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ABSTRACT In recent times, a fluid antenna system (FAS) has gained attention as a potential contender
for 6G wireless networks. Fluid antenna multiple access (FAMA) is a new technology that allows each
user to constantly move to the position with the strongest signal-to-interference ratio (SIR) by means of a
single RF-chain port fluid antenna. Research works in FAMAmainly focus on propose models and solutions
linked to the enhancement of FAMA from several aspects, including FAS system, enhancing orthogonal and
non-orthogonal multiple access, channel modeling, diversity gain, artificial intelligence (AI) techniques,
FAMA with other emerging technologies for 6G such as intelligent reflecting surface (IRS), multiple-input
multiple-output (MIMO), terahertz (THz) communication, etc. There is no survey which covers all these
important aspects of FAMA. Based on several concerns, a comprehensive taxonomy of FAMA has been
presented in this study. First, FAS system is discussed. Then, FAMAmechanism is presented with its channel
modeling and diversity gain. After that, FAMA is investigated with other emerging technologies such as IRS,
MIMO, THz communication, etc. AI approaches to enhance FAMA are provided. In the end, we cover the
potential research directions for further study in all areas. When designing and enhancing the FAS system,
facilitating communication via FAMA, and integrating it with other cutting-edge technologies for 6G, this
article may serve as a reference or guidance.

INDEX TERMS AI, FA, FAS, FAMA, IRS, multiple access, MIMO, THz communication, 6G.

I. INTRODUCTION
While the fifth generation (5G) is expected to improve our
lives over the next ten years, sixth generation (6G) will surely
require even higher energy and spectrum efficiency in order
to provide consumers a plethora of new services and experi-
ences wherever they may be. Many technologies, including
resource allocation, advanced coding and signal process-
ing, and most notably massive multiple-input multiple-output
(MIMO), have already been implemented in 5G to salvage
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some stability from the wireless medium. It is certain that
6G will be based on more disruptive technologies that open
the door to yet another revolution. Artificial intelligence (AI),
intelligent reflecting surface (IRS), terahertz (THz) commu-
nications, MIMO, and many more exciting applications may
be integrated with the fluid antenna system (FAS), which has
recently become a viable choice for 6G [1]. Any software-
controllable fluidic, dielectric, or conductive structure that
may alter its form and location to reorganize the channel is
stated to as a fluid antenna (FA). Therefore, all types of flex-
ible antennas, both moveable and immobile, fall within FA.
In recent years, industry and academics have created a variety
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of FA prototypes, mostly because to the advancements in
the use of liquid metals and radio frequency (RF) switchable
pixels for antennas [2], [3]. One RF chain as well as N preset
points, or ports, dispersed across a certain region make up the
most basic FA [4], [5], [6], [7], [8], [9], [10].

MIMO technology, which uses multiple antennas to create
bandwidth from space independent of frequency and time
resources, has revolutionized the world of mobile commu-
nications. For point-to-point communication networks, the
significant diversity and multiplexing advantages given by
spatially independent channels in many antennas have pro-
duced exceptional performance. Because multi-user MIMO
multiplex users are totally in the spatial domain and offer
a network capacity that scales with the number of antennas
between base stations (BS) and/or user equipment (UE),
it may provide an even bigger contribution [11]. With multi-
user MIMO, the BS primarily handles signal processing
and coding, making it simpler for the UEs to maintain
communication. This is because BSs often have far larger
processing capacities, but it also implies that the process-
ing demands of many users might overload BSs very fast.
By using a high number of antennas in the base sta-
tion, massive MIMO significantly reduces the complexity
of processing multi-user signals via the law of large num-
bers [12], [13], [14]. However, massive MIMO faces some
challenges, such as availability of sufficient physical space
to place a large number of antennas in the BS, complex-
ity of connections between antennas, energy consumption
of antennas, cost of antennas, etc. Fluid antenna multiple
access (FAMA) technology has the potential to overcome
the bandwidth limitations faced by MIMO systems thanks
to its ability to dynamically change the physical positions
of antennas. By optimizing the location of antenna elements
according to channel conditions and traffic demand, FAMA
can use the available bandwidth more efficiently. Besides,
traditional mobile networks require each user to have a sep-
arate antenna. However, FAMA technology allows a single
antenna to serve multiple users. This causes mobile devices
to consume less energy and emit less radiation. Additionally,
FAMA allows mobile devices to transfer data faster and more
reliably.

Nowadays, rapid developments in wireless communica-
tions require greater spectrum efficiency and multiplexer
gain to meet the increasing data traffic demand. Traditional
multiple access systems, on the other hand, involve exten-
sive signal processing and coordination to share spectrum
resources, which has drawbacks such as high cost, latency,
and power consumption. As a result, novel and effective
multiple access strategies are an essential area of research.
FAMA employs a FAS, a novel technique that may physi-
cally replace a single antenna in a specific region [15], [16],
[17], [18], [19], [20]. Fluid antennas can dynamically vary
their radiating properties by adjusting their form and size.
Fluid antennas can leverage the deep attenuation moments
of interference to find a channel state that is appropriate for
the desired signal. Thus, FAMA does not need complicated

signal processing and may effectively decrease multiple
access conflicts.

This article provides a survey on FAMA, a new technol-
ogy in which the antenna can change its physical position
in a designated area. FAMA provides multiple access with
a single liquid antenna, using deep attenuation moments
of interference to obtain a suitable channel state for the
desired signal, without requiring complex signal processing.
First, FAS system is explained with mentioning advantages
and challenges. Then, FAMA mechanism is discussed with
its types, enhancing orthogonal and non-orthogonal multi-
ple access, channel modeling and diversity gain. After that,
FAMA integration with other emerging technologies such
as IRS, MIMO, THz communication, etc. are investigated.
AI approaches to enhance FAMA are provided. Finally, the
potential research directions for further study in all areas are
covered.

The rest of the paper is organized as follows: In Section II,
FASs are described. In Section III, FAMA system is pre-
sented. In Section IV, FAMA with other emerging technolo-
gies for 6G are evaluated. In Section V, Artificial Intelligence
for FAMA is discussed. In Section VI, future research direc-
tions are indicated. In Section VII, the results are summarized
and.

