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Abstract—Fluid antennas is able to exploit the natural charac-
teristic of multipath propagation and randomness of the wireless
channel by adjusting the port position spatially for improving the
signal strength. In a fast fluid antenna multiple access (f-FAMA)
system, multiple user devices (UDs) are all equipped with the
fluid antenna for mitigating the impact of interference, in order
to reduce the outage probability and increase the multiplexing
gain. Previous works have established a wireless channel model
for such a f-FAMA system by considering the relevance among
different ports. In this paper, an improved version of the wireless
channel model is proposed by also taking into account the path
loss difference among different ports. The impact of different
fluid antenna architectures on the performance of the f-FAMA
system is also investigated. Simulation results demonstrate the
necessity of considering path loss variations, particularly in
scenarios where the fluid antenna has a larger size. Additionally,
among three different antenna architectures discussed in this
paper, the linear and the circular topology outperform the wheel
topology in the case of a shorter reference distance.

Index Terms—Fluid antenna, Multiple Access, Performance
Analysis, Path Loss, Antenna Architecture

I. INTRODUCTION

THe increasing requirement of massive connectivity is
posing a challenge on the multiple-access in mobile

communications, where a projected 30 billion more edge
devices is expected to swarm into the network by 2030 [1]. It is
essential for us to resort to some new technologies, which can
accommodate a large number of users in the resource-limited
network. Multiple-input multiple-output (MIMO) technology
[2] has been studied for years, which is capable of leveraging
the spatial diversity to enhance the communication efficiency,
while an even greater connectivity can be then achieved with
the aid of massive MIMO [3]. To further increase the capacity
beyond this, non-orthogonal multiple-access (NOMA) technol-
ogy [4] has also been tipped to play a significant role in future
wireless communications, thanks to it’s capability for enabling
user devices (UDs) to cope with the problem of interference.

Despite the merits of NOMA and MIMO, the lack of
scalability restrict them to be adopted in a more wide scenario.
NOMA requires accurate multiuser detection at the user de-
vices, which could put a strain on the limited computational
resources available - current analysis often limits NOMA to
two co-channel users only. Furthermore, MIMO requires the
knowledge of the channel state information (CSI) at the base
station, which increases the complexity of the system, not to
mention the high energy and hardware cost of using multiple
active antennas. Ideally, the multiple access technology should
not have its complexity rise with the increase of UDs and
does not require such high processing power that UDs will be
overloaded.

An emerging technology that may be the key to rectifying
these shortcomings are fluid antennas, which has potential to
be one of the key technologies for 6G. Fluid antennas represent
any radiating structure that can change its position on demand
to any one of a predetermined locations, namely ports. In
practise, it can be a reconfigurable pixel-based antenna [5]–[7]
or a conductive/dielectric liquid-based antenna [8]–[10].

The first analysis of fluid antennas in a communication
system was proposed by Wong et al in [11]. With the aid of
a software-controlled antenna that can instantaneously switch
locations in space, it is possible to access the fading envelopes
at different locations and select the best port with the largest
signal to interference and noise ratio (SINR). Since the flu-
id antenna is taking advantage of natural multipath fading
and mitigating the impact of interference, no complex pre-
processing or pre-coding of the signals is required. Since the
port selection is based on the signal power at each port, the
acquisition of CSI at the BS is not required anymore. The
usage of fluid antennas in mobile communications has been
explored in both single user [11]–[17] and multi-user [18]–
[21] scenarios.

Of particular relevance to this paper is the ability for a fluid
antenna system (FAS) to deal with co-channel interference in



a multi-user scenario. There are two fluid antenna multiple
access (FAMA) schemes, namely slow FAMA (s-FAMA)
and fast FAMA (f-FAMA). s-FAMA assumes the channel is
constant within a certain time frame by only switching the
active port whenever the channel envelope changes, which
has been confirmed to have the ability to support multiple
users (< 6) in the same channel [19]. Although s-FAMA is a
simple paradigm to be realized in practical scenarios, it is far
from achieving the desired massive connectivity. Therefore,
fast FAMA (f-FAMA), which switches the location of the
active antenna on a symbol-by-symbol basis, has been shown
to be capable of enabling massive connectivity with tens or
hundreds of UDs by having a single fluid antenna present at
each UD [18]. However, the challenges with switching ports
in coordination with every symbol instance are twofold. The
mechanical ability of the fluid antenna to switch locations
every symbol (which would be several thousand times per
second) is not yet feasible with current technology, and the
high computational load for calculating the optimal port in
every symbol duration would not be possible for many UDs
having limited computational resources.

