev. Definition Abbrev. Definition
1D One-Dimensional LDMA Location Division Multiple Access
2D Two-Dimensional LWA Leaky-Wave Antennas
3D Three-Dimensional LEO Low-earth orbit
6G Sixth Generation Li-Fi Light Fidelity
AI Artificial Intelligence LoS Line-of-Sight

AirComp Air Computation LSTM Long Short-Term Memory
AWGN Additive White Gaussian Noise MEO Medium-earth orbit

BS Base Station MEMS Micro-Electro-Mechanical Systems
CP-MIMO Continuous-Aperture MIMO MIMO Multiple-Input Multiple-Output

CSI Channel State Information MLP Multi-Layer Perceptron
CUMA Compact Ultra Massive Antenna Array MSE Mean Squared Error
DASS Distributed Artificial Scattering Surfaces NGMA Next-Generation Multiple Access

DL Deep Learning NGRA Next Generation Reconfigurable Antenna System
DMA Dynamic Metasurface Antennas NLoS Non-Line-of-Sight
DoF Degree of Freedom NOMA Non-Orthogonal Multiple Access
DRL deep RL NTN Non-Terrestrial Networks
ETSI European Telecommunications Standards Institute OFDM Orthogonal Frequency Division Multiplexing
FAS Fluid Antenna System OMA Orthogonal Multiple Access

FAMA Fluid Antenna Multiple Access OTA-FL Over-the-Air Federated Learning
FDMA Frequency-Division Multiple Access PHY Physical

FET Field Effect Transistor RSMA Rate-Splitting Multiple Access
FPA Fixed-Position Antenna RIS Reconfigurable Intelligent Surface
GEO Geostationary earth orbit RL Reinforcement Learning

HAP-UAV High-altitude platform UAV SDMA Space Division Multiple Access
HRLCC Hyper-Reliable Low-Latency Communications SINR Signal-to-Interference-plus-Noise Ratio

IoE Internet-of-Everything SNR Signal-to-Noise Ratio
IoT Internet-of-Things TAS Traditional Antenna Systems

ISAC Integrated Sensing And Communications TDMA Time-Division Multiple Access
ISCC Integrated Sensing, Communication, and Computing UAV Unmanned Aerial Vehicle
ISG Industry Specification Group Wi-Fi Wireless Fidelity

ITU-T International Telecommunication Union’s Telecommunication XL-MIMO Extremely-Large MIMO
LAP-UAV Low-altitude platform UAV XL-STARS Large-Scale Transmission and Reflection Surfaces

achieve the same rate for multi-dimensional FAS and TAS
with fixed-position antennas (FPAs) (or fixed-position TAS). In
this result, we consider that the position can only be adjusted
along a straight 1D line and assume that the polarization of
the transmitter and receiver is perfectly aligned, while the gain
of the radiating elements for specific size reconfiguration is
normalized to one. As shown, with position reconfiguration
alone, the average transmit power of the multi-dimensional
FAS is significantly lower than that of the fixed-position TAS,
highlighting the benefits of position reconfiguration.

C. Polarization Reconfiguration

Generally, the orientation of the active radiating elements—
specifically, their yaw, pitch, and roll—can be reconfigured
depending on the chosen implementation method. This recon-
figuration typically affects the polarization. More concretely,
polarization is the orientation of oscillations in electromagnetic
waves as it travels through space [112]. Antennas are typically
designed for a specific polarization, known as co-polarization,
but the radiation may also occur in an orthogonal polarization,
referred to as cross-polarization [113]. When the transmitter
and receiver polarizations are properly aligned, the received
signal strength can be maximized, whereas misalignment can
lead to signal degradation [114]. There are several types of
polarization such as linear polarization, circular polarization,
and elliptical polarization. In this section, for simplicity, we
focus on linear polarization with a single feed.

For brevity, our discussion focuses on reconfiguring the roll
of the active radiating elements, while assuming that the pitch
and yaw of the transmit and receive elements are aligned to
face each other, i.e., V = I . Unlike rotation of the entire
platform, this reconfiguration allows for adjusting only the
active radiating elements rather than the entire region. When
the active radiating elements are rotated by an angle ψms , the
linear polarization would also be rotated by ψms . Let us denote
this polarization angle vector as

p (ψms ) = [cos (ψms ) sin (ψms )]
T
. (28)

Moreover, let us denote the co-polarized and cross-polarized
gain of the m-th active radiating element at s side as Gc

s,m

and Gx
s,m, respectively. According to [115], Gc

s,m and Gx
s,m

can be modeled as Gc
s,m =

√
1

1+χant
and Gx

s,m =
√

χant

1+χant
,

while more thorough calculations are also available [116]. The
horizontal and vertical polarization gain of the m-th active
radiating element can be expressed as [115]

rmpol = p (ψms )
T

[
Gc
s,m Gx

s,m

Gx
s,m −Gc

s,m

]
. (29)

The depolarization effect can be modeled as [117]

Dl,k =

[
δHH δHV
δV H δV V

]
, (30)

where δAB represents the correlation between polarization ‘A’
at the receiver side and polarization ‘B’ at the transmitter side,
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Fig. 2. Multi-dimensional FAS: Formless and shapeless antennas.

and both ‘A’ and ‘B’ can be either H standing for horizontal
or V for vertical polarization. For HV → HV , we have

vec (D) =


1

√
µχϑ∗

√
χσ∗

√
µδ∗1√

µχϑ µχ
√
µχδ∗2

√
χµσ∗√

χσ
√
µχδ2 χ

√
µχϑ∗√

µδ1
√
χµσ

√
µχϑ µ

 z,
(31)

where µ and χ are the co- and cross-polarization ratios, σ and
ϑ are the correlation coefficients between VV and HV, HH
and HV, VV and VH or HH and VH, δ1 is the correlation
between the VV and the HH components, and δ2 denotes the
correlation between the VH and the HV components, and z is
a circularly symmetric complex exponential vector with unit
amplitude and uniformly distributed phase between 0 to 2π.

To highlight the advantages of polarization reconfiguration,
Fig. 6 compares the outage probability of a multi-dimensional
FAS with that of a TAS with fixed polarization (or fixed-
polarization TAS) against the signal-to-noise ratio (SNR). For
this analysis, it is assumed that µ = 0.7, χ = 0.252, σ = 0.8,
ϑ = 0.8, δ1 = 0.9, δ2 = 0.9, and χant = 0.2. Furthermore, we
assume that the gain of the radiating elements for specific size
reconfigurations is normalized to one. As observed, with polar-
ization reconfiguration alone, the outage probability decreases
as the SNR increases, and the performance gap between the
FAS and TAS widens with increasing SNR as well. This result
clearly indicates that communication reliability can be further
enhanced if the polarization is always aligned.

D. Size Reconfiguration
At extremely high frequency, the wavelengths become ex-

ceptionally small [118] and the bandwidth is significantly

large [119]. In such systems, having the ability to reconfigure
the size of radiating elements, such as their length, width, and
depth, can be highly useful in optimizing the performance for
specific azimuth and elevation angles, as well as subcarrier
frequencies [97], [98], [120]. Generally, the gain of a radiating
element for a given size depends on the antenna design and
implementation. For brevity, this discussion will focus on LWA
and assume that the depth is fixed. However, it is worth noting
that the depth could also be reconfigured to enhance flexibility.

A LWA is an antenna type that uses a waveguide structure to
generate radiation by progressively allowing electromagnetic
waves to ‘leak’ out along a length of `l and width of `w, as
illustrated in Fig. 7. An example of such antenna for FAS is
given in [81]. Using a similar approach as in [121], the far-
field radiation pattern at θ and channel k can be derived as

gk (θ, `) = `l sinc

(
βk −

2π

λ
sin (θazi) cos (θele)

`l
2

)
× `wsinc

(
2π

λ
sin (θele)

`w
2

)
, (32)

where βk =

√(
2π
λ

)2 − ( π`d)2, and `d denotes the depth of

the LWA.8 If the width of the LWA is small, the radiation
pattern along the elevation angle is similar and the far-field
radiation pattern can be simplified as [121]

gk (θ, `) = `l sinc

(
βk −

2π

λ
sin (θazi)

`l
2

)
. (33)

8In this paper, sinc (x) , sin(x)
x

. Therefore, `l and `w are introduced to
conform to the definition.
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(a) (b)

(c) (d)

Fig. 3. Examples of a flexible antenna platform in multi-dimensional FAS–The cyan plane represents the antenna platform and the sparse arrow indicates the
vector (e.g., coverage) normal to the plane: (a) a flat 2D plane; (b) a rotated 2D plane with φrot = 45; (c) a folded 2D plane with φfold = −45; and (d) a
deflected 2D plane with Rdef = Xλ

π
+ 0.2.

Fig. 8 illustrates the radiation gain across different lengths
and azimuth angles when the carrier frequency is set to 28
GHz, `d is fixed at λ

2 and `l is varied from 0.01λ to λ. The
result indicates that when the azimuth angle is 0◦, maximizing
the length leads to the highest gain. However, for azimuth
angles exceeding ±45◦, there is clearly an optimal length that
maximizes the radiation gain, which is neither the maximum
nor the minimum length.

Fig. 9 presents the sum-rate of multi-dimensional FAS and
TAS with a fixed radiation’s length (or fixed-radiation TAS)
across different number of users to highlight the benefits of ra-
diation reconfiguration. In this simulation, users are randomly
distributed across azimuth angles, with each user assigned a
single subcarrier and there is only one dominant path due to
the extreme-high frequency. In multi-dimensional FAS, each
user can dynamically adjust the length of its radiating elements
to optimize its rate while for the TAS case, each user has a
single FPA with horizontal polarization. As expected, the sum-
rate increases with the number of users in both schemes due

to the greater utilization of subcarriers. However, the more
interesting observation is that the performance gap between
multi-dimensional FAS and fixed-radiation TAS widens as
the number of users increases. This highlights the significant
advantages of radiation reconfiguration in massive communi-
cation or multiuser communication scenarios.

E. Key Research Directions
Following the above explorations, multi-dimensional FAS

clearly offers great advantages across various applications and
scenarios due to its rich antenna reconfiguration capabilities.
The above examples demonstrate that each type of antenna
reconfiguration can lead to substantial performance enhance-
ments, and clearly combining multiple reconfiguration capa-
bilities has the potential to further elevate system performance.
However, these improvements come with several challenges.
Below we identify key research areas that require further
exploration and suggest some potential approaches to fully
unlock the potential of multi-dimensional FAS.
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Fig. 4. A flat 2D plane with an impinging plane wave from elevation angle
θazi and azimuth angle θele.

Fig. 5. Average transmit power against the achievable rate.