II. FLUID ANTENNA SYSTEMS (FAS)
In this section, FAS technology along with its advantages
and challenges are discussed. The FAS is a concept that
employs flexible antenna systems that can reposition the
antenna. As in the classic selection diversity approach, one
can freely move to any of N places on a fixed-length line
field to obtain the strongest signal. This allows for unprece-
dented spatial diversity. Furthermore, the ability to access an
apparently continuous fading envelope in the spatial domain
allows for numerous accesses without requiring sophisti-
cated optimization and processing. The proper execution of
FAS is dependent on activating the most appropriate port to
ensure optimal channel conditions for wireless communica-
tions [19], [20]. A general FAS is shown in Figure 1. The
idea of a potential implementation on a UE where conductive
fluid is put on a structure resembling a tube and the fluid is
allowed to circulate around within is depicted in Figure 1.
The UE receiver can browse through the fading envelopes
in space for capacity and diversity benefits by allowing the
radiating element to alter positions. The FAS system allows
the antenna’s physical location to be freely switched between
one of N positions or ports on a fixed-length line field. This
allows the antenna location to be altered to get the strongest
signal. The FAS system adjusts to the characteristics of the
wireless channel by modifying the position and form of the
antennas. Therefore, when the antenna functions as a trans-
mitter (Tx) or receiver (Rx), it can continually analyze the
channel’s fading envelope and determine the optimal antenna
position and form. As a result, it can take full use of the
channel’s spatial diversity.
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FIGURE 1. A depiction of FAS.

TABLE 1. Comparison of FAMA advantages and challenges.

A. FAS TECHNOLOGY
The FAS system is a revolutionary communication technol-
ogy that employs flexible antenna layouts that can change
the location and form of the antenna. This allows for great
diversity and interference-free communication gains that are
impossible to attain with typical antenna setups. The FAS
system allows the antenna’s physical location to be freely
switched between one of N spots on a fixed-length line field.
This allows the antenna location to be altered to get the
strongest signal, similar to the old selection diversity tech-
nique. Furthermore, varied antenna layouts allow for changes
to the form of the antenna. The FAS system adjusts to the
characteristics of the wireless channel by modifying the posi-
tion and form of the antennas. As a result, when the antenna
functions as a receiver or transmitter, it can continually ana-
lyze the channel’s fading envelope and determine the optimal
antenna position and form. As a result, it can take full use of
the channel’s spatial variety. The FAS system can employ a
variety of techniques to modify the location and form of the
antenna. Flexible antenna topologies, such as reconfigurable

RF pixel-based antennas, liquid-based antennas, and stepper
motor-based antennas, can be utilized to vary the antenna
location. Antenna designs with variable geometry, size, polar-
ization, or direction can be utilized to vary the form of the
antenna. Materials that can vary the location and form of
an antenna and have appropriate electrical and mechanical
qualities can be used to make it acceptable for flow in
the FAS system. These materials can be liquid, solid, gas,
or a combination of these. Materials suitable for the FAS
system include liquid metal, liquid crystal, ferro liquid, poly-
mer, carbon nanotube, graphene, silicon, copper, gold, and
silver.

B. ADVANTAGES
FAS allows for great diversity and interference-free commu-
nication gains that standard antenna systems do not provide.
FAS has a low complexity since it only employs one antenna
and requires a simple algorithm for antenna selection. This
means less processing power and energy usage than MIMO
systems. The benefits of FAS are outlined below:
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FIGURE 2. An illustration of FAMA.

➢ High diversity: By adjusting the position and form of
the antenna, FAS may take full use of the channel’s spa-
tial variety. This can continually evaluate the channel’s
fading envelope and determine the best antenna position
and form. This results in a system that is responsive to
channel circumstances.

➢ Multiple access diversity: FAS allows users to take use
of a shared pool of space variety in multi-user envi-
ronments. This lowers interference between users while
increasing efficiency.

➢ Flexibility and compatibility: FAS may be used as a
performance parameter to compare different antenna
designs. Additionally, FAS delivers analytical and
numerical findings for various channel and antenna
motion models. This exhibits the flexibility of FAS to
various wireless communication circumstances.

➢ Compatibility with the 6G: FAS is a technology that
can give a next-generation breakthrough at a time when
research into 6G mobile communications is ramping up.
FAS can work along with other enabled technologies to
achieve 6G requirements. FAS, for example, has appli-
cations in the internet of things (IoT), AI, big data, smart
cities, cloud computing, and virtual reality.

C. CHALLENGES
The proper execution of FAS is dependent on activating the
most appropriate port to ensure optimal channel conditions
for wireless communications. This illustrates some of FAS’s
issues. The challenges of FAS are outlined below.

➢ Channel estimate and signal reception: FAS can contin-
ually monitor the channel’s fading envelope and pick
the ideal antenna location and shape by changing the
antenna’s position and form. However, because FAS
resolutionmay be quite high, this may place a significant
load on channel estimate and signal reception. As a

result, FAS channel estimate and signal reception algo-
rithms must be designed to be modest in complexity but
high in accuracy.

➢ MIMO optimization: When FAS is integrated with
MIMO systems, co-optimization of the chosen ports and
beamforming is necessary. This is a crucial aspect in
improving the performance of FAS.However, because to
the high resolution of FAS and the large scale of MIMO,
this optimization problemmay be difficult to solve. As a
result, effective and adaptive optimization techniques for
FAS-MIMO systems should be studied.

➢ 6G compliance: FAS is a technology that potentially
give a next-generation breakthrough at a time when
research on 6G mobile communications is ramping up.
FAS can work along with other enabled technologies to
achieve 6G requirements. However, issues about how
to incorporate FAS into these sectors, as well as how
to manage and safeguard it, remain unaddressed. Thus,
more study is required tomake FAS compatible with 6G.