To address this issue, [20] provides an algorithm for port
selection of f-FAMA, where each UD has no prior information
about channel statistics or interferers and only has access to
the knowledge of the fading envelopes of its own channel.
In order to achieve port selection under such conditions, the
paper attempts to estimate the sum of the interference and
noise power present at each port of the UD by recognizing
that the sum of the interference and noise power should
be uncorrelated with the UD’s own channel. Therefore, by
using a series of cross-correlation and similarity metrics, the
estimation with the lowest correlation to the channel power is
achieved.

Path loss is an important coefficient in wireless channel-
s, which degrades the receive signal power seriously. [22]
provides several path loss models based around real world
28GHz and 73GHz measurements. Both a LoS and nLoS
path loss model is derived, with the LoS using a free-space
probabilistic approach and the nLoS model using a floating
intercept model. [23] takes a closer look at analysis of path
loss in urban scattering environments for lower frequencies
(5.85GHz), considering the penetration of houses and trees.

However, existing works studying FAMA do not considered
the path loss difference among the ports of the fluid antennas.
Therefore, this paper expands on the work in [20] by detailing
the path loss of each port of FAS to provide a more accurate
channel model. Since the Rician channel model is considered
in this paper, both the LoS and nLoS elements exist and a
simple free-space reference distance path loss model outlined
in [22] is conceived. Then, a method for modelling the distance
from the transmit antenna of the BS to every single port of
the FAS is proposed. The affect of path loss consideration is
evaluated via the outage probability and multiplexing gain of
the system.

Moreover, the architecture of the fluid antennas also im-
pacts the performance of the FAMA system. In this paper,

the linear, circular and wheel architectures of fluid antenna
presented in [13] are investigated. Different architectures result
in different inter-ports distance as well as different transmitter-
ports distance, which further affects the corresponding path
loss and in turn has an impact on the overall performance of
the f-FAMA system. Aside from path loss consideration, the
2D layout of the ports also has an effect on the correlation
between each port as well as the way interference signals
interact, changing the overall channel envelope. The outage
probability is selected as the metric for evaluating the FAMA
performance by adopting different fluid antenna architectures.

Although earlier work attempted to give a closed form
solution to performance indicators like outage probability [11],
[18], it has been shown that due to the correlation between
different ports on the FAS that the outage probability in
multi-user scenarios and even complex single-user scenarios
is in such a form to prevent the obtaining of a simple
expression. Papers like [21] attempted to get around this issue
by using approximations like the Gaussian approximation via
the central limit theorem, however there were inaccuracies
involved with the estimation. In order to limit the inaccuracies
from mathematical estimates, this paper will directly use
Monte Carlo simulations instead of giving a closed form
mathematical expression when providing results.

To summarise, the contributions in this paper are summa-
rized as follows:
• We derive a more accurate channel model by considering

the path loss difference among different ports on the FAS.
The performance of this new model is then compared to
the previous model to identify the significance of path
loss.

• The outage probability and the multiplexing gain of the
f-FAMA system are analysed by considering different
architectures of fluid antenna. Simulation results also
compares the performance of different fluid antenna ar-
chitectures.

Section II provides the system model with path loss and
different fluid antenna architecture consideration as well as
providing the performance indicator, in this case the outage
probability expression. Section III looks in depth at obtaining
the channel model for each fluid antenna architecture and
Section IV show the performance analysis results. Finally this
paper is concluded in Section V.

