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Abstract—This letter investigates the application of the
emerging fluid antenna (FA) technology in multiuser commu-
nication systems when side information (SI) is known at the
transmitters. We consider a K -user dirty multiple access chan-
nel (DMAC) with non-causally known SI at the transmitters,
where K users send independent messages to a common receiver
with a FA capable of changing its location depending on the
channel condition. By connecting Jakes’ model to copula theory
through Spearman’s p rank correlation coefficient, we accurately
describe the spatial correlation between the FA channels, and
derive a closed-form expression for the outage probability (OP)
under Fisher-Snedecor F fading. Results confirm that a FA-aided
receiver can achieve better performance in multiuser communi-
cation: (i) increasing the number of FA ports as well as FA
size can significantly lower the OP; (ii) FA can support a large
number of users using only one FA at the common receiver in a
few wavelengths of space.

Index Terms— Fluid antenna, multiple access channel, Fisher-
snedecor F fading, copula theory, outage probability.

I. INTRODUCTION
ULTIPLE-INPUT multiple-output (MIMO) systems,
including multiuser MIMO and massive MIMO, have
become one of the greatest advances in mobile communi-
cations over recent years. In this regard, deploying multiple
antennas far apart at fixed locations at the transmitter and/or
receiver sides enables MIMO to multiplex users entirely in the
spatial domain and enhances the network capacity, e.g., [1].
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In the fifth-generation (5G) of wireless communications, mas-
sive MIMO can efficiently simplify the signal processing of
multiuser signals by adopting a massive number of antennas
(e.g., over 64) at the base stations (BSs) [2]. The sixth-
generation (6G) will also see extra-large MIMO succeed by
even utilizing continuous-aperture MIMO (CP-MIMO) [3].
However, despite the outstanding advantages of different types
of MIMO systems, there are practical issues such as the
complexity of precoding optimization and channel state infor-
mation (CSI) acquisition. In addition, ensuring the minimum
distance between antenna spacing to be half of the wavelength
can limit the integration of MIMO systems inside mobile
devices due to physical space limitations [4].

In order to address the aforesaid challenges in future
mobile communication technology, fluid antenna (FA) sys-
tems have recently been introduced in [5] and [6] to obtain
additional diversity and multiplexing benefits by exploiting
novel dynamic radiating structures. In contrast to conven-
tional antenna systems, a FA is a software-tuneable fluidic
(or radio frequency (RF) pixel-based), conductive, or dielec-
tric structure [7] that has the ability to switch its location
(i.e., ports) in a given small space. Therefore, these unique
features can provide a stronger channel gain, lower inter-
ference, and other desirable performance for future wireless
communications. In this regard, great efforts have recently
been carried out to evaluate the FA system. Initial perfor-
mance analysis for a single-user FA system was studied
in [5] and [8] over correlated Rayleigh fading channels.
Additionally, an analytical expression of the outage probabil-
ity (OP) for a point-to-point (P2P) single FA system under
correlated Nakagami-m fading channels was obtained in [9].
Moreover, the closed-form expression of the spatial correlation
parameters for a P2P FA system was obtained in [10] and a
general eigenvalue-based model to accurately approximate the
spatial correlation between FA ports given by Jakes’ model
was proposed in [11]. Only recently, a general copula-based
formulation was proposed in [12] for the joint multivariate
distribution of arbitrary correlated fading channels in the FA
system which can describe the spatial correlation between
FA ports beyond linear dependence structures. Besides, apart
from the above-mentioned single P2P FA systems, the
authors in [13] evaluated the performance of FA multiple
access (FAMA) in terms of the OP and average capacity.

Motivated by the great potential of FA and the importance of
analyzing the FA system in realistic propagation environments,
this letter aims to investigate the performance of FA-aided
multiuser communication systems under generalized fading
conditions. Specifically, we consider a K -user dirty multiple
access channel (DMAC) in which each user takes advantage
of non-causally available side information (SI) and sends an
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independent message to a common BS receiver equipped with
an FA system through correlated Fisher-Snedecor F fading
channels. In this model, SI is an information-theoretic concept
that mainly refers to either CSI or interference awareness,
and has the ability to meet the reliability constraint in future
wireless networks by reducing the destructive effects of the
interference and providing reliable communication at higher
rates [14], [15], [16]. In particular, by connecting Jakes’ model
to copula theory with the help of rank correlation coefficients
such as Spearman’s p, we first provide an analytical expression
for the joint cumulative distribution function (CDF) in the con-
sidered multiuser FA system under correlated Fisher-Snedecor
JF fading channels, and then derive the OP in a closed-form
expression. By considering such a mixture of the copula' tech-
nique and Jakes’ model over the FA system, the complexity of
mathematical analysis can be remarkably reduced compared
with the case when only Jakes’ model is applied, thereby
achieving more accurate insights into the spatial correlation
effects between the FA ports. Our numerical results illustrate
how considering the FA in multiuser communication systems
can significantly enhance the system performance in terms of
the OP by supporting a large number of users.