1) Optimization and complexity: One of the key challenges
is the joint optimization of multiple antenna reconfiguration
capabilities, which comes with prohibitive computational com-
plexity. This highlights the importance of evaluating the trade-
off between increased complexity and performance enhance-
ment in multi-dimensional FAS. For example, optimizing the
position reconfiguration within a discrete set of ports alone can
render the optimization problem NP-hard. Further considering
other types of reconfiguration—such as polarization, which
may be discrete; shape, which potentially offers infinite pos-
sibilities; and length, which becomes more complex in multi-
carrier systems—adds additional layers of complexity. With so
many reconfiguration options, it is much more reasonable to
seek for a local optimal solution than a global optimal solution.
A more practical alternative is to optimize each reconfiguration
using the block coordinate descent method, which optimizes
a particular antenna reconfiguration while keeping the other
antenna reconfigurations fixed. Within each antenna reconfig-

Fig. 6. Outage probability versus SNR.

Fig. 7. Radiation with a length of `l and width of `w .

uration, convex relaxation, sequential optimization, and other
mathematical techniques can be applied to further simplify the
optimization problem. In this context, it is also important to
investigate the overall algorithm’s convergence.

2) Channel estimation and reconstruction: Obtaining full
CSI in multi-dimensional FAS is also essential but it presents
significant challenges. Unlike traditional TAS with fixed con-
figurations, acquiring complete CSI becomes highly complex
due to the various antenna reconfiguration options. To address
this, it is important to leverage implicit properties such as
channel sparsity, as well as temporal, frequency, and spatial
correlations, along with other side information, to reduce the
overhead associated with channel estimation. This approach
may necessitate the integration of physics-inspired machine
learning, antenna and electromagnetic theory, and advanced
signal processing techniques. In the context of machine learn-
ing and signal processing, both supervised and unsupervised
methods can play a pivotal role in identifying non-linear
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Fig. 8. Normalized radiation gain across varying length and azimuth angles.
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Fig. 9. Sum-rate versus number of users.

characteristics that are not readily discernible through human
intuition. In the realm of antenna and electromagnetic theory,
existing knowledge of reconfiguration mechanisms, polariza-
tion effects, and propagation phenomena can provide valuable
insights to the channel estimation and reconstruction process.
Compared to conventional approaches, these strategies could
significantly reduce the number of channel estimations re-
quired. In fact, only a few channel estimation steps should be
performed, while the remaining channel parameters should be
reconstructed using the identified implicit properties through
methods such as interpolation or extrapolation, offering a more
efficient solution to the full CSI acquisition problem.

3) Applications and scenarios: It is vital to investigate how
specific antenna reconfiguration strategies play a more critical
role in certain scenarios and applications. More precisely, not
all antenna reconfigurations deliver substantial gain regardless
of the channel conditions. Thus, certain antenna reconfigura-
tion can be excluded in specific scenarios to lessen channel
estimation for more efficient data transmission. For example,
if the number of multipath components is limited, the position

of the antennas could remain fixed, as altering their location
would not provide significant spatial diversity. If depolariza-
tion effects are negligible, polarization reconfiguration can be
omitted since orientation misalignment would have minimal
impact. Likewise, if the time period for acquiring full CSI is
limited, we can either exploit uncoordinated communication
strategies or fix the antenna configurations for more robust
performance. Compared to TAS, these scenarios still provide
valuable insights into the advantages of multi-dimensional
FAS. Thus, by selectively leveraging only the most impactful
reconfiguration, multi-dimensional FAS can strike a balance
between complexity and performance, tailoring its adaptability
to the demands of the communication environment.

4) NGMA: Obtaining full CSI can be challenging and often
incurs high overhead. Intriguingly, multi-dimensional FAS can
advance uncoordinated communication strategies with superior
interference immunity. For instance, position reconfiguration
can naturally mitigate interference by exploiting fading effects,
a principle utilized in FAMA [122], [123], [124], [125], [126],
which will be elaborated in subsequent sections. Inspired by
this, other forms of antenna reconfiguration may also simplify
interference managament problems. For instance, they could
enable techniques like blind interference alignment or inspire
novel interference cancellation methods. Hence, investigating
antenna reconfiguration to mitigate interference presents an
exciting and promising research direction.

5) Hardware development: In general, developing a practi-
cal multi-dimensional FAS is challenging; however, achieving
all the aforesaid antenna reconfigurations simultaneously is
not impossible. To date, various antenna technologies such as
liquid metal, mechanical movable antennas, RF-pixel recon-
figuration, metasurfaces, conformal metamaterials, and DMA
or LWA, have gained significant attention, with several FAS
prototypes already developed using these technologies, e.g.,
[76], [77], [81], [82]. Inevitably, each of these technologies
has its own advantages and limitations. For instance, liquid-
metal and movable antennas may suffer from high latency
and increased energy consumption during reconfiguration. RF-
pixel and metasurface antennas can be affected by complex
mutual coupling, while conformal metamaterials, DMAs, and
LWAs may be subject to physical limitations or additional
antenna constraints. Therefore, we encourage researchers and
engineers to explore a broader range of antenna technologies to
enable position-flexible and shape-flexible antenna structures,
rather than restricting their efforts to a limited set of existing
designs. It is important to recognize that FAS is not confined
to a specific implementation but may encompass a wide range
of reconfigurable antenna technologies.

6) Commercialization and Standardization: From an indus-
trial perspective, the value of multi-dimensional FAS lies not
only in its performance gains and unique features but also
in its ability to overcome practical deployment challenges. Its
benefits must outweigh drawbacks such as signaling overhead,
larger spatial requirements, and robustness issues across di-
verse scenarios. Therefore, future work should also address
issues such as the cost-effectiveness of scalable fabrication and
integration, the challenges of embedding FAS into compact
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devices or BSs, and the trade-off between reconfiguration
flexibility and the added complexity of signal processing,
calibration, and control. Interoperability and standardization
readiness are equally critical as FAS must coexist with TAS for
backward compatibility, while new signaling, feedback, and
protocol elements must be developed for inclusion in IEEE
802.11 and the 3rd Generation Partnership Project (3GPP).

Also, it is essential to examine specific use cases in which
different reconfiguration dimensions offer the greatest benefits.
For instance, polarization reconfiguration may be particularly
advantageous in RIS and unmanned aerial vehicle (UAV)
applications, while shape reconfiguration can enhance adapt-
ability in IoT or wearable devices. Furthermore, position and
size reconfiguration may prove more effective for NGMA,
radar, and ISAC systems. In addition, AI can play a pivotal role
in enabling multi-dimensional reconfiguration and in assessing
the suitability of different use cases through experiments
and data-driven analysis. Addressing these considerations will
clarify the industrial relevance of multi-dimensional FAS and
support its evolution from a conceptual innovation to practical
deployment in next-generation wireless systems.

In summary, the multi-dimensional reconfiguration capabil-
ities of FAS provide a powerful means to enhancing perfor-
mance in wireless communication systems. By leveraging key
reconfigurations and employing strategies tailored to specific
scenarios, FAS can effectively adapt to dynamic environments
and address critical challenges in future wireless networks. In
the next section, we will delve into its applications, and explore
how FAS can revolutionize wireless communication systems
when integrated with other emerging 6G technologies.

III. INTEGRATION OF FAS AND OTHER NGRA SYSTEMS
WITH EMERGING 6G TECHNOLOGIES

To meet the ambitious goals of 6G networks, the integration
of multiple advanced technologies is essential. Understanding
how FAS and other NGRA systems can be combined with
emerging technologies is crucial for the development of 6G
networks. In this section, we will explore how FAS and other
NGRA systems can be integrated with some of the cutting-
edge technologies such as RIS, NGMA, NTN, ISAC, and AI to
further improve the performance of wireless networks. While
FAS is primarily used as an example in our discussion, it is
important to emphasize that the same principles can be applied
to other NGRA systems without any loss of generality.

A. FAS-RIS Framework

1) Introduction: One technology that is anticipated to play
a key role in 6G is RIS [127], [128]. RIS is a transformative
technology consisting of large arrays of controllable metasur-
face elements that can manipulate the reflection, refraction,
and scattering of electromagnetic waves, hence with the ability
to engineer the propagation environments. It has the potential
to restore coverage, achieve high spectral and energy efficiency
in wireless networks, making it a promising solution [129],
[130], [131]. By optimally adjusting the phase shifts of these
elements, RIS can direct and focus radio wave signals toward
desired locations, thereby providing DoF that does not exist

before for a wide range of wireless applications. The technol-
ogy has matured quickly over the past few years [132] and
the European Telecommunications Standards Institute (ETSI)
already launched an Industry Specification Group (ISG) for
the formal standardization of RISs in 6G in 2021 [133].

In general, there are three main types of RIS architectures:
passive, active, and hybrid, as explained below.
• Passive RIS: This architecture composed of only passive

elements that can control the phase shifts of its elements
to reflect and scatter incident electromagnetic waves. The
key advantages of passive RIS include high array gain,
low cost, low power consumption, and negligible noise
[127], [128], [132]. However, passive RIS is typically
effective only when the RIS link is sufficiently strong or
when the direct link between the transmitter and receiver
is too weak to communicate [134], [135], [136].

• Active RIS: To address this limitation, [137] has pro-
posed an active RIS. Unlike passive RIS, an active RIS
composes of elements with amplifiers that not only con-
trol the phase but can also amplify the reflected signals,
making them suitable for scenarios with severe double
path loss effect at the expense of higher cost [138].

• Hybrid RIS: Hybrid RIS combines both passive and ac-
tive elements, enabling passive phase shifting and selec-
tive signal amplification [139]. This architecture provides
a balance between power consumption and performance,
while also addressing issues related to estimation of the
cascaded channel matrices [140].

While FAS and RIS are two independent technologies, there
are many exciting opportunities for synergy. For example, RIS
provides reconfigurable structures in the environment while the
antenna reconfiguration enabled at the base station (BS) and/or
users expands the signal dimensionality within the allowable
space at the terminals for greater DoF. The FAS concept can
also be introduced into designing more powerful RISs when
the reflecting elements can be flexible. Nonetheless, challenges
in synergizing RIS and FAS include channel estimation, signal
processing optimization, coordination between terminals, and
co-existence amongst different RIS operators. Here, we offer
insights into how some of the challenges RIS face might be
addressed through FAS, and discuss what opportunities ahead
when we contemplate the synergy between RIS and FAS.