II. F-FAMA SYSTEM WITH PATH LOSS CONSIDERATION

A. System Model With Path Loss Consideration
As illustrated in Fig. 1, a f-FAMA system is studied, which

consists of a single base station and a total of U UDs each
equipped with a single N -port fluid antenna of size Wλ, where
λ is the wavelength. The BS has a total of U antennas, with
each antenna being in charge of transmitting one UD’s signal
to the intended UD. It is assumed that there is one direct
line-of-sight (LoS) and a total of Np non line-of-sight (nLoS)
paths caused by scatterers present in the wireless environment.
Therefore, according to [20], the received signal at the k-th
port of the u-th UD can be expressed as



Fig. 1: System model of the f-FAMA system.
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where g
(ũ,u)
k is the channel gain between the ũ-th transmit

antenna at the base station and the k-th port of the u-th UD,
su is the information symbol transmitted to the u-th UD having
a power of E[|su|2] = σ2

s and η(u)k is the zero-mean additive
white gaussian noise (AWGN) having a variance of σ2

η at the
k-th port of the u-th UD . According to [20], the channel
gain g(ũ,u)k which consists of a LoS component and Np nLoS
components can be expressed as
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(ũ,u)
l cosφ
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where K is the Rice factor. pk = D−βk is the path loss for
the k-th channel, where Dk represents the distance from the
transmitter to the k-th port of UD and β is the path loss
exponent. dk is the displacement of the k-th port, α(ũ,u) is
the random phase of the specular component and a

(ũ,u)
l is

the random complex coefficient of the l-th multipath, where
E[
∑
l |a

(ũ,u)
l |2] = pk

K+1 . The azimuth angle of arrival (AoA)
and elevation AoA are denoted as θ and φ, respectively.
Note that the angle of departure (AoD) of the base station is
not considered due to base station antennas being far apart
from each other and experience different scatterers in the
environment.

B. Performance Indicators
Similar to [20], this paper analyses the outage probability of

the f-FAMA system. In order to obtain the SINR, the optimal
port must be selected firstly by identifying the port at which
the SINR is the highest, which is expressed as

k∗ = argmax
k

|g(u,u)k su|2

|
∑U
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u=1

g
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k sũ + η

(u)
k |2
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|g(u,u)k |2

|g̃(u)k |2
,

(3)

where su and sũ disappear because the signal power is
constant across all ports. Although the process of port selection
may look similar to traditional antenna selection systems,
there are some key differences. Most notably, multiple fixed
antennas require a spacing of at least λ

2 to maintain diversity
whereas ports on a fluid antenna should be as close as possible
to increase the spatial resolution. Furthermore, a selection
combining system with L antennas will still require L radio
frequency (RF) chains, while a fluid antenna with N ports
only requires a single RF chain.

The performance of each UD can be then characterised
using outage probability, which is the probability that the
highest SINR among all the ports is lower than a threshold
γ.

p
(u)
out = Prob

(
max
k

|g(u,u)k |2

|g̃(u)k |2
< γ

)
. (4)

Without loss of generality, we assume that all the user de-
vices have identical channel statistics. Then, the multiplexing
gain of the f-FAMA system is formulated as

m = U(1− p(u)out). (5)



III. DIFFERENT FLUID ANTENNA ARCHITECTURES

In the previous section, a new channel model with path
loss consideration is proposed. However, the different archi-
tectures considered will inevitably lead to the difference in
the distances from the transmitter to each port and thereby
resulting in variations in the path loss. Additionally, different
architectures also result in different expressions dk of the
displacement of the k-th port. Therefore, it’s of great impor-
tance to derive the expression of g(ũ,u)k for different antenna
architectures. Without loss of generality, the linear, circular
and wheel architectures [13] are considered.

The following subsections give the derivations of the chan-
nel based on different antenna topologies. First, the distance
between the reference and kth port is obtained (dk), then the
path loss is calculated by first deriving an expression for the
distance between the kth port and the transmit antenna (Dk).

A. Linear Architecture

In the linear architecture of FAS, the displacement (i.e. the
Euclidean distance) at the k-th port from the first one is given
by

dk =
k − 1

N − 1
Wλ. (6)
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Fig. 2: FAS with the linear architecture.

Assume that the port 1 is the reference port and the
coordinate of port 1 is (0, 0, 0). From Fig. 2, we can obtain
the position of the transmitter as

xtr = D0 sinφ
(ũ,u)
0 cos θ

(ũ,u)
0

ytr = D0 sinφ
(ũ,u)
0 sin θ

(ũ,u)
0

ztr = D0 cosφ
(ũ,u)
0

(7)

where D0 represents the distance between the transmitter
and the reference port. Therefore, the distance between the
transmitter and other ports can be obtained as

Dk =
√
x2tr + y2tr + (ztr − dk)2

=

√
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Therefore, eq.(2) can be rewritten as
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where pk = D−βk . The calculation formula for Dk is given by
eq.(8).