II. SYSTEM MODEL

We consider a K -user multiple access communication sys-
tem with known interference Sy, k& € {1,..., K}, where
K single fixed-antenna transmitters t; aim to send indepen-
dent messages X} to a common receiver r equipped with a
single FA, respectively. We assume that the interference signals
Sk with zero mean and variances Qj, (i.e., S ~ N (0,Qx))
are known non-causally to the transmitters ¢;, and the infor-
mation signals Xj sent by transmitters ¢; are subjected to
the average power constraint E [|Xk|2] < P, respectively.
Moreover, we suppose that the FA includes only one RF
chain and N preset positions (i.e., ports), which are evenly
distributed on a linear space of length W where A denotes
the wavelength of the radiation. Thus, relative to the first port,
the distance between the first port and the n-th port is given by

n—1
dy, = A =12,...,N. 1
(5=5)mr n= m
Furthermore, the received signal at the n-th port of the
common receiver r can be written as
K
Yo = hosXp+ S+ Zn @
k=1
in which h,, ;, denotes the fading channel coefficient of the k-th
port from the n-th transmitter and Z,, is the independent identi-
cally distributed (i.i.d.) additive white Gaussian noise (AWGN)
with zero mean and variance o2 at each port. Under this
model, we assume for the sake of generality that the square
of the channel amplitude |h,, x|* follows Fisher-Snedecor F
distribution with the following CDF [19]
my Mma
Flhn,klz(v) = I& (7 7) ) (3)

mivtma 27 9

ICopula theory is a flexible statistical approach that can accurately generate
the multivariate distributions of two or more arbitrarily correlated random
variables and describe the corresponding dependence structure beyond linear
correlation. This has recently become quite popular in the performance
analysis of wireless communication systems [17], [18], [19].

where I,(a,b) is the regularized incomplete beta function
and (mi1,ms) are the corresponding degrees of freedom.
In addition, we assume that the FA can always select the best
port with the strongest signal for communication, i.e.,

7"'7|hN,k|}7 (4)

where the channel coefficients h,, i, for n € {1,..., N} at the
selected transmitter ¢ are spatially correlated since they can
be arbitrarily close to each other. By assuming 2-D isotropic
scattering and isotropic receiver ports on the FA, such spatial
correlation can be characterized by Jakes’ model as [4]

2 (n —1)
(k) — 52 22V w

heask = max {|hy x|, [hox

where nf,k) denotes the linear correlation coefficient that can
describe the correlation between the corresponding channel
coefficients for each transmitter k, 62 accounts for the large-
scale fading effect, and Jy(-) denotes the zero-order Bessel
function of the first kind. Therefore, under such assumptions,
the received signal-to-noise ratio (SNR) at the common FA
receiver from the transmitter ¢; can be defined as

Phias i
T = T’ = Yhas 4 (6)
where v = U—F; represents the average SNR.

Further, in a K-user block fading multiple access commu-
nications with non-causally known SI at the transmitters ¢y
and the coherent FA receiver r (i.e., known as DMAC), the
instantaneous capacity region is given by [14]

K 2
1 Phgas i
< — i — .
g_l Ry < 5 log, (1 + k:I{lan 2 @)

yeeey

III. PERFORMANCE ANALYSIS

Here, we first describe the spatial correlation between
the FA ports by combining Jakes’ model to copula theory.
Then, we derive a closed-form expression of the OP for the
considered system under Fisher-Snedecor F fading channels.

A. Statistical Characterization

Definition 1 (d-dimensional copula): Let S = (S1,...,5q)
be a vector of d random variables (RVs) with marginal
and joint CDFs Fs,(s;) and Fs,,  g,(51,-..,584) for
i € {1,...,d}, respectively. Then the copula function
C(u1,...,uq) of the random vector S defined on the unit
hypercube [0,1]? with uniformly distributed RVs U; =
Fs,(si) over [0,1] is given by [20]

C(ut, ... uq) = Pr(Uy < wuy,...,Us < ug), (8)

where u; = Fg,(s;).

Under such an assumption, Sklar’s theorem postulates that
there exists one Copula function C' such that for all s; in the
extended real line domain R [20]

.,Sd):O(Fsl(sl),...,Fsd(Sd)). (9)

The CDF in (9) is valid for any choice of arbitrary correlated
RVs from different families of marginal distributions, where

Fs, .. .s,(s1,..
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by applying an appropriate copula function C' to it, the cor-
responding multivariate joint distribution is derived. However,
selecting the optimum copula function that perfectly matches
to the considered problem is a very challenging task.