2) Recent advancements: While RIS is asserting itself as a
core enabling technology for 6G, there are concerns regarding
its scalability. In particular, despite many advances in channel
estimation for RIS, e.g., [141], [142], [143], it is not clear if
the performance gain will ever justify the added complexity.
There is also doubt how RISs from cross-operators coexist and
avoid messing up with one another’s optimized reflection. To
overcome this, FAS can be really useful. One of the earliest
works to discuss the integration of RIS, FAS and MIMO was
[68] in which RISs are repurposed as DASSs. The main idea
is that even if the phase shifts of RIS are randomly chosen, it
is actually still performing beamforming but the beamforming
is just not yet optimized towards the desired user. Nonetheless,
with FAS at the user, the antenna reconfiguration can enable
the ‘random’ beamforming to become effective. That is to say,
the FAS can be reconfigured to access the position where the
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Fig. 10. A FAS-RIS communication scenario with RIS as DASS.

random beamforming from RIS happens to make the multipath
add constructively at the user, so the beamforming is no longer
‘random’. This approach significantly reduces optimization
complexity, facilitates coexistence, and enhances the scalabil-
ity of RIS. Another interpretation is that RIS as DASS provides
the rich scattering conditions for FAS or FAMA to thrive,
as explained in [101]. The unique advantage is that unlike
conventional RIS schemes where CSI is mandatory at both the
BS and RIS, FAMA eliminates the need for channel estimation
and complex optimization processes. In [101], it was reported
that FAMA with 20 randomized RIS units can support up to
64 users without BS precoding nor RIS optimization. This
approach not only addresses the complexity issues at both the
RIS and BS, but also facilitates massive connectivity.

Evidently, if RIS can afford CSI estimation and the com-
plexity for intelligent reflect-beamforming, this will combine
more effectively with FAS at the users. This was first studied in
[144] using a Gaussian copula approach assuming the absence
of a direct link and that the phase shifts of RIS are optimized
perfectly. Later [145] proposed a comprehensive framework to
jointly consider transmission design for both CSI-based and
CSI-free schemes. Two approximations for the corresponding
outage probabilities of the systems were introduced, and their
system throughputs were maximized. The results have shown
that the RIS-assisted FAS can significantly outperform the TAS
counterpart (i.e., when the number of ports N = 1), validating
the effectiveness of the strategies. Similar observations made
for different setups can be found in [146], [147], [148].

Beyond passive RIS, active RIS can also be integrated with
FAS. In [149], the authors explored whether FAS or active RIS
plays a more important role in wireless communications. They
proposed an algorithm to optimize the transmit beamforming
vector, the reflection coefficients, and fluid antenna positions
to maximize the user’s rate. Their findings illustrated that FAS
is more beneficial in simpler scenarios with fewer reflecting
elements or transmission paths, whereas active RIS becomes
more significant in more complex environments with numer-
ous reflecting elements or transmission paths. It is possible to
reduce the complexity for optimzing RIS-aided FAS by using
only statistical CSI. In [150], the authors adopted the grating-
lobe effect to obtain closed-form solutions for beamforming

by exploiting only statistical CSI. In [151], a Newton Raphson
based optimizer was proposed for the FAS-RIS framework.

There is also the promising direction to utilize FAS at the BS
for index modulation that can work well with RIS to enhance
the system spectral efficiency [152]. Besides, integrating FAS
with RIS can improve physical layer security. For example,
[153] is one of the first studies to investigate the integration
of FAS with RIS for secrecy communications. In [153], the
authors derived analytical expressions for secrecy metrics, and
it was shown that FAS outperforms TAS in terms of secrecy
performance, as the diversity gain provided by FAS, along with
the enhanced signal directionality from RIS, results in a more
secure transmission. Similar results have also been reported in
[154] even when the eavesdropper is equipped with FAS.

On the other hand, the integration of FAS and RIS can be
done within the RIS. This is the fluid RIS (FRIS) concept
that was proposed in [155] and [156]. The idea is to design
RIS with position-flexible elements, a.k.a. ‘fluid’ elements,
that can enhance the performance of RIS without necessarily
increasing the number of elements. In scenarios with discrete
RIS phase shifters, the study highlights the importance of
finding the optimal pattern for these phase shifters, focusing
upon the phase distribution of the cascaded transmitter-RIS-
receiver channels. By reconfiguring the positions of the RIS
fluid elements, the system can achieve optimal alignment and
eliminate phase offsets, bringing performance close to that
of RIS with continuous phase shifters. More recently, fluid-
based RIS designs with pattern reconfigurability have been
introduced. Instead of relying on fixed element responses,
these architectures allow the radiation patterns to adjust in
real time according to the propagation environment, thereby
tailoring the interaction with incoming signals. Achieving this
flexibility requires more complex element designs, often lever-
aging advanced hardware such as pixel-level reconfiguration
to realize dynamic control of the radiation patterns [248].

Apart from these, there is also the notion of making RIS a
dynamic propagation medium [157]. Surface wave communi-
cation is a more controlled communication strategy that makes
radio waves glide along and stays with a reconfigurable surface
as the propagation goes, causing much less or no interference
in the air, and having greater energy efficiency. In [68], the
potential for such paradigm in 6G was discussed, illustrating
the great benefits of using RIS as a reconfigurable waveguide
to mitigate the effects of path loss and blockage. The path loss
and surface impedance models have recently been presented
in [158], [159]. Note that in a broad sense, the idea of using
RIS as a reconfigurable surface-wave platform is well within
the definition of FAS as it reconfigures its characteristics for
better meeting the communication needs.

3) Case study for FAS-RIS: In this subsection, we examine
a scenario where multiple RISs function as DASS. Specifically,
the received signal of the u-th user can be modeled as

yu = bTu

(∑
∀s

√
βs,uHs,uΘha,s

√
βa,s + ha,u

√
βa,u

)
︸ ︷︷ ︸

hRIS

x+ η,

(34)
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Fig. 11. Rate performance against the number of DASSs.

where ha,u, ha,s, and Hs,u represent the respective chan-
nels from the BS-to-user, BS-to-RIS, and RIS-to-user, while
Θ = diag

(
e−jθ1 , . . . , e−jθM

)
denote the RIS reflection coef-

ficients. Also, βa,u, βa,s, and βs,u are the pathloss from the
BS-to-user, BS-to-RIS, and RIS-to-user, respectively, while bu
is the activation port vector, x is the information signal with
E{|x|2} = P , and η is the additive white Gaussian noise
(AWGN) with noise power spectral density of N0. For ease of
expositions, let us denote hRIS =

[
h1RIS · · · hNRIS

]T
=∑

∀s

√
βs,uHs,uΘha,s

√
βa,s + ha,u

√
βa,u.

To optimize performance, user u should activate the port
with the highest gain, i.e., b∗u = en∗ and the optimal port
n∗ = arg maxn |hnRIS|

2. The rate of the u-th user is then9

Ru = log

(
1 +

P
∣∣b∗Tu hRIS

∣∣2
N0

)
. (35)

As shown in Fig. 10, the BS is positioned at the origin, and
the user is located 500 meters away. Furthermore, S number
of DASSs are randomly distributed over a semi-circular area
with a radius of 50 meters to mitigate severe path loss. Each
DASS is equipped with M = 100 reflecting elements, while
the BS is equipped with a single FPA, and the user is equipped
with a 2D fluid antenna. The 2D fluid antenna has a surface
area of (Wλ)

2, where W = 1
2 and N = 100 ports. We assume

a finite scattering model with a Rice factor of 7 for line-of-
sight (LoS) path and 2 non-line-of-sight (NLoS) paths. The
path loss exponent for the direct link is set to 4, while the
exponent for the RIS link is 2.5. The transmit power P is
30 dBm and the noise level N0 is −80 dBm. It is noted that
as RISs are repurposed as DASS here, there is no complexity
involved in channel estimation and optimization for RISs.

The rate performance results are provided in Fig. 11. As we
can see, FAS provides only marginal rate gain over TAS in the
absence of DASS, primarily due to limited spatial diversity in
strong LoS channels. However, when RIS is tasked as DASS,
FAS achieves a significantly higher rate gain than TAS as

9Unless otherwise stated, log (·) denotes the base-2 logarithm.

the number of DASSs increases. Remarkably, increasing the
number of DASSs sufficiently can even surpass the perfor-
mance of a single RIS with optimal reflection. Note that while
deploying DASS requires more RIS, it does not require any
coordination among the RIS, nor does it add complexity to
the channel estimation process, which remains comparable
to the case without RIS. For example, with a surface area
of (Wλ)

2, approximately b2W + 2c2 channel estimates are
sufficient as N → ∞ [160]. Therefore, if W = 1

2 , only
9 channel estimates are needed for FAS. In contrast, RIS
with optimal reflection requires about 2M = 200 times more
channel estimates for the single RIS link, along with M = 100
optimal reflection coefficients. In addition, a FPA requires only
1 channel estimate but it delivers inferior performance as the
number of DASSs increases. To compare their performance,
for instance, to achieve 11 bps/Hz, TAS would require 3 more
DASSs, and to reach 13 bps/Hz, it requires 9 more DASSs
than FAS. Hence, FAS offers an efficient performance with
significantly reduced channel estimation, coordination, and
optimization complexity as the number of RISs increases.

4) New opportunities and challenges: Overall, there appear
to be three common approaches for effectively integrating RIS
with FAS. The first approach involves implementing FAS at
the transmitter side, such as the BS, at the receiver, such as the
users, or at both ends, while considering the presence of one
or more RISs. To optimize network performance, both active
and passive beamforming can be jointly configured, along with
the selection of transmit and receive ports. Unlike TAS, FAS
can dynamically adjust the positions of its radiating elements,
thereby enhancing the array gain [161] and effectively utilizing
both the RIS and direct transmission links. The RIS reflecting
coefficients can be intelligently reconfigured to improve the
desired signal or to mitigate interference [162]. Also, a fluid
antenna user can reconfigure its port to ensure optimal signal
reception [88], [144]. The key advantage of this approach is the
ability to harness an M2-gain, where M represents the number
of reflecting elements. However, the major bottleneck lies in
the channel estimation and optimization process. Specifically,
the channel estimation overhead can be extremely high [163],
and solving the optimization problem is highly challenging as
the number of RISs or elements increases.

The second approach involves integrating FAS directly into
the RIS structure itself. Given that RIS phase shifts are typ-
ically discrete in practical implementations, the introduction
of reconfigurable position elements within RIS can eliminate
phase distribution offsets, significantly improving system per-
formance while reducing manufacturing complexity and cost
[155], [156]. To maximize performance in this approach, it is
essential to determine the optimal pattern for discrete phase
shifts, considering the locations of the elements and phase dis-
tribution of the cascaded channels. Furthermore, reconfiguring
the positions of the elements can also help to improve the
resolutions of the discrete phase shifts, allowing them to more
closely approximate continuous phase shifts. In addition, shape
reconfiguration can also be considered for RIS. This approach
can potentially be implemented using conformal metasurfaces,
which allow shape reconfiguration without compromising their
functionalities or designs [164]. This enables the optimization
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of both the RIS and the spatial distribution of its elements,
while adhering to the constraints imposed by the shape [165].
Intuitively, other antenna reconfigurations and technologies,
such as polarization reconfiguration, size reconfiguration, and
surface wave technology, could also be incorporated into RIS,
although the overall benefits deserve proper investigation.