B. Circular Architecture

In the circular architecture of FAS, the displacement (i.e. the
Euclidean distance) at the k-th port from the port 1 is given
by

dk = sin (
k − 1

N
π)Wλ (10)
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Fig. 3: FAS with the circular architecture.

The port 1 of the circular FAS is defined as the reference
port, whose coordinates is (x1, y1, z1) = (0, 0, 0), which is
illustrate in Fig. 3. We first obtain the x-coordinate of the
remaining ports as

x
(ũ,u)
k =


dk
√

(Wλ)2−d2k
Wλ , k ≤ bN/2c+ 1

−dk
√

(Wλ)2−d2k
Wλ , else

(11)

where bc represents rounding down operation. Similarly, the
y-coordinate and the z-coordinate of the remaining ports are
obtained as y(ũ,u)k =

d2k
Wλ and z(ũ,u)k = 0, respectively. Further,



the distance between the transmitter and other ports is obtained
as

Dk =

√
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Then, the new channel model can be expressed by
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where pk = D−βk . The calculation formula for Dk is given by
eq.(13).

C. Wheel Architecture
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Fig. 4: FAS with the wheel architecture.

In the wheel architecture of the FAS, we have

dk = 1k>1
Wλ

2
. (16)

By assuming all ports are evenly distributed, the angle
between each port is given as

δ =
2π

N − 1
(17)

where N represents the number of ports and port numbers
increase sequentially. We establish a coordinate system (Figure
4) with port 1 as the origin of coordinates, while the direction
pointing to port 2 is defined as the x-axis. Then, the x-
coordinate and the y-coordinate of the remaining ports are
obtained as 

xk = dk cos ((k − 2)δ)

yk = −dk sin ((k − 2)δ)

zk = 0

(18)

Therefore, the distance between the base station and the
ports can be expressed as
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The new channel model is then expressed as
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(ũ,u)
l cosφ
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where pk = D−βk . The calculation formula for Dk is given by
eq.(19).

IV. SIMULATION RESULTS

In this section, we evaluate the performance of the f-FAMA
system with the aid of Monte Carlo based simulation, by
adopting the proposed channel model with path loss considera-
tion and the model in [20], respectively. Then, the performance
differences of fluid antennas with different topologies are
also evaluated. The channel models of three topologies have
been described in Eq.(8), Eq.(14) and Eq.(20). We define the
signal-to-noise-ratio (SNR) as Γ = σ2

s/σ
2
η , which is set to

10 dB. Without specific statement, we set (K,Np) = (7, 2),
E[|su|2] = 1 and the SINR threshold of outage is set to γ = 10
dB.

Fig. 5 illustrates the the outage probability versus the
reference distance D0 by considering two channel models
(with or without path loss consideration) with different Angle
of Arrival (AoA). Generally, when we increase the reference
distance, the outage probability also increases, since the path
loss becomes more serious at a longer transmission distance.
We consider two extreme cases: φ(ũ,u)0 = 0 and φ

(ũ,u)
0 = π.

When φ
(ũ,u)
0 = 0, Dk = D0 − dk, and when φ

(ũ,u)
0 = π,



Dk = D0 + dk. Observe from Fig. 5 that the performance of
φ
(ũ,u)
0 = 0 is superior to that of φ(ũ,u)0 = π. This is attributed

to the reduction in distance from the transmitter to the k-th
port of the UD, which results in a non-negligible decreasing in
path loss. This confirms the importance of taking into account
the difference of path loss and the Angle of Arrival (AoA)
from the transmitter to the different ports.
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Fig. 5: Outage probability versus the reference distance D0

by considering two channel models (with or without pass loss
consideration), when N = 600, U = 6, and W = 30.
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Fig. 6: Multiplexing gain versus the reference distance D0 by
considering two channel models (with or without pass loss
consideration), when N = 600, and W = 25.