In general, there are three main types of copulas that can
be used to describe linear/non-linear correlation between RVs,
namely: empirical, elliptical, and Archimedean copulas. The
empirical class of copula would require a set of real data for
analyzing the structure of dependency [21]. Elliptical copulas
are defined as the dependence structure of some related
elliptical distribution and can be obtained from the respective
multivariate distribution function by standardizing the uni-
variate marginal laws, which have a complicated form [22].
Archimedean copulas are often used to correlate a potentially
large number of similar RVs by a generator function [23],
which have closed-form expressions. Archimedean copulas
have also simple structures with nice properties, so that a
great variety of families of copulas belong to this class [20].
In this regard, the empirical data analysis shows that the
Clayton copula is one of the most popular Archimedean
copulas which can perfectly describe any specific non-zero
level of low tail dependency between individual RVs. Hence,
since the outage of transmission often occurs in deep fading
conditions (i.e., tail dependence) over wireless communication
systems [24], we here exploit the Clayton copula to describe
the structure of dependency between correlated fading channel
coefficients and generate the corresponding joint CDF. Our
analytical and numerical results will reveal that this choice is
justified since it can offer good mathematical tractability and
accurately describe the impact of spatial correlation between
the FA ports in the considered multiuser communication setup.

Definition 2 (Clayton copula): The d-dimension Clayton

copula with a generator function $(t) = * 2_1 is defined as

1
B

Zd:(uj_ﬂ—l>+1 ,

Jj=1

Cor(u1,uz, ..., uq) = (10)

where 3 € [0,00) is a dependence structure parameter of
Clayton copula. The independent case is achieved if 3 = 0.
Here, by utilizing the Clayton copula definition, we derive
the CDF of h%AS’ i in the following lemma.
Lemma 1: The CDF of h%AS)k under Fisher-Snedecor F

fading channels is given by
mi Mo
—,— ] -1 1
(575) 1)+
(11

N
) — -8
Fhz, (1) = lZ:l (I e

Proof: By exploiting the definition of the CDF,
_(r) can be mathematically defined as

1
B

Fhz, o

Fiz, (1) =Pr (hask <)

= Pr (max {|h1 %, ..., |hnil*} < 7)
,7)
@O (Fy o2 () Pl 2

where (a) is obtained from (9). Now, by inserting (3) into (12)
and considering (10), the proof is completed. (I

= F‘|h1,k|2,~-~,\hz\1,k\2 (’I", cee

12)
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Note from (11) that the Clayton dependence parameter 3
can generally capture the positive correlation between the
FA ports as well as the independent case. However, it does
not necessarily describe the linear correlation because when
non-linear transformations are applied to those RVs, the linear
correlation cannot be maintained anymore, i.e., copula defini-
tion. Additionally, it can be seen that the CDF of h%AS & 18
only expressed in terms of the number of FA ports N but it is
widely accepted that the FA size W has more effects on the
spatial correlation between the fading coefficients [10]. In this
regard, we need to measure such dependency by connecting
the Clayton copula parameter [ to the Jakes’ model. To this
end, we exploit popular rank correlation coefficients such as
Spearman’s p, denoted by ps, that can measure the statistical
dependence between the ranking of two RVs as

ps =12 // uguedC (u1,ug) — 3.
[0,1]?

The analytical derivation of pg is challenging; instead, we com-
pute an alternative rank correlation coefficient [20, Cor. 5.1.4]
such as Kendall’s 7 = 4E[C(uy,uz)] — 1. Then, we use
the approximation that connects 37 =~ 2pg as described
in [20, Cor. 5.1.3], so the integral in (13) is approximated as
30
SEICES
Further, regarding the fact that the Spearman’s p, i.e., ps, for
a pair of continuous RVs is identical to Pearson’s product
moment correlation coefficient for the grades of the corre-
sponding RVs (i.e., ps = n,(Lk )) [20], we can express the
Clayton copula parameter [ in terms of Jakes’ model as

(k)
4nn
— 2,

Thus, the CDF of h%As, & can be given in terms of the size W

and the number of FA ports N in the following corollary.
Corollary 1: By plugging 3 from (15) into (11), the CDF

of h%‘AS,k under Fisher-Snedecor F fading channels with the

(k)

13)

(14)

correlation coefficient 1y, is given by

27751?)*3

N an(P an(F)

(k) _ mi Mo
B, 0= |30 |12 (5152 —1)+1]
FAS,k mirtma 2
n=1

(16)

where nT(Lk) is obtained from (5).

B. OP

Proposition 1: The OP for the considered dirty FA mul-
tiuser communication system under Fisher-Snedecor F fading
channels is given by

Pout
2n{F) _g K
N 4T1£Lk) 47;,<Lk)
(k) _ mq 2
2ny) =3
=== S0 (e (B )1+
m1Yghtma 2

n=1

7)
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Fig. 1. OP versus average SNR for selected values of the FA size W, number for ports /N, and number of users K.
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Fig. 2. OP versus average SNR for selected values of the degree of freedom mi, FA size W, number for ports [V, and number of users K.