In the third approach, RIS can be utilized as DASS, where
no CSI is needed for the cascaded channel, and no phase
shift optimization is required [101], [166]. Evidently, this
approach only provides an M -gain, which means that more
RIS units are required to achieve performance gains. However,
no coordination is required and the channel estimation can be
performed as though the RIS were absent, which significantly
simplifies implementation and reduces operational complexity,
making it much easier to deploy in real-world and large-scale
scenarios with multiple operators co-existing. Moreover, using
RIS as DASS introduces spatial diversity, which complements
the FAS implementation and further enhances network ro-
bustness. Therefore, this approach is particularly advantageous
in future wireless networks where RIS are deployed at high
densities, as it minimizes the overhead and computational
burden associated with cascaded channel estimation, as well
as the coordination and optimization of multiple RIS units.

B. FAS-led NGMA

1) Introduction: To enable extreme massive connectivity in
6G, effective interference management strategies are essential.
Existing multiple access methods can be classified into orthog-
onal and non-orthogonal transmission strategies. Well-known
orthogonal multiple access (OMA) strategies include:
• Frequency-division multiple access (FDMA) [167]: In

FDMA, the frequency spectrum is divided into many non-
overlapping frequency bands, with each user assigned to
a specific band for communication. This prevents inter-
ference, as each user operates on a separate frequency.

• Time-division multiple access (TDMA) [168]: This
scheme allows all users to share the entire bandwidth, but
separate in time slots. Each user is allocated a specific
time slot for data transmission or reception, ensuring
synchronized communication without interference.

Non-orthogonal transmission strategies include:
• Non-orthogonal multiple access (NOMA) [169]: This

approach permits several users to share the same time
and frequency resources by superimposing their signals.
One key technology in this scheme is successive inter-
ference cancellation (SIC), where receivers decode and
subtract stronger signals from other users before decoding
their own. NOMA enhances spectral efficiency by letting
multiple users communicate simultaneously in the same
resource block, supporting diverse user needs, such as
high data rates and low-latency requirements.

• Rate-splitting multiple access (RSMA) [170]: RSMA
splits each user’s message into two parts: i) common
message that can be decoded by multiple users and ii) a
private message intended for a specific user. The common
message is transmitted in such a way that it can be
decoded and canceled by other users, while the private

message is only decoded by the intended user. RSMA
optimizes the allocation of information between the com-
mon and private messages, offering great flexibility.

It is worth stating that for NOMA and RSMA to function
under the best conditions, power control and user clustering
are important. Additionally, it is worth mentioning other mul-
tiple access methods, such as space division multiple access
(SDMA) and location division multiple access (LMDA) [171],
which adopt multiple antenna technologies to distribute users
strategically in the spatial domain. The above list only includes
some popular examples but is not meant to be complete.

Existing multiple access systems in previous and current
generations are primarily based on OMA. But as 6G seeks to
meet stringent requirements—such as ultra-low latency, high
reliability, and massive connectivity—non-orthogonal trans-
mission strategies are becoming increasingly appealing. The
shift towards more advanced techniques, known as NGMA,
will be crucial in achieving these goals [15]. To achieve this,
FAS can not only enhance existing multiple access techniques
but also enable new non-orthogonal strategies, such as FAMA
or compact ultra massive antenna array (CUMA). We discuss
how multiple access can be elevated through FAS below.

2) Recent advancements: The advent of FAS can not only
give more spatial DoF in existing multiuser MIMO technolo-
gies [172] but also pave the way for innovative uncoordinated
or non-coherent transmission methods.10 Specifically, [122] is
among the pioneering studies to propose a transmitter CSI-free
multiple access scheme based on FAS, known as FAMA. The
scheme in [122] is now regarded as fast FAMA [173], [174],
[175], in which each FAS-equipped user optimizes its position
on a symbol-by-symbol basis to maximize the instantaneous
signal-to-interference-plus-noise ratio (SINR). Subsequently, a
simpler scheme, referred to as slow FAMA [123], [176], [177],
is proposed, where the user’s antenna position is changed to
obtain the highest average SINR whenever channel conditions
fluctuate. Unlike fast FAMA, slow FAMA is more practical as
it is much easier to identify the best position, a.k.a. port, and
requires less frequent switching (only once during a coherence
period). Evidently, slow FAMA has less DoF than the fast
version which is expected to outperform slow FAMA if done
correctly. Overall, the main principle of FAMA is to deal with
interference as noise while allowing the receiver to access an
opportunistic spatial moment for communication, ensuring that
interference vanishes through deep fading.11 In general, there
are three main types of FAMA: fast FAMA [173], [174], [175],
slow FAMA [123], [176], [177], coded FAMA [125], [126]
and some combinations of them. There is also the variant of
slow FAMA called CUMA [124], [166], [178] that chooses to
activate a large number of ports for reception and then mixes
the signals in the analogue domain for performance gain.

Several works have investigated the performance of FAMA.
For example, [177] analytically derived the outage probability
of FAMA via a two-stage approximation. Besides, [179] ex-

10For non-coherent transmission, we mean the method that does not need
CSI at the transmitter side. The terms ‘uncoordinated transmission’ and ‘non-
coherent transmission’ are used interchangeably in this paper.

11This strategy relies on interference coming from different source antennas,
and can thus be viewed as an interference mitigation technique.
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plored the integration of opportunistic scheduling with FAMA,
a.k.a. opportunistic FAMA. Specifically, the authors derived
the multiplexing gain of the opportunistic FAMA network,
examined the required number of users in the pool to achieve a
given multiplexing gain, investigated the required outage prob-
ability at each user for achieving a given network multiplexing
gain, and analyzed the rate of increase of the multiplexing gain
with respect to the number of users in the pool. Furthermore,
[180] proposed utilizing decentralized reinforcement learning
(RL) to autonomously select robust users and antenna ports to
ensure efficient performance of opportunistic FAMA.

In this multi-agent RL framework, they also proposed a
novel team-theoretic RL framework which includes a deriva-
tive network estimating the reward derivative with respect to
the actions, efficiently guiding the multi-agent learning of each
solution’s policy networks. Regarding CUMA, it was revealed
in [166] that randomized RISs can help scramble the channels
to mimic rich scattering conditions to maximize the benefits
of FAMA. The results in [178] further showed that if more
RF chains are available at each user, then CUMA can deliver
much greater performance. Note that CUMA at the users can
greatly reduce the burden of acquiring CSI at the BS for
spatial multiplexing. In [69, Section V-E], it was illustrated
that the BS only needs to have the LoS channel information
for precoding if CUMA is adopted at the users responsible for
mitigating the inter-user interference. The results in that paper
indicated that more than a thousand of users can be supported
with very simple precoding requiring only statistical CSI and
each user with a 2-RF chained FAS applying CUMA.

On the other hand, FAS can elevate other emerging multiple
access techniques such as NOMA and RSMA. For example,
[181] has explored the applications of FAS to enhance multiple
access schemes like OMA and NOMA. The study reveals that
FAS not only enhances the performance of these schemes but
also discovers that OMA without CSI at the transmitter side
in FAS (a non-coherent strategy) can outperform NOMA in
TAS, highlighting new avenues for performance improvement.
Also, it can be observed that FAS-NOMA achieves the best
performance, followed by FAS-OMA, FAS-OMA without CSI,
TAS-NOMA, and lastly TAS-OMA. Similar findings, albeit
without non-coherent transmission strategies, are observed in
the uplink [182]. An extension to the multi-antenna case has
also been addressed in [183]. Most recently, RSMA has been
integrated into FAS to further enhance the performance and it
was shown that FAS-RSMA can outperform FAS-NOMA in
certain scenarios [184], [185]. One explanation for the massive
improvement in NOMA and RSMA by FAS is that it greatly
improve the SINR for the first data stream (or the common
message in the case of RSMA). From the implementation side,
FAS can be pivotal to make NOMA and RSMA practical in
the sense that heavy channel coding is no longer required to
protect decoding before SIC is conducted. Note that a great
deal of the rate gain of NOMA and RSMA might have lost if
heavy error-correction coding needs to be applied.

The combination of FAS and NOMA has also found some
niche applications. In [186], the authors analyzed the use of
NOMA in FAS with a focus on short-packet communications,
deriving the average block error rate and demonstrating that

the diversity order for each user in FAS can scale with the
number of preset locations (or ports). Moreover, the findings
suggest that the performance gains achieved through FAS may
even surpass those achieved with NOMA alone. Additionally,
[187] investigated the outage probability of FAS alongside
other state-of-the-art technologies such as cooperative NOMA,
millimeter-wave, and full-duplex communications, while also
accounting for hardware imperfections. Later, a similar ad-
vanced work was considered in [188]. Specifically, the authors
explored a system for ISAC, where the users utilize FAS and
NOMA, and considered integrated sensing with backscatter
communication (ISABC), where a dual-functional BS not only
communicates with two NOMA users equipped with FAS but
further senses the environment surrounding a backscatter tag.
Unlike traditional ISAC, the backscatter tag reflects signals
from the BS to the NOMA users. These extra signals enhance
the communication performance of the two users. During the
sensing phase, the BS extracts environmental information from
the reflected backscatter signal. Overall, existing studies reveal
great potential of FAS for the development of NGMA.

Despite a strong indication that FAMA can handle interfer-
ence without relying on the CSI at the transmitter side like
precoding, NOMA and RSMA do, little is known regarding
the capacity achievability of FAMA in general wireless chan-
nels. An attempt was made in [189] considering a two-user
interference channel with both users equipped with FAS using
slow FAMA. The results show that FAMA can achieve a sum-
rate comparable to the Han-Kobayashi FAMA scheme in the
two-user case, if the channel can be reconfigured to a noise-
limited regime. This implies that treating interference as noise
can be optimal if FAS can find a port with weak interference.
However, in the case of strong interference channels, in which
FAS cannot locate any port with weak interference, treating
interference as noise becomes suboptimal. In such scenarios,
non-unique decoding could prove highly beneficial [190].

Experimental results validating FAMA have recently been
reported in [76] using liquid-metal based antennas, [81] using
a metamaterial-based design and [82] using RF pixels.

3) Case study for FAS-NGMA: To demonstrate the benefits
of FAS in NGMA, we consider a scenario where the BS with
M > 1 FPAs12 serves U users over a wireless channel. The
received signal of the u-th user is given by

yu = bTu

(√
βuHux

)
+ η, (36)

where Hu represents the channels from the BS to user u, βu
denotes the path loss from the BS to the u-th user, and x =∑U
u=1wuxu represents the linearly precoded transmit signal.

Specifically, wu and xu are the beamforming vector and the
information-bearing signal, respectively, for the u-th user. For
brevity, we consider SDMA and power-domain NOMA.

In SDMA, the rate of the u-th user is given as

RSDMA
u = log

1 +
βu
∣∣bTuHuwu

∣∣2∑
∀u′
βu |bTuHuwu′ |2 +N0

 . (37)

12In this paper, the terms ‘TAS’ and ‘FPA’ are used interchangeably.
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Fig. 12. FAS with NGMA.