III. FLUID ANTENNA MULTIPLE ACCESS (FAMA)
In this section, firstly, FAMA technology is described with
its categories. Then, how FAS performs better than traditional
antenna systems (TAS) is explained. After that, channel mod-
eling and diversity gain, capacity and energy efficiency, and
multiplexing gain of FAMA are discussed. The FAMA is a
new technology in which a single fluid antenna can change
its physical position within a designated area. FAMA uses the
deep fading of the interference to obtain an appropriate chan-
nel state for the desired signal, without the need for complex
signal processing. Figure 2 shows an illustration of a FAMA.
The FAMA is able to navigate through the fading envelope at
each time instant. This allows the system to avoid deep fades
by activating the antenna at a desired position or port, though
the resolution will depend on the number of ports available

VOLUME 12, 2024 88413



A. F. M. S. Shah et al.: Survey on FAMA for 6G: A New Multiple Access Technology

TABLE 2. Comparisons of slow FAMA and fast FAMA.

at the fluid antenna. A port refers to a physical location at
which the fluid antenna can be switched to instantly. Based
on port selection, FAMA can be categorized into two types
which are slow (s-FAMA) and fast (f-FAMA). In s-FAMA,
the port that has been selected remains unchanged until the
channel conditions change. In f-FAMA, the port is reselected
whenever the instantaneous interference signal changes.

A. FAMA TECHNOLOGY
FAMA allows the antenna to change its physical position in a
given area. FAMA is exploring the potential for a single fluid
antenna to provide multiple reach points for mobile users.
FAMA obtains a suitable channel condition for the desired
signal by using the deep fading moments experienced by
interference. By calculating the signal-to-interference ratio’s
outage probability in double integral form, the FAMA net-
work is examined. Subsequently, the FAMA system’s upper
limit on outage probability and lower bound on average
outage rate are determined. This is how the FAMAmultiplex-
ing gain is described. The size of the fluid antennas being
utilized may be used to determine the number of locations
needed to attain the required multiplexing gain of FAMA.
FAMA is used to ensure efficient operation ofmobile devices.
Traditional mobile networks require each user to have a sep-
arate antenna. However, FAMA technology allows a single
antenna to serve multiple users. This causes mobile devices
to consume less energy and emit less radiation. Additionally,
FAMA allows mobile devices to transfer data faster and more
reliably.

The mathematical model of the FAMA system is based
on a multiple access environment in which the positions of
fluid antennas change randomly and each user has one fluid
antenna. In the system, one user is considered the desired
signal source and the other users are considered interference
sources. The locations of the fluid antennas are selected from
a set of N points that are independent of each other and evenly
distributed. These points define the area in which the fluid
antenna can move. The positions of the fluid antennas are

refreshed at the beginning of each time interval or symbol
interval. This means that fluid antennas can operate on slow
or fast changing channels.

In the equations, Rayleigh fading model is assumed. These
models represent the statistical properties of the wireless
channel and are used to model fluctuations in signal strength.
As with all wireless communication systems, Additive White
Gaussian Noise (AWGN) model is assumed in the equations.
This means that the strength of the signal transmitted over the
channel is affected by white Gaussian noise. In the FAMA
system, the SIR for the desired signal is calculated as:

SIR =
| hd |

2∑K
i=1 | hi |2

. (1)

Here, hd is the channel gain of the desired signal, hi is the
channel gain of the ith interference signal. K is the number
of attempts. SIR is a random variable depending on the
positions of the fluid antennas. To evaluate the performance
of the FAMA system, statistical metrics such as SIR’s outage
probability and average outage capacity are used.

The outage probability of the SIR is the probability that
the SIR will remain below this value for a given threshold
value γ . This probability is calculated as

Pout(γ )=P(SIR < γ )=∫
∞

0

(
1−exp

(
−

γ x

σ 2
d

))K
f|hd |2 (x)dx

(2)

where, σ 2
d is the variance of the desired signal, and f|hd |2 (x) is

the probability density function of the square of the channel
gain of the desired signal. This function is the exponential dis-
tribution, which is a special case of the Rayleigh distribution:

f|hd |2 (x) =
1

σ 2
d

exp

(
−
x

σ 2
d

)
. (3)

SIR’s outage probability formula is in the form of a dou-
ble integral. It is difficult to solve this integral analytically.
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Therefore, to simplify this formula, it is possible to obtain an
upper bound. This upper limit is given by:

Pout(γ ) ≤
1

1 +
σ 2
d
γ

(
1 +

γ

σ 2
d

)−K

(4)

These upper bound expresses the exit probability of the SIR
in closed form. In this way, it is possible to analyze the
performance of the FAMA system more easily.

1) SLOW FAMA
The s-FAMA considers a scenario where each user with a
fluid antenna selects the best port and does not change until
the channel conditions change [21]. In the s-FAMA system,
there is a base station (BS) and K users. Each user has a
fluid antenna. A fluid antenna is an antenna that can change
its physical position in a designated area. Assume that the
fluid antenna has N ports. Each port represents a specific
location of the fluid antenna in space. Each user selects the
port with the highest SINR and uses that port until the channel
conditions change. This approach is called s-FAMA which
capacity can be calculated as

Cslow = B log2

(
1 +

P | h |
2

N0 + I

)
, (5)

whereB is the bandwidth,P is the transmitted power,N0 is the
noise power density and I represents the interference power.

2) FAST FAMA
The f-FAMA is a technique that aims to reduce the switching
time and latency of the FAMA system by rapidly chang-
ing the positions and orientations of fluid antennas. Fast
FAMA ensures that 6G networks comply with FAMA’s goals
of ultra-low latency and ultra-high reliability. Fast FAMA
increases the mobility, flexibility and adaptability of fluid
antennas. Fast FAMA’s methods use various algorithms to
position, direct and optimize the switching process of fluid
antennas. These algorithms adjust the positions and orien-
tations of fluid antennas according to channel status, traffic
density, number of users and quality of service [22], [23].
These algorithms reduce the switching time of fluid antennas
from milliseconds to microseconds. Additionally, by increas-
ing the switching frequency of fluid antennas, it increases the
multiplexer gain and spectral efficiency of the FAMA system.