Fig. 6 depicts the multiplexing gain versus the reference
distance by setting different UD numbers. Observe from Fig.
6 that the multiplexing gain reduces when we increase D0,
since the more serious path loss results in a higher outage

probability. Concurrently, when the number of users U = 15,
the performance of the f-FAMA system deteriorates notably
faster as the distance increases, compared to the scenario with
U = 10. This is because a larger UD number results in a
more serious interference. Moreover, the new channel model
considering the path loss difference shows a slightly lower
performance compared to the old channel model.
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Fig. 7: Outage probability versus the number of ports by
considering different fluid antennas architectures, when D0 =
10m and U = 6.

Fig. 7 illustrates the outage probability versus the number
of ports N . As expected, the outage probability decreases as
N increases for both linear and circular topologies, which
indicates that both the performance are improved as N in-
creases. Among these three topologies, the wheel topology
performs the poorest performance. For the wheel topology,
with the increase of N , there is an initial descent observed
in the outage probability. Nonetheless, subsequent to this
phase, the influence of N on the outage probability becomes
negligible. This is because the dk of the wheel topology is
always constant when we increase N . Consequently, all ports
within the wheel topology continue to encounter identical
channel characteristics, thereby resulting in a near-consistent
performance level. Moreover, as expected, one can see that the
performance of all three topologies is improved as we increase
the size W of the fluid antenna. In particular, if W = 15, a
nearly negligible outage probability can be achieved with 3000
ports.

Fig. 8 and Fig. 9 depicts the outage probability and the
multiplexing gain versus the number of users under different
SNR Γ. As expected, the outage probability increases with
the number of users. Moreover, a notable enhancement in
antenna performance can be observed for all three topologies,
when the SNR increases from 5 dB to 10 dB. Among the
three topologies, the wheel topology antenna exhibits the most
pronounced improvement. However, its performance is still
worse than the other two topologies.
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Fig. 8: Outage probability versus the number of users by
considering different fluid antennas architectures and SNR Γ,
where W = 15, N = 600 and D0 = 10m.
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Fig. 9: Multiplexing gain versus the number of users by
considering different fluid antennas architectures and SNR Γ,
where W = 15, N = 600 and D0 = 10m.

Fig. 10 and Fig. 11 illustrate the outage probability and the
multiplexing gain versus the number of users, by considering
different fluid antennas architectures, respectively. Observe
from Fig. 11 that the multiplexing gain is significantly higher
when the transmitter is closer to the antenna (i.e., D0 = 5m)
compared to the case when the transmitter is farther away
from the antenna (i.e., D0 = 10m) for both linear and
circular topologies. However, the difference of multiplexing
gain for the wheel topology antenna at the two distances is
much smaller. Similarly, the outage probability is significantly
smaller when the transmitter is closer to the antenna (i.e.,
D0 = 5m) compared to when the transmitter is farther away
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Fig. 10: Outage probability versus the number of users by
considering different fluid antennas architectures and setting
different reference distance D0, where N = 600 and W = 15.
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Fig. 11: Multiplexing gain versus the number of users by
considering different fluid antennas architectures and setting
different reference distance D0, where N = 600 and W = 15.

from the antenna (i.e., D0 = 10m) for both linear and circular
topologies. In contrast, the difference in the performance of the
wheel topology antenna at the two distances is much smaller.
Among these three topologies, the wheel topology perform
the poorest performance, while the linear and circular shapes
perform similarly. This is because the dk of the wheel topology
is constant, resulting in all ports experiencing the same channel
characteristic, eliminating any channel selection advantage.
This confirms the importance of choosing different antenna
topologies for different situations.



V. CONCLUSION

A new f-FAMA channel model is proposed in this paper,
which considers the path loss difference among different
ports on the FAS. By adopting the new channel model, the
performance of different fluid antenna architectures was then
analysed. Simulation results show that path loss does have a
significant impact on the outage probability and multiplexing
gain, with the outage probability of the path loss model being
higher when subsequent ports are getting further away from
the transmit antenna. Furthermore, it can be observed that for
the case of U < 5, the performance of the linear and circular
architecture is similar. When U ≥ 5, the linear architecture
outperforms the circular architecture. It can also be observed
that by using the current performance metrics, the wheel
architecture is not very suitable to be adopted when the power
signal is small, while the linear architecture has the best overall
performance.
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