In NOMA, we assume that the users are indexed according
to the SIC policy ψ so that the u-th user performs SIC for U−u
preceding users before decoding its own signal. Consequently,
the rate of the u-th user is given as

RNOMA
u = log

1 +
βu
∣∣bTuHuwu

∣∣2∑
u′<u

βu |bTuHuwu′ |2 +N0

 . (38)

In this scenario, we minimize the total transmit power of the
BS via optimal beamforming and active ports while ensuring
that each user satisfies their minimum rate requirements. The
optimization problem can be formulated as

min
wu,au,∀u

∑
∀u

‖wu‖2 (39a)

s.t. Rmu ≥ Rmin
u ,∀u, (39b)

bu ∈ {e1, . . . , eN} ,∀u, (39c)

where (39a) evaluates the total transmit power of the BS, (39b)
ensures that each user satisfies a minimum rate requirement,
(39c) makes sure that only one of the ports can be activated,
and m ∈ {SDMA,NOMA}. Generally, it is very difficult to
solve (39) within polynomial time because it is an NP-hard
problem. Nonetheless, the global optimal solution of (39) can
be obtained through an exhaustive search over all possible
combinations of NU active user ports and second-order cone
programming [191]. Note that given the active ports bu,∀u,
(39) becomes solvable within polynomial time.

To maintain tractability, we consider a scenario where the
BS has M = 2 FPAs serving U = 2 users, as shown in Fig. 12.
Unless stated otherwise, each user is equipped with a 1D fluid
antenna featuring N = 100 ports uniformly distributed along a
length of Wλ with W = 2. Moreover, the path loss of the u-th
user is normalized to 1

u for ease of computation, and each user
has minimum rate requirement of Rmin

u = 1,∀u. The channels
are generated based on a rich scattering environment model.
Given the active ports bu,∀u, the channel correlation between
the u-th user and the u′-th user is measured as

corru,u′ = arccos

( 〈
bTuHu, b

T
u′Hu′

〉
‖bTuHu‖

∥∥bTu′Hu′
∥∥
)
. (40)

With this, the channels can be referred to as fully correlated
at 0◦ or 180◦ and completely orthogonal at 90◦.

Fig. 13. Channel correlation versus port indices.

As suggested by the results in Fig. 13, FAS can dynamically
reconfigure user channels. This flexibility allows the channels
between different users to be either correlated or orthogonal-
ized. Consequently, users can select ports with channels that
are either strongly correlated or nearly orthogonal, depending
on the multiple access scheme. Nevertheless, it is important
to note that the globally optimal ports may not necessarily be
those with strong correlation or near-orthogonality. Instead,
the global optimal port selection depends on factors such as
beamforming, channel gain, and interference.

In Fig. 14, we assess the performance of SDMA and NOMA
over different number of ports. Here, we consider a maximum
of 5 ports for tractability. As shown, FAS achieves up to 7–10
dB gain over TAS with FPAs as the number of ports increases,
thanks to the additional spatial diversity. It is important to
recognize that while the performance of FAS-SDMA appears
to approach that of FAS-NOMA in this scenario, this simple
setup is insufficient to conclude that the performance gain
of NOMA over SDMA in FAS is marginal. In fact, a more
comprehensive investigation is required to accurately assess
the relative advantages of multiple access schemes in FAS.
Our objective here is rather to demonstrate that performance
of the multiple access can be enhanced through FAS, paving
a potential way for more advanced NGMA development.

4) New opportunities and challenges: In general, there are
two promising directions to explore multiple access in FAS.
One direction is to empower existing coherent transmission
strategies with additional DoF using FAS. As shown, position
reconfiguration alone can introduce the new capability of
adjusting the channels to a certain degree, creating additional
spatial diversity to enhance the performance of existing multi-
ple access schemes. However, optimizing the multiple access
in conjunction with antenna reconfigurability adds complexity
to the optimization process. For instance, while (39) is solvable
within polynomial time for TAS, it becomes intractable for
FAS. Also, the optimization problem for performing multiple
access in TAS becomes even more complex when considering
multi-carrier systems, rate splitting techniques, or optimal SIC
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policies, and this complexity is further amplified in FAS.
Beyond position reconfigurability, additional antenna recon-

figuration approaches could offer further performance gains for
multiple access schemes with a higher cost of complexity. FAS
also facilitates the realization of certain previously overlooked
transmission strategies. For example, interference alignment
strategy originally designed for time-varying channels in [192]
can now be applied in FAS, even under time-invariant condi-
tions. By reconfiguring the antenna position, user channels can
be adaptively adjusted, increasing the feasibility of interfer-
ence alignment. These schemes are known to be more optimal
in interference channels and their feasibility could be revisited
in FASs. While enhancing existing coherent transmission
strategies may be a fruitful direction as it improves the spectral
efficiency and energy efficiency, it is important to note that
supporting large-scale user deployments remains challenging,
as these strategies often require estimating high-dimensional
channel coefficients, which directly limits scalability.

This challenge motivates another promising line of research,
which is the exploration of new non-coherent transmission
strategies. While non-coherent strategies are generally inef-
fective for TAS, their importance increases with the num-
ber of users because relying on CSI at the BS for large-
scale user deployments quickly becomes impractical. As a
consequence, non-coherent transmission becomes essential,
with the objective shifting from achieving high data rates per
user to supporting low data rates for massive connectivity.
Innovations namely FAMA and CUMA exemplify the unique
potential of FAS. Specifically, by opportunistically accessing
spatial moments where interference is minimized, FAS can
significantly enhance multiuser communication performance.
More advanced concepts, such as channel coding [125], [126],
can be developed by adapting strategies to specific scenarios
or considering other antenna reconfiguration techniques.

Moreover, the concept of blind interference alignment, as
introduced in [193], could be leveraged within FAS to opti-
mize performance in device-to-device applications or small-
scale networks. Beyond non-coherent strategies, transmission
approaches based on statistical CSI also show great promise,
as they can efficiently support large user bases while minimiz-
ing overhead costs—ideal for scenarios demanding extensive
connectivity. It is worth pointing out that while non-coherent
strategies hold substantial potential for future wireless com-
munications, developing highly efficient non-coherent trans-
mission strategies has historically been challenging.

C. FAS-NTN Framework

1) Introduction: To achieve ubiquitous connectivity across
land, sea, air, and space, satellites and unmanned aerial vehi-
cles (UAVs) have become key components of future wireless
systems, driving the development of NTN [194]. An NTN
typically consists of a terrestrial terminal, an aerial station, a
service link, and a gateway that connects the NTN to the core
network through a feeder link [195]. The aerial station can be
further classified into two types: satellites and UAVs.

Satellites are categorized based on their orbital altitude,
which are explained as follows [196]:
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Fig. 14. Total transmit power versus the number of ports.

• Low-earth orbit (LEO): LEO satellites operate at al-
titudes between 200 km and 2, 000 km, offering lower
latency and a better link budget. However, their limited
coverage requires deploying a large constellation of satel-
lites to achieve global connectivity.

• Medium-earth orbit (MEO): MEO satellites, positioned
at altitudes ranging from 8, 000 km to 20, 000 km, strike
a balance between latency and reliable communication
links, making them versatile for a range of applications.

• Geostationary earth orbit (GEO): GEO satellites, sta-
tioned at an altitude of 35, 786 km above the Earth’s
equator, provide extensive geographical coverage and are
typically visible to terrestrial nodes. However, the signif-
icant distance introduces higher delays and attenuation.

UAVs can be classified into two categories [197]:
• High-altitude platform UAVs (HAP-UAVs): They op-

erate in the stratosphere at altitudes of approximately
20 km, and offer rapid deployment capabilities covering
wide geographic areas, often spanning hundreds of kilo-
meters. These platforms are a cost-effective and flexible
alternative to terrestrial nodes, particularly in rural and
remote regions where traditional infrastructure is unavail-
able. However, HAPs face sustainability challenges, such
as maintaining stable positioning and ensuring efficient
re-fueling. Examples include balloons and kites.

• Low-altitude platform UAVs (LAP-UAVs): They fly at
low altitudes, around a few 100 meters. They are good for
their cost-effectiveness, flexibility, and adaptability. LAPs
are increasingly utilized to provide broadband wireless
connectivity during disasters, temporary events, and as
relays for terrestrial nodes. Their on-demand deployment
provides significant advantages in energy efficiency and
mobility compared to fixed terrestrial infrastructures.

In addition to serving as aerial stations, LAP-UAVs, such
as drones, can also function as aerial users in diverse ap-
plications, including precision agriculture, delivery services,
construction monitoring, intelligent transportation systems,
and sports analytics [198]. These versatile applications enable



19

operators to generate new revenue streams while positioning
drones as valuable tools across numerous industries.

Unlike TAS, FAS allows NTNs to further enhance network
performance by dynamically reconfiguring both large-scale
and small-scale fading effects. Nonetheless, the high-altitude
operation and reconfiguration across different time scales in-
troduce new challenges, necessitating innovative and practical
solutions to ensure reliable and efficient performance.

2) Recent advancements: Existing studies have explored
the integration of FAS into NTN networks. As discussed in
[199], the authors positioned their work as one of the earliest
explorations into movable antenna-aided satellite communica-
tions. They proposed a joint optimization of antenna position-
ing and beamforming to enhance satellite beam coverage and
mitigate interference, taking into account satellite orbits and
coverage requirements within a specific time interval. Also,
interestingly, they introduced a low-complexity scheme that
utilizes an optimized common antenna position across all time
slots. Compared to TAS, the proposed scheme can significantly
decrease the interference leakage and increase the average
signal-to-leakage ratio of satellite-ground links.

One of the pioneering researches exploring trajectory op-
timization for multiple flexible antennas is [91]. This study
employs AI-driven optimization, leveraging generative diffu-
sion models as the key technology. The results demonstrated
that this approach effectively optimizes sum-rate and energy
efficiency, offering significant advantages over traditional tech-
niques such as RL. This leads to the idea that FAS in NTN
can be used to dynamically reconfigure both large-scale and
small-scale fading effects. Consequently, [200] integrated FAS
into UAV relay. This study incorporates NOMA and further
enhances channel performance by jointly optimizing the active
port, power allocation, and UAV altitude to maximize user
sum-rate. The findings demonstrated that FAS consistently out-
performs TAS. More importantly, the synergy between NOMA
and FAS significantly benefits from the joint optimization of
both small-scale and large-scale fading, leading to improved
performance in UAV communications.

Moreover, the extension to multiple fluid antennas has been
investigated in [201]. In particular, the authors maximized the
sum-rate by jointly optimizing transmit beamforming, UAV
trajectory, and antenna positions. Compared to TAS with fixed
configurations, significant performance gains are observed. In
addition, [202] examined the integration of RIS mounted on
UAVs. While the RIS elements remain fixed in position, the
authors considered that this strategy introduces a new DoF by
allowing adjustments to the UAV’s position and orientation.
Their findings highlighted that UAV orientation significantly
affects user SNR and that user distribution plays an important
role in the effectiveness of the joint optimization. In [203], a
low-complexity alternating algorithm was proposed.