Future research directions of Fast FAMA could be to
develop more effective, efficient and intelligent algorithms
for positioning, routing and optimizing the switching process
of fluid antennas. It may also be about designing new pro-
tocols, standards, and architectures to enable Fast FAMA to
work with other new technologies. Fast FAMA can contribute
to the widespread use of FAMA technology in 6G networks.
The capacity of f-FAMA can be calculated as

Cfast = B log2

(
1 +

P | h(t) |
2

N0

)
, (6)

where h(t) is the time-varying channel gain.

B. ENHANCING OMA AND NOMA
To support numerous users, most existing wireless networks
employ orthogonal multiple access (OMA). In OMA, the
available degrees of freedom are divided into orthogonal
sections in order to prevent multi-user interference. When
the channel state information at the transmitter (CSIT) is
accessible, this strategy isn’t the best one, however. Rather
to OMA, NOMA that makes use of successive interfer-
ence cancellation (SIC) and superposition coding may be
more effective. In particular, NOMA is a broadcast channel
capacity-achieving technique that has been suggested for use
in 6G wireless networks to enable huge connections [24]. For
instance, NOMA has been suggested for 6G use cases such as
space-aerial-terrestrial networks [25], integrated sensing and
communications [26]. On the other hand, the SIC decoding
order has a significant impact on NOMA’s superiority [27].
Specifically, in the downlink, the stronger user’s signal must
be decoded or subtracted off before decoding the weaker
user’s signal, and vice versa in the uplink. Hence, in the event
that the CSIT is unavailable, NOMA can no longer achieve
capacity.When the CSIT is absent, it may sometimes be more
efficient to give each user the same amount of freedom and
authority.

OMA and NOMA have been separately studied in recent
research to support multiple FAS receivers. In [28], the
tradeoff between channel estimation and outage probability
in large-scale cellular networks was studied by the authors
taking into account time-division multiple access (TDMA)
and using stochastic geometry. In their most recent work,
[29] examined space division multiple access in the uplink
and, subject to the necessity for a per-user rate, minimized
the overall transmit power via the use of receive beam-
forming, base station antenna placements, and user power
distribution. These programs are thought to be OMA. On the
other hand, [30] used NOMA to determine the coopera-
tive FAS receivers’ outage probability. Even in the most
basic scenario, when the transmitter is outfitted with a tra-
ditional antenna (TA) and the receivers are outfitted with
a single FA, the effect of FAS on multiple access is still
unknown.

Enhancing OMA and NOMA is a new method that aims to
improve multiple access performance using a FAS [31]. FAS
consists of FA, which, unlike TAS, can change their position
in a certain area. In this way, FAS can benefit from additional
diversification and multiplexing gains. Enhancing OMA and
NOMAuses multiple access schemes to maximize the overall
data rate. In particular, it makes traditional multiple access
schemes such as TDMA, frequency division multiple access
(FDMA), and NOMA compatible with FAS. These systems
perform active irradiation selection and power distribution
optimization at the base station according to the data rate
requirement of each user. It shows that FAS significantly
improves the overall data rate of OMA and NOMA compared
to TAS. More interestingly, it is found that FAS can surpass
CSIT with optimal TAS without CSIT at the transmitter
side.
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C. CHANNEL MODELING AND DIVERSITY GAIN
Channel modeling and diversity gain uses the field response
model of the multipath channel to analyze the performance
of the FAMA system. This model takes into account the
amplitude, phase and angle of arrival/angle of departure
(AoA/AoD) information of the multipath channel under the
far-field condition [32]. This model is used to derive impor-
tant performance indicators of the FAMA system, such as
outage probability and diversity gain. It also optimizes param-
eters such as the number of positions, size and shape of liquid
antennas to achieve the optimal design of the FAMA system.

Each user in the system sends a signal at the same fre-
quency and with the same strength. These signals pass
through multipath channels with Rayleigh-distributed com-
plex gains. Channel gains vary depending on the positions
of the liquid antennas. The statistical properties of channel
gains can be described by classical models such as the Jakes
model or the Clarke model. These models calculate the corre-
lation of channel gains depending on the distances and angles
between the positions of the fluid antennas. The correlation
increases as the positions of the fluid antennas get closer
together.

The types of diversity provided by FAMA technology are
as follows:

➢ Spatial Diversity: FAMA can dynamically change the
positions of antenna elements. This enables signals from
different locations to be combined, reducing negative
channel effects such as signal attenuation and ghosting.
Spatial diversity improves signal quality, especially by
combining signals propagating over multiple paths.

➢ Frequency Diversity: FAMA provides frequency diversity
by using antennas that can operate in different frequency
bands. This offers protection against frequency selec-
tive fading effects and improves bandwidth efficiency.
Frequency diversity can improve channel capacity by
combining signals of different frequencies.

➢ Time Diversity: FAMA uses time diversity by changing
the positions of the antennas over time. This ensures
reliable communication even in rapidly changing channel
conditions. Time diversity can increase signal strength by
combining signals received at different times.

➢ Code Diversity: FAMA can use code diversity by sup-
porting different coding schemes. This provides an extra
layer of error correction and data integrity. Code diversity
can reduce the error rate by combining signals transmitted
using different coding techniques.

➢ Polarization Diversity: FAMA can increase diversity by
using different polarizations of signals. Polarization diver-
sity can improve signal quality by combining signals with
different polarizations at the same frequency.

These types of diversity directly impact the advantages
FAMA will provide in 6G wireless communication systems,
such as high reliability, low latency, and high data rates.
By leveraging these variations, FAMA technology can signif-
icantly improve the performance of wireless communication

systems and offer a flexible structure to meet future commu-
nication needs.

D. CAPACITY AND ENERGY EFFICIENCY
The capacity of the FAMA system is characterized by the
probability of SIR outage. The energy efficiency of the
FAMA system is measured by the energy consumed per
bit. The energy dissipated per bit includes components such
as transmit power, circuit power, and antenna switching
power. Capacity and energy efficiency are often key perfor-
mance measures of communications systems [33]. Capacity
represents the maximum information transfer capacity of
a communication channel. Energy efficiency indicates the
amount of energy spent for a certain amount of service or
communication.