Proof: By inserting the instantaneous capacity region of
the considered dirty FA system from (7) into the OP definition,
we have

1 Ph?
Py =Pr 3 log, [ 1+ k:min % < R (18)
=P in h? <
3 (k_rflf.l.l,KhFAS,k = %h)
®) K
21-[1-Fy,_, (w)] (19)
where Ri, > 0 is the transmission rate, v, = 722}%5]’*1, and

5
(b) is derived by assuming the independence of the fading
channels h,, for k € {1,...,K}.> Now, inserting (16)
into (19), (17) is achieved and the proof is completed. [l

IV. NUMERICAL RESULTS

Here, we provide numerical results to evaluate the proposed
analytical expressions, in a number of multiuser FA set-ups.
Parameter values are designed using [5], [16] as a reference.
We consider a number of users K = 4,16,32, and the rest
of simulation parameters as P = 30dBm, 02 = —80dBm,
Ry, = 1bps/Hz, 62 = 1, and (mq, m2) = (2,4). Additionally,
to describe the dependence structure between the FA ports and

2We assume that the transmitters are far away from each other, and therefore

the fading channels between the transmitters and the FA ports at the common
receiver are independent.

generate the corresponding correlated Fisher-Snedecor 7 RVs
(i.e., hp ), we simulate the Clayton copula by exploiting the
Marshall and Olkin’s approach [25], as shown in Algorithm 1,
which is based on the Laplace transform.

Fig. 1 illustrates the performance of the OP in terms of
average SNR # for given values of the FA size W, the
number of FA ports IV, and the number of users K under
correlated Fisher-Snedecor F fading. For K = 4,16, 32, it can
be seen that by increasing 7, the OP decreases since the
channel conditions between the transmitters and the common
receiver improve. We can also see that considering the FA
in multiuser communication systems can significantly lower
the OP compared with the single-input single-output (SISO)
system regardless the number of users. Particularly, we observe
that for a given number of FA ports (e.g., N = 2,10, 40), the
OP reduces as W increases. The reason is that by increasing
the spatial separation between the FA ports (i.e., increas-
ing the FA size) for a fixed N, the spatial correlation
between the corresponding channels becomes weaker; hence,
the system performance in terms of the OP is ameliorated.
In addition, we observe that for a fixed FA size W, the
OP performance improves as the number of FA ports raises.
However, such an improvement is much more noticeable for
the large FA size (e.g., W = 4) compared to the small values
(e.g., W =0.5). It can also be seen that by simultaneously
increasing W and N, the best performance for the OP is
achieved. Moreover, by comparing the results in Figs. 1(a),
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1(b), and 1(c) from the number of users perspective, we can
observe that as K grows, the OP performance deteriorates
since the network interference increases. Moreover, it can be
found that one FA at the common receiver can significantly
enhance the system performance in the presence of a large
number of users.

Given the importance of accurate fading channel modeling
on the performance in real propagation environments, we study
the impact of fading severity on the considered multiuser FA
system in Fig. 2 by changing the degree of freedom m;
which mainly refers to as the fading parameter in Fisher-
Snedecor F distribution. For all selected values of K, N,
and W, it can be seen that as the fading severity decreases
(i.e., m1 increases), the OP performance is improved, meaning
that a lower value of the OP is achieved under a mild
fading condition (e.g., m; = 4) than when a stronger one
(e.g., mp = 2) is considered. In addition, we can observe that
the impact of fading parameter m; is more tangible on the
OP performance when the FA size and the number of FA
ports are large. Moreover, it can be found from the results
in Figs. 2(a)-2(c) that as the number of users K grows, the
effect of fading parameter m; becomes minor for a fixed
average SNR 7.

Algorithm 1 Clayton Copula Sampling

Step 1. Generate J ~ L1 [¢(t)], such that J ~T (%,ﬂ)
Step 2. Generate S = (Si,...,Sq), such that S; ~ U (0,1)
fori=1,....d

Step 3. Return U; = ¢ (—@), such that ¢(t) =

t=P—1
B

V. CONCLUSION

We studied the performance of the FA-aided DMAC with
non-causally known SI at the transmitters, where all fading
channels follow the Fisher-Snedecor F distribution. By inte-
grating the copula theory with Jakes’ model to describe the
inherent spatial correlation among the FA ports, we derived
an analytical expression for the joint CDF of the FA mul-
tiuser system. Then, we evaluated the considered system
performance by obtaining the closed-form expression of the
OP. Eventually, our results indicated that considering FA at
the receiver can remarkably enhance the system performance
in terms of the OP over multiuser communication systems,
meaning that the lower values of OP can be achieved as the
number of FA ports and FA size increase.
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