Furthermore, position and orientation reconfiguration have
also been explored in [204] for UAVs acting as aerial users.
The study assumed that the antennas can mechanically move
within a defined region, and the orientation of the panel is also
mechanically adjustable. These reconfigurations are utilized to
mitigate interference from co-channel terrestrial transmissions
to the UAV. The results showed that such antenna reconfigura-

Fig. 15. FAS in NTN.

tion can significantly enhance the received SINR of the UAV
compared to fixed configurations. However, it is important to
note that the effects of polarization and depolarization were
not considered in [203], [202], [204]. For this reason, we refer
to these adjustments as orientation reconfiguration.

3) Case study for FAS-NTN: As illustrated in Fig. 15, we
analyze a simple scenario involving an aerial BS and a FAS
user to illustrate the unique characteristics of FAS in NTN.
Before delving into the results, let us briefly review the unique
properties of air-to-ground channel modeling [205]. The large-
scale fading between the aerial BS and the FAS user can be
characterized by a probabilistic LoS and NLoS model [200].

Specifically, the probability of LoS is given by

PLoS =
1

1 + µeν(θ−µ)
, (41)

where µ and ν are constants determined by environmental
factors [206]. The elevation angle between the aerial BS and
the user is expressed as

θ = tan−1
(
|z0 − zu|

d̂

)
, (42)

where z0 and zu represent the heights of the aerial BS and
the user, respectively, and d̂ is the horizontal distance between
them. By contrast, the probability of NLoS is given by

PNLoS = 1− PLoS. (43)

The path loss exponent is modeled as a function of the NLoS
probability and is expressed as

α = αNLoSP
NLoS + αLOS, (44)

where αLOS is the path loss exponent for the LoS condition,
and αNLOS represents the additional attenuation of the path
loss exponent in the NLoS condition. Additionally, the Rician
K-factor should be modeled as a function of the elevation
angle. Specifically, it is expressed as

K = kmine

(
2
π ln

(
kmax
kmin

)
θ π

180

)
, (45)

in which kmax and kmin denote the maximum and minimum
values of the Rician K-factor, respectively. It can be observed
that as the elevation angle θ increases, both the probability
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Fig. 16. Outage probability versus the altitude.

of LoS and the Rician K-factor increase. The user’s outage
probability is characterized as

P

{
log

(
1 +

P
∣∣b∗ThNTN

∣∣2
N0

)
< Rmin

}
, (46)

where b∗ = en∗ is the optimal activation vector that provides
the highest gain for hNTN. Here, hNTN captures both the
large-scale and small-scale fading effects between the aerial
BS and the FAS user. Consequently, both the elevation angle
and spatial diversity play significant roles in hNTN, setting it
apart from TAS in terrestrial networks.

Fig. 16 shows the outage probability of the FAS user across
varying altitudes. In this analysis, the aerial BS is assumed to
be positioned at the origin and equipped with a single FPA,
while the user is located 300 meters horizontally from the
origin. The channel and antenna parameters are configured
similarly to those in [200]. As shown, there exists an optimal
altitude at which the outage probability for both TAS-NTN
and FAS-NTN is minimized. More interestingly, FAS-NTN
reveals an additional performance gain over TAS-NTN as it
approaches the optimal altitude, while the performance gain is
reduced at extremely low or high altitudes. This observation
highlights the benefits of FAS in NTN, driven by the joint
reconfiguration of both large-scale and small-scale fading.

4) New opportunities and challenges: From the discussions
above, particularly in light of recent advancements, a gray area
emerges regarding the classification of FAS, as both satellites
and UAVs are capable of adjusting their positions and orienta-
tions. In this paper, we emphasize that FAS should primarily
focus on the reconfigurability of the antenna itself, rather
than the position or orientation of the terminal. Otherwise,
the random position and orientation of a mobile device could
also be classified as FAS, which somewhat diverges from its
original motivation. However, the perspective might align with
the philosophy of other NGRA systems.

In the context of FAS, we observe that joint reconfiguration
at both macroscopic scales (e.g., large-scale fading) and mi-
croscopic scales (e.g., small-scale fading) can be effectively

leveraged to achieve additional performance gains, making
FAS uniquely suited to the development of NTN. While this
paper provides an example based on varying the altitude, it
is anticipated that similar performance gains can be achieved
through trajectory planning when more practical NTN channel
models are considered [207]. However, it is important to note
that the reconfiguration of large-scale and small-scale fading
typically occurs on different timescales. For instance, the
position and orientation reconfiguration of an aerial station or
aerial user generally takes place over a few seconds, while an-
tenna reconfiguration typically operates on a few milliseconds
or less. Therefore, jointly optimizing the additional DoF in
FAS-NTN requires both statistical information (e.g., mean or
variance) and instantaneous full CSI, making the optimization
problem much more complex compared to TAS-NTN.

Furthermore, achieving full coverage in the sky and effec-
tively managing strong interference remain critical challenges
in NTN. For example, an aerial node may cause interference
to a massive number of terrestrial nodes while simultaneously
experiencing significant interference from multiple terrestrial
nodes. Additionally, an aerial user could find itself positioned
at the null of the associated BS antenna’s radiation pattern.
Reconfiguring the antenna platform, as well as the position
and polarization of the radiating elements at the BS or user,
can help improve coverage and overcome strong interference.
Other forms of antenna reconfiguration, such as radiation
pattern and beamwidth, also hold great promise for advancing
NTN. For instance, [208], [209] have shown that antenna re-
configuration can enhance coverage, mitigate interference, and
reduce the overhead associated with coordinated interference
management schemes (e.g., inter-cell interference coordination
or joint transmission). Moreover, concepts from FAS-NGMA
could also prove beneficial for NTN development.

D. FAS-ISAC Framework

1) Introduction: In 6G networks, a new paradigm known as
ISAC has been introduced, which combines the functionalities
of wireless communication and radar sensing into a unified
system. By sharing frequency bands and hardware, ISAC sig-
nificantly enhances spectrum efficiency while reducing costs,
positioning it as a cornerstone of next-generation wireless net-
works [210], [211]. Leveraging advanced technologies such as
millimeter-wave, orthogonal frequency division multiplexing
(OFDM), and massive MIMO, ISAC systems facilitate real-
time, high-resolution data processing and sensing within a
single framework. This unified approach is indispensable for a
wide range of use-cases, including autonomous vehicles, smart
homes, Wi-Fi sensing, and extended reality [212]. This inte-
gration makes ISAC a future-ready enabler for the seamless
operation of next-generation technologies.

To understand the current developments, the ISAC research
can be broadly divided into two streams [210]:
• Device-free ISAC: This architecture relies on passive

sensing, without the need for the target to actively send or
receive signals, and is thus particularly suitable for radar
systems in applications such as object detection [213] and
tracking in autonomous vehicles [214]. The benefit of this
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configuration is reduced interference, which is applicable
to both monostatic and bistatic radar settings.

• Device-based ISAC: This architecture will involve active
participation of devices communicating with a BS while
self-localizing, facilitating accurate real-time positioning
[215]. It can be employed in both cooperative and non-
cooperative environments, and is suitable for indoor nav-
igation [216], emergency response, and situations where
both communication and positioning are required.

In this context, FAS has emerged as a promising technology
to jointly enhance communication and sensing performance
of ISAC [217]. FAS leverages position-flexible shape-flexible
antenna structures, introducing new DoF for spatial diversity
and enabling dynamic adjustments to its RF properties for opti-
mized signal quality. However, despite its benefits, integrating
FAS into ISAC systems is not trivial. These include real-time
non-convex optimization for port selection, achieving accurate
beamforming and channel estimation, and managing resources
efficiently in multiuser environments. Here, we shed light on
the challenges, strategies, and opportunities for unlocking the
full potential of FAS-ISAC in future 6G networks.

2) Recent advancements: ISAC systems have garnered sig-
nificant attention for their ability to address spectrum con-
gestion while simultaneously supporting communication and
sensing functions. Nonetheless, TAS with fixed configurations
are inherently limited in spatial DoF and are unable to fully op-
timize performance. To overcome this limitation, researchers
have turned to FAS to enhance ISAC performance. Unlike
TAS, FAS can dynamically adjust their shape and positions to
reconfigure communication and sensing channels, leading to
significant improvements in overall system performance.

Several studies have investigated FAS-ISAC. For instance,
[218] proposed a FAS-ISAC framework, where a BS equipped
with multiple fluid antennas communicates with users and also
detects targets. The optimization of fluid antenna position and
dual-functional beamforming under perfect and imperfect CSI
was discussed, highlighting the advantages of FAS over fixed-
position TAS. Similarly, [219] explored the use of fluid an-
tennas to redefine the ISAC trade-off by introducing an ISAC
model that incorporates fluid antenna capabilities. The study
optimized transmission beamforming and port selection to
minimize power consumption while satisfying both communi-
cation and sensing requirements. In addition, [220] studied the
joint optimization of antenna position and waveform design,
introducing an efficient algorithm to maximize the sum-rate in
FAS-ISAC. This approach significantly reduces computational
complexity, saving at least 60% of computational resources
compared to traditional methods such as particle swarm opti-
mization, while effectively optimizing fluid antenna positions
and waveform design to enhance sum-rate performance.

To address the challenges in multiuser ISAC systems, [172]
used deep RL (DRL) to optimize fluid antenna port selection
and precoding design in multiuser MIMO environments. The
study highlighted the potential of DRL for joint optimization
of antenna configurations and precoding strategies, even with
imperfect CSI. The results showed significant improvements in
system performance, demonstrating the effectiveness and ap-
plicability of DRL in FAS-ISAC. Extending this concept, [221]
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Fig. 17. FAS with ISAC.

examined the position reconfiguration of FAS for communi-
cation and sensing functions in both BSs and communication
users. Through joint optimization of beamforming and position
reconfiguration, the system was shown to outperform TAS-
ISAC. Moreover, [222] introduced a FAS with integrated sens-
ing, communication, and computing (ISCC) functionalities for
vehicular networks. In this study, an integrated latency opti-
mization problem is formulated to jointly optimize computing
resources, receive combining matrices, and antenna positions.
The proposed FAS-ISCC revealed notable improvements in
resource utilization and reduced latency, demonstrating the
versatility of fluid antennas in supporting multifunctional
systems beyond sensing and communication.

As mentioned before, both NOMA and ISAC can be inte-
grated into FAS. In [188], the use of fluid antenna in back-
scattering scenarios was explored to enhance both sensing and
communication. The study showed that combining FAS with
NOMA could provide significant performance improvements
in both communication rates and sensing accuracy, surpassing
fixed-position TAS. Lastly, [223] explored the potential of
FAS-ISAC in the near-field by utilizing large-scale transmis-
sion and reflection surfaces (XL-STARS) to optimize both
sensing and communication performance. The proposed opti-
mization framework effectively balances communication qual-
ity while minimizing sensing performance metrics, showcasing
the superiority of FAS in advanced ISAC applications.