The average outage capacity of the SIR is the expected
value of the logarithmic function of the SIR. This value is
calculated as follows:

Cout = E
[
log2(1 + SIR)

]
= ∫

∞

0 log2(1 + x)fSIR(x)dx (7)

where, fSIR(x) is the probability density function of SIR. This
function is found like this:

fSIR(x) =
K

σ 2
d

exp

(
−
x

σ 2
d

)(
1 − exp

(
−
x

σ 2
d

))K−1

(8)

SIR’s average outage capacity formula is in the form of a
single integral. It is difficult to solve this integral analytically.
Therefore, to simplify this formula, it is possible to obtain a
lower bound. This lower bound is given by:

Cout ≥ log2

(
1 +

σ 2
d

K

)
−

1
ln 2

K
K + 1

exp

(
−
K + 1

σ 2
d

)
(9)

This lower limit expresses the average outage capacity of the
SIR in closed form. In this way, it is possible to analyze the
performance of the FAMA system more easily.

E. MULTIPLEXING GAIN
Multiplexing gain is a measure of the number of concurrent
users supported on a system. In the FAMA system, each user
has a single fluid antenna and antenna positions are changed
on a symbol-by-symbol basis using deep fading moments of
interference to obtain a favorable channel state for the desired
signal. Multiplexing gain is one of the advantages provided
by FAMA. This is a concept used to enable multiple users
or services to communicate at the same time. Multiplexing
gain represents more effective use of the communication
channel, meaning more data transfer and better spectral
efficiency [34].

Multiplexing gain measures the increase in capacity
achieved by increasing the number of positions of fluid anten-
nas. The multiplexing gain can be written as:

r = lim
σ 2
d→∞

Cout

log2 σ 2
d

(10)
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TABLE 3. Comparisons of some technologies.

According to this definition, the multiplexing gain for the
FAMA system is found as:

r =
1

1 +
1
K

. (11)

This result shows that themultiplexing gain of the FAMA sys-
tem depends on the number of interferences. As the number
of interferences increases, the multiplexing gain decreases.
When the interference count is zero, the multiplexing gain
becomes one. This means that with increasing the number
of positions of fluid antennas, the capacity increases linearly.
When the number of interferences is infinite, themultiplexing
gain becomes zero. This means that increasing the number of
positions of fluid antennas does not increase the capacity.

IV. FAMA WITH OTHER EMERGING TECHNOLOGIES
FOR 6G
We study FAMA in conjunction with other 6G upcoming
technologies including IRS,MIMO, and THz communication
in this section. FAMA can provide very high data speed and
low latency, which is one of the key requirements of 6G.
FAMA can also support other goals of 6G, such as very
high link density, very high energy efficiency, very high
spectral efficiency, very high reliability, very high mobility,

very high coverage. FAMA can interoperate and leverage
other emerging technologies for 6G. In this section, some
ideas will be presented about the integration and synergy of
FAMAwith new technologies such as deep learning, artificial
intelligence, cognitive radio, smart grid, internet of things,
industrial internet, smart city, smart transportation, smart
health. Table 3 presents comparisons of some technologies.
➢ Deep Learning and AI: Deep learning and AI can be used

to perform tasks such as data analysis, signal processing,
resource management, security, optimization, decision-
making, etc. in the complex and dynamic environments
of 6G. When combined with deep learning and artificial
intelligence, FAMA can intelligently learn to optimize the
antenna’s position, shape, radiation pattern, gain, oper-
ating frequency and other characteristics. Deep learning
and artificial intelligence can help FAMA predict channel
status, reduce interference, increase diversity, improve
multiplexer power, increase data rate, reduce latency,
reduce energy consumption, increase reliability, support
mobility, and expand coverage. Deep learning and arti-
ficial intelligence can enable FAMA to work adaptively
and flexibly in different scenarios, e.g.,MIMO,multi-user
detection, multi-antenna selection, multi-antenna diver-
sity, multi-antenna collaboration, multi-antenna relay,
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multi-antenna coding. Deep learning and artificial intel-
ligence can also play an important role in FAMA’s
integration and synergy with new technologies.

➢ Cognitive Radio: Cognitive radio is a smart technol-
ogy for efficient use of spectrum. Cognitive radio can
sense the spectrum environment, detect spectrum gaps,
coordinate spectrum access, optimize spectrum shar-
ing, manage spectrum interaction, and support spectrum
mobility. FAMA can work with and leverage cognitive
radio. FAMA can assist cognitive radio to sense the spec-
trum environment by changing the position and shape
of the antenna. By varying the gain, radiation pattern,
and operating frequency of the antenna, FAMA can
assist cognitive radio to exploit spectrum gaps, coordi-
nate spectrum access, optimize spectrum sharing, manage
spectrum interaction, and support spectrum mobility.
FAMA, together with cognitive radio, can improve spec-
trum efficiency, make spectrum assignments flexible,
reduce spectrum conflicts, ensure spectrum compatibility,
and facilitate spectrum mobility.

➢ Smart Grid: Smart grid is an intelligent system for the
production, transmission, distribution and consumption
of electrical energy. Smart grid uses technologies such
as communication, information, control, measurement
and automation to increase the quality, security, effi-
ciency, reliability and sustainability of electrical energy.
FAMA can interoperate and benefit from the smart
grid. By changing the position, shape, radiation pat-
tern, gain, operating frequency and other characteristics
of the antenna, FAMA can help the smart grid to per-
form tasks such as communication, information, control,
measurement, automation for the smart grid. FAMA,
together with the smart grid, can improve the quality,
safety, efficiency, reliability and sustainability of elec-
trical energy, optimizing the demand, supply, storage,
distribution, consumption, pricing, management and pro-
tection of electrical energy.

➢ Internet of Things: The Internet of Things enables objects
to collect data, share data, analyze data, process data,
make data decisions, and take data action. FAMA can
interoperate and leverage the Internet of Things.

