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Abstract—Fluid antenna enables position reconfigurability that
gives transceiver access to a high-resolution spatial signal and the
ability to avoid interference through the ups and downs of fading
channels. Previous studies investigated this fluid antenna multiple
access (FAMA) approach in a single-cell setup only. In this paper,
we consider a cell-free network architecture in which users are
associated with the nearest base stations (BSs) and all users share
the same physical channel. Each BS has multiple fixed antennas
that employ maximum ratio transmission (MRT) to beam to its
associated users while each user relies on its fluid antenna system
(FAS) on one radio frequency (RF) chain to overcome the inter-
user interference. Our aim is to analyze the outage probability
performance of such cell-free FAMA network when both large-
and small-scale fading effects are considered. To do so, we derive
the distribution of the received magnitude for a typical user and
then the interference distribution under both fast and slow port
switching techniques. The outage probability is finally obtained
in integral form in each case. Numerical results demonstrate that
in an interference-limited situation, although fast port switching
is typically understood as the superior method for FAMA, slow
port switching emerges as a more effective solution when there
is a large antenna array at the BS. Moreover, it is revealed that
FAS at each user can serve to greatly reduce the burden of BS
in terms of both antenna costs and CSI estimation overhead,
thereby enhancing the scalability of cell-free networks.

Index Terms—Cell-free network, fluid antenna multiple access,
fluid antenna system, interference-limited, outage probability.

I. INTRODUCTION
A. Motivation

N ANTENNA array at a base station (BS) has now be-

come a default component for recent-generation wireless
communications systems, with precoding essential to raise the
spectral efficiency to the levels that are required by emerging
applications [1], [2]. The fifth-generation (5G) currently uses
64 antennas at the BS to perform codebook-based precoding
to serve up to 12 users on the same physical channel [3]. This
was motivated by the massive multiple-input multiple-output
(MIMO) concept, suggesting that interference can be averaged
out in the extreme limit in the number of antennas [4]. In other
words, a maximum ratio transmission (MRT) precoding would
be enough to handle the inter-user interference [5]. The strong
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interest in massive MIMO continues beyond 5G and the sixth
generation (6G) is contemplating the deployment of extra-large
MIMO (XL-MIMO) [6]. However, the additional complexity
of many more radio frequency (RF) chains and the explosive
growth in power consumption are major obstacles [7], not to
mention the overheads for channel estimation [8], [9].

B. FAS and Literature Review

Motivated by the above, it is therefore important to explore
ways that can reduce the burden of BS. An obvious choice is to
strengthen the mobile users but mobile devices such as handset
or tablet are normally limited in space and more constrained in
terms of cost. An emerging reconfigurable antenna technology
known as fluid antenna system (FAS) overcomes these issues
by enabling shape and position flexibility in antenna [10]. FAS
allows more diversity to be obtained in limited space and was
first introduced to wireless communications by Wong et al. in
[11], [12]. Since then, efforts have been made to ensure that the
spatial correlation in the FAS channels is accurately captured
[13], [14], [15]. The diversity of a FAS receiver was analyzed
in [16] while [17] even considered using FAS at both ends and
studied the diversity-multiplexing tradeoff. Continuous FAS
was also recently addressed in [18]. In [19], it was found that
FAS-equipped users could lift the uplink performance.

FAS can also combine with advanced systems such as non-
orthogonal multiple access (NOMA) to improve communica-
tion performance [20], [21]. Additionally, the use of FAS is
not limited to mobile users and can be deployed at the BS to
increase its degree-of-freedom (DoF) for various performance
enhancement. In [22], MIMO-FAS was adopted at the BS for
integrated sensing and communication (ISAC). It is apparent
that artificial intelligence (AI) methods will play an important
role in the estimation and optimization of FAS channels [23].
Channel state information (CSI) is essential to the operations
of FAS and CSI estimation has recently been tackled by using
methods such as sparse signal processing [24], [25], [26].