Overall, research into FAS for ISAC is rapidly advancing,
with numerous contributions demonstrating the potential of
fluid antenna technology to enhance communication and sens-
ing performance across various scenarios, including multiuser
systems, vehicular networks, and near-field communications.
These advances pave the way for more efficient and flexible in-
tegrated systems, addressing the growing demand for spectrum
and resource utilization in modern wireless networks. Besides,
it is noteworthy that FAS works well in OFDM settings [224],
[225] although further studies are required.

3) Case study for FAS-ISAC: To demonstrate the advan-
tages of FAS, we explore its potential for balancing sensing
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and communication in ISAC systems here. As illustrated in
Fig. 17, let us consider a multicast ISAC scenario where the
BS transmits a common signal to U users and utilizes the
echo signal to perform sensing on potential targets. The BS is
equipped with M fluid antennas (or active radiating elements),
where N ports are uniformly distributed along a linear space,
and each user is equipped with a FPA. The received signal of
the u-th user can be expressed as

yu = hHu wx+ η, (47)

where hu is the channel from the BS to the u-th user, w is
the beamforming vector, x is the communication signal, and η
is the AWGN with noise level N0. Since only M ports out of
N are activated, the constraint ‖w‖0 = M is required, where
‖ · ‖0 denotes the zero-norm. Accordingly, the communication
SNR for the u-th user is given by

γc,u =

∣∣hHu w∣∣2
N0

. (48)

Also, consider a co-located monostatic MIMO radar with
Nr receive antennas uniformly distributed along a linear space.
The echo signal received at the radar sensing receiver is

y = Aws+ η, (49)

where A = ar (θ)aHt (θ) represents the sensing channel
matrix, ar (θ) =

[
1 · · · e−j2π(Nr−1)4r sin(θ)

]T
is the receive

steering vector, and at (θt) =
[
1 · · · e−j2π(N−1)4t sin(θ)

]T
is

the transmit steering vector, and η is the AWGN of the radar.
The average sensing SNR can then be found as

γs =
‖Aw‖2

N0
. (50)

Let us minimize the total transmit power under the con-
straints of the minimum sensing SNR requirement, Smin, the
minimum communication SNR requirement, Rmin, and the
number of activated ports. That is to say, we have [219]

min
w

‖w‖22 (51a)

s.t. γs ≥ Smin, (51b)
γc,u ≥ Rmin, u ∈ U , (51c)
‖w‖0 = M. (51d)

In contrast to traditional multicast ISAC systems, the addi-
tional constraint in (51d) enforces that only M < N antenna
ports can be activated to generate the ISAC signal.

In Fig. 18, the contour curves illustrate the achieved mini-
mum transmit power under various values of Rmin and Smin.
The results demonstrate that FAS-ISAC achieves significantly
lower transmit power compared to fixed-position TAS-ISAC
for identical sensing and communication constraints, high-
lighting a superior trade-off. This improvement arises from
the optimization of antenna ports, which enhances the spatial
directionality of signals used for both sensing and commu-
nication, thereby optimizing the overall ISAC system. These
findings emphasize the potential of FAS to improve the ISAC
trade-off and expand performance boundaries.
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Fig. 18. The trade-off between sensing and communication performance in
the considered FAS-ISAC system with N = 8, K = 2.

4) New opportunities and challenges: The integration of
FAS with ISAC presents vast opportunities to enhance sys-
tem performance and resource efficiency. These technologies
complement each other seamlessly as ISAC enables simulta-
neous communication and environmental sensing, while FAS
provides adaptive antenna configurations that dynamically op-
timize both functions in real-time. As a result, the FAS-ISAC
framework can effectively shift the trade-off between sensing
and communication performance, offering greater flexibility in
balancing these objectives. This synergy is particularly bene-
ficial in dynamic environments, such as autonomous vehicles
or 6G networks, where flexibility and precision are essential.
In addition, FAS-ISAC can improve sensing accuracy while
enhancing privacy, making it an ideal solution for applications
in smart cities, industrial IoT, and other advanced scenarios.
For example, fluid antennas at the BS can be reconfigured
to enhance critical sensing tasks, while fluid antennas at user
devices can be adjusted to protect privacy.

However, this integration introduces significant challenges.
Designing such a system is highly complex, requiring real-
time synchronization and optimization between sensing and
communication functions. The simultaneous operation of sens-
ing and communication signals can lead to signal degradation
or interference, necessitating advanced techniques such as
intelligent beamforming and efficient frequency management.
Another challenge is the accurate estimation and modeling of
dynamic communication and sensing channels, especially in
the presence of various antenna reconfigurations. Furthermore,
maintaining energy efficiency in a dynamically reconfigurable
antenna system is key, as minimizing the additional power
required for antenna adjustments is critical. This is particularly
important for mechanical movable antennas or liquid-based an-
tennas, where the energy consumption of motors or pumps can
significantly affect overall system performance. Lastly, the in-
tegration of sensing functionalities raises potential privacy and
security concerns, demanding robust mechanisms to protect
user data and ensure system resilience against vulnerabilities.
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While FAS offers promising potential to mitigate these issues
through its reconfigurability and adaptive capabilities, efficient
and practical methods to fully address these challenges remain
uncertain and require further exploration.

In short, while the fusion of FAS and ISAC paves the way
for advanced, efficient, and flexible systems, addressing the
associated challenges in design, interference management, en-
ergy efficiency, privacy and security will be vital for unlocking
their full potential in future 6G networks.

E. FAS-AI Framework

1) Introduction: The application of AI in wireless commu-
nications is rapidly emerging as an inevitable paradigm in 6G
networks. Advanced technologies such as deep learning (DL),
DRL, and others have demonstrated immense potential in areas
such as channel estimation, decoding, coding, signal detection,
and beyond. Apparently, AI offers the ability to significantly
enhance network performance, optimize resource utilization,
and improve network intelligence. As a simple example, AI
is expected to enable adaptive resource management by au-
tonomously adjusting network parameters to meet the dynamic
demands of large-scale users, thus improving user experiences
and ensuring more efficient network operations.

In general, the relevance of AI in wireless communications
can be viewed from two complementary perspectives:

• Wireless communications for AI: This perspective fo-
cuses on tailoring wireless systems to support AI-driven
applications. Generally, high-speed and low-latency con-
nections are key for real-time AI inference. To enable
seamless interactions between edge devices and the cloud
for AI processing, 6G network architectures must be
carefully designed. Moreover, IoT serves as a key enabler
for collecting vast amounts of data, empowering AI to
generate insights beyond human capabilities. Meanwhile,
physical layer security adds an extra layer of protection,
safeguarding data privacy in federated learning.

• AI for wireless communications: This perspective em-
phasizes the role of AI as a transformative tool to enhance
wireless communication systems. More concretely, AI
techniques can be employed to predict, optimize, and
enhance wireless communication systems across different
layers, ranging from the physical layer to the application
layer. For instance, AI algorithms can efficiently manage
spectrum allocation, power distribution, and user asso-
ciations in dynamic and complex environments. On the
other hand, AI-based models can provide accurate CSI
or traffic pattern predictions across different domains, al-
lowing preemptive adjustments to network configurations
to improve quality-of-service (QoS).

Presumably, the integration of FAS with AI should elevate
these perspectives to the next level. FAS offers significant
advantages over TAS by enabling position-flexible and shape-
flexible antenna structures that improve network performance
and adaptability. However, the implementation of FAS also
introduces high complexities to the wireless communication
systems. To fully leverage AI-driven applications in FAS, it is

essential to first address these complexities. Below we provide
examples how AI techniques can be utilized in FAS.

• AI-enabled prediction: The efficiency of FAS depends
on activating the most suitable ports to ensure optimal
channel conditions for communication. However, the high
resolution of FAS introduces significant overheads in
channel estimation and signal reception. To address this
challenge, AI technologies can be leveraged to optimize
the channel estimation process using machine learning
techniques, thereby reducing the required estimation over-
head. For channel extrapolation, acquiring complete and
accurate CSI within the coherence time period is a signif-
icant challenge for FAS. To overcome this, encoder and
attention mechanisms can be utilized to construct basis
vectors from the CSI of observable ports. A decoder can
then use these vectors along with the local correlations
between ports to estimate the CSI of unknown ports.
This approach facilitates effective extrapolation from lim-
ited observations to complete channel information. Since
channel mapping relationships often exhibit nonlinear
characteristics, DL is particularly well-suited [226].

• AI-enabled optimization: To optimize FAS for a specific
performance metric, joint optimization of port selection
and beamforming strategies is essential. To this end, DRL
can be used to derive optimal strategies for both. A reward
function can be defined to quantify the impact of the
selected port on overall system performance. For instance,
a port that maximizes the strength of the received signal
or minimizes the required transmission power could be
assigned a positive reward. After each port selection,
feedback from the environment is captured in the form of
the reward function value. Through iterative updates, the
process converges to the optimal port selection strategy
based on the DRL principle. The bandit learning frame-
work can also be utilized to address the port selection
issue without the instantaneous full CSI in time-varying
channel conditions [227]. On the other hand, DL can be
adopted to rapidly design optimal beamforming vectors
for various services, such as wireless data transmission,
wireless energy transmission, and sensing [228], [229].

Regardless of the two complementary perspectives, the ex-
ploration of FAS and AI is always beneficial. On one hand, AI
acts as a transformative tool to address complex optimization
challenges in FAS. On the other hand, the improved network
performance achieved through FAS enhances the efficiency
of AI applications. However, to fully harness this synergy
in 6G networks, it is essential to cultivate a comprehensive
understanding of both interdisciplinary fields.

2) Recent advancements: Existing studies have explored
the combination of FAS and AI, with some emphasizing on
optimizing port selection and channel estimation, while others
delving into leveraging FAS to enhance AI applications. For
instance, [230] proposed combining AI with fluid antennas
to facilitate the system management. Leveraging the strong
spatial correlation between ports within a given space, several
machine learning-based FAS algorithms have been discussed.
These algorithms potentially improve the network rates and
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channel estimation, even when observations are limited, and
greatly outperform the best antenna selection algorithms in
multi-antenna systems occupying the same space. This pro-
vides compelling practical evidence supporting FAS as an
innovative approach to enhancing spatial diversity.

Building upon this work, it has been observed that FAS is
also highly effective in multiuser communications. In partic-
ular, when the user is equipped with a fluid antenna, FAMA
can be employed. The integration of AI with FAMA has been
investigated, with [231] highlighting several AI technologies,
particularly DL techniques, as promising tools for enhancing
FAMA performance. For example, long short-term memory
(LSTM) networks can be used to infer the SINR of unobserved
ports by treating SINR information as a time (or space)
series. This approach, combined with the ‘predict, optimize,
and plan’, referred to as SPO+LSTM, has been proposed
in [232] to improve the performance of FAS. Similarly, this
technique has been applied in slow FAMA [233]. Specifically,
[233] developed a DL-based low-complexity port selection
scheme, and it was illustrated that this method can achieve
significant reductions in outage probability and improvements
in multiplexing gain from relatively few port observations.