A. FAMA WITH IRS
The IRS is a novel technology that can smartly adjust the
phase and amplitude of the incident signals and reflect them
to the desired directions. IRS can enhance the wireless
communication performance by creating favorable propaga-
tion conditions, improving signal quality, extending coverage
area, reducing interference, and saving energy [35], [36],
[37], [38], [39], [40], [41], [42], [43], [44]. Figure 3 depicts
a concept of employing the IRS to offer a huge surface with
numerous scatterers formultiuser signals originating from the
BS off to neighboring user equipment.

FAMA can benefit from IRS and vice versa. FAMA
can use IRS to create more deep fading moments for the

interference signals, and thus improve the channel condition
for the desired signal [45], [46]. FAMA can also use IRS
to adjust the antenna radiation pattern, gain, frequency, and
other features to optimize the communication performance.
IRS can use FAMA to achieve multiple access with a sin-
gle fluid antenna, and thus reduce the hardware complexity,
cost, and energy consumption. IRS can also use FAMA to
adapt to different scenarios, such as MIMO, NOMA, UAV,
and mmWave, and enhance the compatibility and flexibility.
FAMA with IRS can achieve the following advantages:
➢ FAMA with IRS can improve the data rate and latency

by creating favorable channel conditions for the desired
signal and unfavorable channel conditions for the inter-
ference signals.

➢ FAMA with IRS can improve the connection density and
reliability by extending the coverage area and enhancing
the signal quality.

➢ FAMA with IRS can improve the energy efficiency and
spectral efficiency by reducing the transmission power
and increasing the spatial multiplexing.

➢ FAMA with IRS can improve the mobility and coverage
by adjusting the antenna position, shape, gain, radiation
pattern, frequency, and other features to adapt to the
dynamic environment.

➢ FAMA with IRS can work with other emerging tech-
nologies such as NOMA, MIMO, UAV, and mmWave to
achieve further gains and synergies.
FAMA with IRS also faces some challenges that need to

be addressed:
➢ FAMA with IRS requires accurate CSI of the direct,

reflecting, and interfering links, which is difficult to
obtain and update in real time.

➢ FAMA with IRS requires efficient and robust algo-
rithms for joint optimization of the fluid antenna and
IRS parameters, such as position, shape, gain, radia-
tion pattern, frequency, phase, and amplitude, which is a
high-dimensional and non-convex problem.

➢ FAMA with IRS requires effective and secure protocols
for coordination and communication between the fluid
antenna and IRS, which may incur additional overhead
and vulnerability.

➢ FAMAwith IRS requires careful design and implementa-
tion of the fluid antenna and IRS hardware, such as the
mechanism, material, structure, and circuit, which may
affect the performance and reliability.
FAMA with IRS can be applied to several developments,

such as:
➢ FAMA with IRS can be used for indoor communication,

where the fluid antenna can be mounted on the ceiling
or wall, and the IRS can be deployed on the furniture or
appliances, to provide high-quality and ubiquitous service
for the users.

➢ FAMAwith IRS can be used for outdoor communication,
where the fluid antenna can be mounted on the UAV or
balloon, and the IRS can be deployed on the building
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FIGURE 3. A general system of FAMA with IRS.

or tower, to provide flexible and reliable service for the
users.

➢ FAMA with IRS can be used for vehicular communi-
cation, where the fluid antenna can be mounted on the
vehicle or roadside unit, and the IRS can be deployed on
the traffic sign or lamp post, to provide fast and seamless
service for the users.

➢ FAMA with IRS can be used for mmWave communica-
tion, where the fluid antenna can be mounted on the BS or
MS, and the IRS can be deployed on the reflector or scat-
terer, to provide high-capacity and low-latency service for
the users.

B. FAMA WITH MIMO
Massive MIMO is a key technology for 6G that can achieve
low latency, high data rate, high energy efficiency, and high
spectral efficiency by using a large number of antennas at the
BS to serve multiple users simultaneously. Massive MIMO
can exploit the channel hardening and favorable propagation
effects to simplify the signal processing and improve the per-
formance [14], [47], [48], [49], [50]. MassiveMIMO can also
work with other emerging technologies such as NOMA, IRS,
UAV, and mmWave to achieve further gains. MIMO uses four
uplink and up to eight downlink antennas for 4G LTE, while a
5GBSmay use up to 64 antennas total. However, compared to

the number of UE sharing the same time-frequency resource
block, the number of BS antennas must be significantly
higher—for example, ten times higher. To achieve genuinely
large connection, there is still considerable work to be done.
In 5G, the number of antennas at a BS has risen significantly,
while the number of antennas at a UE is still minimal (≤ 4).
This is because the UE has a limited amount of space. For
years, researchers have been studying metamaterials to make
small-sized antennas possible by overcoming the physical
limitations. But adequate space between the antennas is also
necessary, so it’s not simply about antenna size. It is custom-
ary to only deploy several antennas if they are far enough
apart (≥ half of the wavelength λ ) to prevent mutual coupling
and provide adequate signal diversity at each antenna. Even
if this general guideline makes sense, it would be nice to find
out if the ‘‘half-λ ’’ rulemay be loosened or even brokenwhile
making use of the spatial variety in a UE’s condensed area.
However, FAMA can offer the extra dimensions needed to
free upMIMO at the base stations to support a greater number
of users, potentially also streamlining the MIMO antenna
optimization process. To make things easier to understand,
Figure 4 illustrates how the fluid antenna surface is placed
into a Cartesian coordinate system with a grid distance 1λ

for a given 1. We examine a 2D rectangular surface with
dimensions Wλ × Dλ , where λ represents the wavelength.
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FIGURE 4. The 2D FA surface with dimensions Wλ × Dλ is characterized by a coordinate system.

It is presumed that W ≤ D without sacrificing generality.
There are several antenna ports uniformly spaced throughout
the surface; each port designates a place where the fluid
radiator or antenna can be selected for activation. It is believed
that one port may only be in use at any one time. This is
referred to as the fluid MIMO scenario, where many ports
can be active simultaneously.

FAMA can benefit from massive MIMO and vice versa.
FAMA can use massive MIMO to increase the diversity and
multiplexing gains by switching the antenna position in a
predefined space. FAMA can also use massive MIMO to
reduce the interference and enhance the signal quality by
adjusting the antenna shape, gain, radiation pattern, and fre-
quency. Massive MIMO can use FAMA to achieve multiple
access with a single fluid antenna at each user terminal (UT),
and thus reduce the hardware complexity, cost, and energy
consumption. Massive MIMO can also use FAMA to adapt to
different scenarios, such as NOMA, IRS, UAV, andmmWave,
and enhance the compatibility and flexibility. FAMA with
MIMO can achieve the following advantages:

➢ FAMA with massive MIMO can improve the data rate
and latency by exploiting the large array gain, spatial
multiplexing, and channel hardening effects of massive
MIMO.

➢ FAMA with massive MIMO can improve the energy
efficiency and spectral efficiency by reducing the trans-
mission power, increasing the spatial reuse, and exploiting
the favorable propagation effects of massive MIMO.

➢ FAMA with massive MIMO can improve the connection
density and reliability by serving more users, improving

the signal-to-noise ratio (SNR), and exploiting the chan-
nel diversity effects of massive MIMO.

➢ FAMAwithmassiveMIMO can improve themobility and
coverage by adjusting the antenna position, shape, gain,
radiation pattern, and frequency to adapt to the dynamic
environment and user movement.

➢ FAMA with massive MIMO can work with other
emerging technologies such as NOMA, IRS, UAV, and
mmWave to achieve further gains and synergies.

FAMA with massive MIMO also faces some challenges
that need to be addressed:

➢ FAMA with massive MIMO requires accurate CSI of the
direct and reflecting links, which is difficult to obtain and
update in real time due to the large number of antennas
and the dynamic environment.

➢ FAMA with massive MIMO requires efficient and robust
algorithms for joint optimization of the fluid antenna and
massive MIMO parameters, such as position, shape, gain,
radiation pattern, frequency, power, and precoding, which
is a high-dimensional and non-convex problem.

➢ FAMAwith massive MIMO requires effective and secure
protocols for coordination and communication between
the fluid antenna and massive MIMO, which may incur
additional overhead and vulnerability.

➢ FAMA with massive MIMO requires careful design and
implementation of the fluid antenna and massive MIMO
hardware, such as the mechanism, material, structure, and
circuit, which may affect the performance and reliability.

FAMA with massive MIMO can be applied to various
aspects, such as:
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➢ FAMA with massive MIMO can be used for indoor com-
munication, where the fluid antenna can be mounted on
the mobile device or wearable device, and the massive
MIMO can be deployed on the access point or router,
to provide high-quality and ubiquitous service for the
users.

➢ FAMA with massive MIMO can be used for outdoor
communication, where the fluid antenna can be mounted
on the vehicle or drone, and the massive MIMO can be
deployed on the BS or satellite, to provide flexible and
reliable service for the users.

➢ FAMA with massive MIMO can be used for mmWave
communication, where the fluid antenna can be mounted
on the BS or UT, and the massive MIMO can be deployed
on the reflector or scatterer, to provide high-capacity and
low-latency service for the users.

C. FAMA WITH THz COMMUNICATION
THz communication is a promising technology for 6G
that can achieve ultra-high data rate, ultra-low latency,
ultra-high bandwidth, and ultra-high resolution by using
the electromagnetic spectrum in the range of 0.1-10 THz.
THz communication can enable new applications such as
wireless brain-computer interface, holographic communica-
tion, terabit wireless local area network, and high-precision
sensing [51], [52], [53], [54], [55].

FAMA can benefit from THz communication and vice
versa. FAMA can use THz communication to exploit the
large bandwidth and high resolution of the THz spectrum by
switching the antenna position in a predefined space. FAMA
can also use THz communication to overcome the high path
loss and molecular absorption of the THz signals by adjusting
the antenna shape, gain, radiation pattern, and frequency. THz
communication can use FAMA to achieve multiple access
with a single fluid antenna at each user terminal (UT), and
thus reduce the hardware complexity, cost, and energy con-
sumption. THz communication can also use FAMA to adapt
to different scenarios, such asMIMO, NOMA, IRS, and UAV,
and enhance the compatibility and flexibility. FAMA with
THz communication can achieve the following advantages:

➢ FAMA with THz communication can improve the data
rate and latency by exploiting the ultra-high bandwidth
and ultra-low latency of the THz spectrum.

➢ FAMA with THz communication can improve the energy
efficiency and spectral efficiency by reducing the trans-
mission power and increasing the spatial reuse of the THz
spectrum.

➢ FAMA with THz communication can improve the con-
nection density and reliability by serving more users,
improving the SNR, and exploiting the channel diversity
of the THz spectrum.

➢ FAMA with THz communication can improve the mobil-
ity and coverage by adjusting the antenna position, shape,
gain, radiation pattern, and frequency to adapt to the
dynamic environment and user movement.

TABLE 4. AI techniques that are used in FAMA.

➢ FAMA with THz communication can work with other
emerging technologies such as MIMO, NOMA, IRS, and
UAV to achieve further gains and synergies.

FAMA with THz communication also faces some chal-
lenges that need to be addressed:

➢ FAMAwith THz communication requires accurate CSI of
the direct and reflecting links, which is difficult to obtain
and update in real time due to the high frequency and high
resolution of the THz signals.

➢ FAMA with THz communication requires efficient and
robust algorithms for joint optimization of the fluid
antenna and THz communication parameters, such as
position, shape, gain, radiation pattern, frequency, power,
and modulation, which is a high-dimensional and non-
convex problem.

➢ FAMA with THz communication requires effective and
secure protocols for coordination and communication
between the fluid antenna and THz communication,
which may incur additional overhead and vulnerability.

➢ FAMA with THz communication requires careful design
and implementation of the fluid antenna and THz com-
munication hardware, such as the mechanism, material,
structure, and circuit, which may affect the performance
and reliability.

FAMAwith THz communication can be applied to various
scenarios, such as:

➢ FAMA with THz communication can be used for wire-
less brain-computer interface, where the fluid antenna
can be mounted on the brain implant or wearable device,
and the THz communication can be deployed on the
external device or server, to provide high-speed and
high-precision service for the users.