Beyond port selection, the integration of FAS and AI can
significantly improve the accuracy of channel estimation, re-
construction, interpolation, and extrapolation. This is particu-
larly critical in FAS as the substantial overhead associated with
channel acquistion for infinitely many ports could severely im-
pact system performance. To address this, several studies have
explored machine learning-based solutions. For instance, [100]
examined the challenges of high-resolution channel estimation
and discussed how machine learning techniques can efficiently
reduce overhead. In [234], machine learning technique was
proposed to recover the complete channel from measurements
at a limited number of predefined ports, even under varying
correlation conditions. In addition, [235] and [236] introduced
a successive Bayesian reconstructor that employs kernel-based
sampling and regression techniques for channel estimation
while [237] presented a model-driven channel extrapolation
algorithm based on the theoretical analysis of existing channel
models, enabling accurate extrapolation for all ports based on
observations from only a small number of ports.

As discussed earlier, AI techniques can be applied in FAS
to solve optimal beamforming problems. For example, [172]
proposed an end-to-end learning framework utilizing DL for
joint optimization problems. By using DL and DRL, real-time
decision-making and optimization are achieved in dynamic
environments, improving the performance of the FAS-ISAC.
Most recently in [238], a DL framework was developed to
address the non-convex and multi-fold challenges inherent in
optimizing receive beamforming and antenna element posi-
tioning. The study formulates the beamforming problem as a
Rayleigh quotient, while employing a multi-layer perceptron
(MLP) to determine optimal antenna positioning. This DL-
based approach offers an effective anti-jamming strategy in
communication scenarios with interference sources, enhancing
communication efficiency by maximizing the SINR.

Focusing on using FAS for AI, [239] demonstrated how FAS
can significantly enhance learning performance by leveraging

User

BS

Beamforming

Fig. 19. FAS with AI.

the additional DoF provided by position reconfiguration. The
study investigated the convergence of an over-the-air federated
learning (OTA-FL) system and analyzed the optimality gap to
understand the impact of FAS on learning performance. To
minimize the gap in dynamic radio environments, a Markov
decision process was utilized and a recurrent deep determin-
istic policy gradient algorithm was proposed. This approach
enhances the reliability of model aggregation and enables
real-time decision-making and optimization in dynamic user
environments. Moreover, FAS can also facilitate over-the-air
computations, facilitating distributed AI and machine learning
processing in the wave domain. Specifically, [240] investigated
a fluid antenna-enhanced over-the-air computation (AirComp)
system, where the transceiver design and the antenna position
vector are jointly optimized. The study showed that FAS can
greatly reduce the mean squared error (MSE) between the
target and estimated function values, outperforming TAS.

Evidently, the combination of FAS and AI has demonstrated
its potential across various scenarios. Through the application
of AI, FAS can enhance communication efficiency, reduce
overhead, and achieve real-time decision-making and opti-
mization in dynamic environments. Conversely, the application
of FAS can enhance the learning performance for AI-driven
applications, a great potential over the TAS counterpart.

3) Case study for FAS-AI: To showcase the benefits of AI
in FAS, we consider a complex optimization problem in multi-
cell networks over an extended period of time. The received
signal of the u-th user in the c-th cell at time slot t can be
expressed as

y
[t]
(c,u) =

4∑
b=1

(
h
[t]
b,(c,u)

)H
B

[t]
b W

[t]
b x

[t]
b + η

[t]
(c,u), (52)

where h[t]
b,(c,u) ∈ CN×1 represents the complex channel vector

from the b-th BS to the u-th user in the c-th cell, W [t]
b =[

w
[t]
b,1, . . . ,w

[t]
b,U

]
∈ CM×U denotes the precoding matrix at

the b-th BS, x[t]
b ∈ CU×1 represents the transmitted signal of

the b-th BS to its U associated users, and η[t](c,u) is the AWGN
with a noise level of N0. When fluid antennas are deployed at
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Fig. 20. Transmission time versus the number of active ports.

the BSs, we have the activation port matrix, B[t]
b ∈ RN×M ,

which defines the subset of active ports at the b-th BS. Without
loss of generality, we assume that the u-th user in the c-th cell
is associated to the b-th BS if and only if c = b. Also, in (52),
four cells are assumed. Consequently, the SINR of the u-th
user in the b-th cell can be formulated as

γ
[t]
b,u =

∣∣∣∣(h[t]
b,(b,u)

)H
B

[t]
b w

[t]
b,u

∣∣∣∣2
Ib,u +

∑
b′ 6=b

Ib′,u +N0
, (53)

where

Ib,u =
∑
u′ 6=u

∣∣∣(h[t]
b,(b,u′)

)
HB

[t]
b w

[t]
b,u′

∣∣∣2 , (54)

and

Ib′,u =

∥∥∥∥(htb′,(b,u)

)H
B

[t]
b′ W

t
b′

∥∥∥∥2
2

, (55)

represent the inter-user interference within the b-th cell and
the inter-cell interference from the b′-th cell, respectively. The
rate of the u-th user in the b-th cell is given by

R
[t]
(b,u) = δBw log

(
1 + γ

[t]
b,u

)
, (56)

where Bw is the system bandwidth and δ is the transmission
interval. Overall, this rate represents the maximum transmis-
sion rate that can be transmitted to the u-th user in the b-th
cell given the transmission interval δ.

As depicted in Fig. 19, this case study considers a multi-cell
communication scenario. The scenario involves four square
regions, each with a side length of 100 meters. At the center
of each cell is a BS with a transmit power of 20 dBm, equipped
with a fluid antenna measuring 20 cm × 20 cm, featuring a
10×10 port distribution. The BS operates at a frequency of 3.4
GHz with a bandwidth of 20 MHz, while users are randomly
distributed within each square region. Each user is required to
transmit 3 MB of data. The goal is to minimize the total time
required for all users in a cell to complete their transmissions
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Fig. 21. Transmission time versus the number of users.

by optimizing the selection of ports, power allocation, and
precoding across different time slots.

Fig. 20 illustrates the transmission time required to serve
a fixed number of users with different numbers of activated
ports. In this analysis, ‘Pred Len:0’ refers to a scenario where
no prediction is employed (or a prediction step of 0), meaning
that the BS makes decisions based solely on current informa-
tion. By contrast, ‘Pred Len:5’ means that the BS incorporates
predictions for the next 5 steps into its current decision-
making process, with ‘Pred Len:10’ following a similar logic.
As observed, our results demonstrate that transmission time
generally decreases as the number of activated ports increases,
with the curves converging as the number of activated ports
becomes larger. This highlights the additional DoF introduced
by position reconfiguration in FAS. On the other hand, Fig. 21
illustrates the transmission time required to serve different
number of users with a fixed number of activated ports, set to 7
in this case. The results clearly show that FAS-AI outperforms
fixed-position TAS across different user counts, demonstrating
the effectiveness of FAS in enhancing system performance and
ensuring scalability in dynamic scenarios.

4) New opportunities and challenges: Two compelling di-
rections arise from the integration of FAS and AI. The first
direction focuses on leveraging AI to enhance FAS perfor-
mance. This direction focuses on optimizing the systems where
both the BS and users may be equipped with shape-flexible,
position-flexible antennas. Promising strategies include using
DL for optimization across various reconfigurations and adopt-
ing DL models such as masked autoencoders to accurately
extrapolate the full CSI. Specifically, advanced AI techniques,
such as DL, DRL, and others, can effectively address complex
optimization challenges, including combinatorial and large-
scale optimization problems. Besides, DL excels at uncovering
hidden nonlinear relationships in CSI, enabling accurate recon-
struction of full CSI from limited observations. Furthermore,
AI’s ability to tackle problems without relying on predefined
assumptions makes it a general, transformative tool for en-
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hancing system performance in practical environments.
The second direction explores performance enhancements in

AI-driven applications compared to TAS. The reconfigurability
of fluid antennas can effectively address stringent communi-
cation requirements, such as minimizing transmission delays,
achieving specific sensing accuracy, and meeting high learning
precision in highly complex environments. In addition, emerg-
ing concepts such as mobile edge computing, and caching,
or directly facilitating computations in the wave domain by
leveraging the various reconfigurability in FAS, could further
advance AI’s capabilities, paving the way for the development
of more robust and efficient AI applications.

F. Other Emerging Technologies

There are undoubtedly many other technologies that could
benefit from the integration of FAS and other NGRA systems,
which are not covered in this article. These include, but are not
limited to, full-duplex communications [241], [242], physical
layer security [243], [244], [245], wireless power transfer
[246], [247], light fidelity (Li-Fi), and quantum technologies.
Although we cannot explore all of them in this paper, the
main takeaway here is that FAS holds significant untapped
potential for enhancing 6G services. For an overview, readers
are referred to [69], [92], which outlines the advantages,
disadvantages, and open research challenges associated with
these technologies. It is important to note that while FAS and
other NGRA systems may not substantially improve every
performance metric, they can deliver meaningful benefits in
specific scenarios. By leveraging new flexibility of antenna
reconfigurations, it is possible to achieve considerable per-
formance enhancements without compromising overall system
efficiency. As Bruce Lee famously said, “Water can flow, or it
can crash. Be water, my friend.” In the same spirit, we say, “Be
water, my antenna.” since FAS can either match or outperform
fixed-position TAS, thanks to its supreme flexibility.

IV. CONCLUSION

This paper introduced FAS with multi-dimensional recon-
figurations, an NGRA system that allows dynamic reconfigu-
ration of the antenna platform, position, polarization, and size
of the radiating elements to enhance wireless communication
performance, representing the original concept of FAS. While
this system provides additional DoF and flexibility, acquiring
full CSI and optimizing such a system pose significant chal-
lenges. Therefore, it is essential to investigate low-complexity
yet efficient approaches to enhance network performance. Fur-
thermore, scenarios and applications can be identified where
certain antenna reconfigurations can be omitted if their impact
is negligible, allowing the focus to remain on reconfigurations
that deliver substantial benefits. This system holds significant
potential for advancing non-coherent multiple access strate-
gies. Nonetheless, further exploration of materials and antenna
design is necessary to develop practical hardware. In addition,
we reviewed the integration of FAS and other NGRA systems
with emerging technologies. This included a brief introduction
to these technologies, an overview of recent advances in their
integration with FAS, a case-by-case analysis of the benefits,

and a discussion of the new opportunities and challenges they
present. Overall, we showed that FAS not only complements
other applications and scenarios but also revealed that limited
reconfiguration can still achieve significant gains or foster new
innovations in communications. Nevertheless, the potential of
FAS remains vast, with many possibilities for exploration.
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