➢ FAMA with THz communication can be used for holo-
graphic communication, where the fluid antenna can
be mounted on the hologram projector or display, and
the THz communication can be deployed on the holo-
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TABLE 5. Future research direction of FAMA.

gram source or receiver, to provide high-resolution and
high-fidelity service for the users.

➢ FAMAwith THz communication can be used for terabit
wireless local area network, where the fluid antenna
can be mounted on the access point or router, and the
THz communication can be deployed on the user device
or terminal, to provide high-capacity and low-latency
service for the users.

➢ FAMA with THz communication can be used for
high-precision sensing, where the fluid antenna can be
mounted on the sensor or detector, and the THz com-
munication can be deployed on the target or monitor,
to provide high-sensitivity and high-accuracy service for
the users.

V. ARTIFICIAL INTELLIGENCE FOR FAMA
This section presents several AI-based techniques that are
proposed to improve FAMA. Studies on this subject are quite
limited in the literature. The integration of FAMA and Deep
Learning in recent literature presents innovative approaches
in the field of wireless communication. The research in this
niche area is limited to past couple years however it is
projected to grow significantly in the upcoming years. The
related research seems to focus mostly on channel estimation
and port selection problems for FASs. Table 4 shows some AI
techniques that are used in FAMA.

Waqar et al. [56] propose a low-complexity port selection
scheme for FAMA using deep learning. The authors present
several key findings related to the performance of a s-FAMA
system enhanced by deep learning. This scheme signifi-
cantly reduces outage probability and improves multiplexing
gain with a limited number of ports observations. Long-
Short-Term-Memory (LSTM) networks, an advanced form

of recurrent neural networks, are employed. In this study,
LSTM is used to estimate the received Signal-to-Interference-
plus-Noise Ratio (SINR) at unobserved ports by considering
SINR information over the ports as a time (space) series.
The simulation results demonstrate that the proposed deep
learning-based method can accurately estimate SINR with
only 25% of the ports observed. This significantly reduces the
need for exhaustive channel measurements while maintaining
high performance in SINR prediction. The proposed method
is compared with two benchmarks - an ‘Ideal’ system that
assumes availability of the SINR at all the ports and a ‘Refer-
ence’ system that selects the best port only among observed
ports.

In another study Ye et al. [57] propose an innovative
approach using deep learning for efficient port selection in
FASs, addressing the challenges posed by the large number
of ports and the need for efficient CSI estimation and predic-
tion. The deep learning approach in the paper addresses the
practical challenge of selecting the port with the largest SNR
in a FAS that has many ports. In the study, LSTM models are
leveraged to exploit the temporal correlation of channels at
any given port over different time slots by treating them as
a time series. To estimate the channel gains of the ports in
space, the spatial correlation between different ports is also
treated as a time series, and LSTM is used to model this
relationship.

Chai et al. [58] also investigate the performance of deep
learning aided FAS. The authors address the challenge of port
selection in FASs, especially when dealing with many ports
and limited observations. Port selection algorithms enhanced
with deep learning methods are employed to select the best
port out of a large number, based on the strong channel
correlation due to the high density of the ports. The paper
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further combines a deep learning-based LSTM model with
an additional method called Smart, ‘Predict and Optimize’
(SPO) Method. This combined approach is referred to as
SPO+LSTM.

VI. FUTURE RESEARCH DIRECTIONS
FAMA is still a new technology and requires further research.
Improving the performance of FAMA, obtaining analytical
and numerical results for different channel models, fading
distributions and antenna lengths, investigating the appli-
cability and compatibility of FAMA in different scenarios,
learning more about the integration and synergy of FAMA
with new technologies, are future research directions. FAMA
could create a new paradigm in mobile communications and
unlock the potential of liquid antenna technology. Table 5
shows future research direction of FAMA. FAMA’s future
research directions include:

➢ To improve the performance of FAMA, the speed, preci-
sion and reliability of the mechanism used to change the
position of the antenna can be improved.

➢ Analytical and numerical results of FAMA can be
obtained for different channel models, fading distribu-
tions and antenna lengths.

➢ The applicability and compatibility of FAMA in different
scenarios, such as MIMO, multi-user detection, multi-
antenna selection, multi-antenna diversity, multi-antenna
cooperation, multi-antenna relay, multi-antenna coding,
can be investigated.

➢ The integration and synergy of FAMA with new tech-
nologies such as deep learning, artificial intelligence,
cognitive radio, smart grid, internet of things, industrial
internet, smart city, smart transportation, smart health can
be examined.

The research on FAMA is practically feasible with exper-
imentation research studies that conducted experiments with
simulation were mentioned. In order to prove the practical
applicability of this technology, in our future studies, we will
apply FAMA technology on a small-scale prototype antenna
system and conduct experiments in a laboratory environment.

VII. CONCLUSION
This paper presents a thorough overview of FAMA for 6G
which is a new multiple access technology that provides
great diversity in a small space. The FAS system is covered
first. After that, the FAMAmechanism is introduced together
with its diversity gain and channel modelling. Subsequently,
FAMA is examined in conjunction with other cutting-edge
technologies like IRS, THz communication, MIMO, etc.
AI methods to improve FAMA are presented.We conclude by
discussing possible avenues for further research in all of these
areas. FAMA uses fading envelope scanning to choose the
best option among many ports that are tightly spaced within
a limited linear region, effectively handling inter-user inter-
ference. The concept of FAMA stems from the understanding
that all signals, including interference, experience deep fades.

By strategically using these deep fade times in space, multiple
access may be achieved for interference. The idea is also
inspired by the FA technology that is being developed for
position-flexible, software-controlled antennas. It has been
found that, theoretically, a FA may achieve any arbitrarily
minimal SIR outage probability if the number of ports is high
enough, proving its viability for interference reduction. The
use of FAMA, together with other promising approaches like
as AI, IRS, MIMO, THz communication, etc., will stimulate
more study in this flourishing field.
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