It is important to understand that FAS is a conceptual idea
not limited to any specific implementation mechanisms. It can
be realized using a variety of methods such as reconfigurable
pixels [27], [28], metamaterials [29], [30], and mechanically
movable structures [31], etc. A recent article in [32] provides
a comprehensive tutorial on FAS covering a range of topics.
Experimental results on FAS have also appeared in [33] and
[34]. A branch of FAS, known as movable antennas, i.e., a
FAS that employs mechanically movable antennas for position
flexibility, also has drawn much attention [35]. Recent works
on this front tended to focus on the joint optimization that
involves transmit power, precoding vector, and/or continuous
antenna position that improves the rate performance under
line-of-sight dominant channel conditions [36], [37], [38].



While it is apparent that FAS can be understood as a new
DoF for enhancing the performance of wireless networks, our
emphasis in this paper is on the possibility to improve network
scalability for multiple access. Remarkably, FAS facilitates a
new approach to multiple access, referred to as fluid antenna
multiple access (FAMA) [39]. With a high-fidelity signal in
the spatial domain accessible by FAS, figuratively speaking,
a mobile user can ‘ride’ on the ups and downs of the fading
channel and position itself to receive the signal under the most
desirable condition. In [39], [40], it was proposed to change
the position on a per-symbol basis, so that the data-dependent
sum-interference plus noise signal is the weakest. This method
is referred to as fast FAMA (f-FAMA). Later in [41], the slow
FAMA (s-FAMA) scheme was studied, which was motivated
by its simplicity in position (or port) switching. In s-FAMA,
the port of FAS is only switched when the channel, not data,
changes. The beauty of FAMA is that under the condition of
rich scattering, precoding at the BS is not required and each
user handles its interference on its own independently on one
RF chain, and without interference cancellation. For line-of-
sight (LoS) dominant channel conditions, the performance of
FAMA can evidently be very different. In [32, Section V-E], it
has been demonstrated that FAMA can still be very effective
when combining with simple precoding at the BS under LoS-
dominant channel conditions. In particular, it is possible to
reduce the CSI requirement of the BS to knowing statistical
CSI only, yet still enabling effective spatial multiplexing when
the users employ FAMA techniques. Moreover, opportunistic
scheduling was reported to be effective in greatly enhancing
the interference immunity of FAMA in [42]. Also, a distributed
team-inspired deep reinforcement learning approach was pro-
posed in [43] to realize opportunistic FAMA under dynamic
environments where users can self-optimize their decisions.

The central idea in FAMA is to select the ‘best’ receiving
port to avoid interference, which requires the CSI of all the
ports. Current approaches attempt to reconstruct the CSI across
all the ports from the CSI of a few estimated ports [44]. By
contrast, it is a lot more challenging to identify the best port in
f-FAMA which requires the knowledge of the instantaneous
signal-to-interference ratio (SIR) at all the ports, a problem
that was studied in [40]. Moreover, machine learning methods
solved the CSI estimation problem for s-FAMA in [45], [46].
Later, [47] proposed a generalized CSI estimation approach
by using an asymmetric graph-masked autoencoder. More in-
depth discussion on FAMA and its CSI requirements is given
in [32] and a recent survey for FAMA appears in [48].

Despite anticipating promising results in FAS and FAMA, a
major difficulty in the required performance analysis is to deal
with the spatial correlation among the ports, which makes it
extremely challenging to derive the joint probability density
function (PDF) and cumulative density function (CDF) for
both the desired signal and interference signal. Even if the joint
PDF and CDF are available, performance evaluation typically
involves layers of integration, disallowing useful insights to
be drawn. Fortunately, approximate models can be employed
to permit closed-form analytical results, as achieved in, e.g.,
[39], [41], and there is also an enhancement technique that
ensures the accuracy of approximate models [15].

Before ending this literature review, it is worth clarifying the
difference of FAMA from the notion of conventional antenna
selection. Historically, antenna selection refers to the situation
where fixed antennas with sufficient spacing between them are
deployed and the best one is selected for reception. Normally,
at least a half-wavelength distance is expected between two
adjacent antennas to ensure signal independence for diversity
benefits. Closely spaced antennas are never advised as corre-
lation is deemed undesirable. This is the reason why antenna
selection was never considered for multiple access because it
would have required an extremely large number of antennas
(and hence a gigantic space, recalling the requirement of half-
wavelength antenna spacing) to be possible. On the contrary,
FAMA thrives even under spatially correlated channels and it
requires only one antenna that is able to access the received
signals in a prescribed space. In FAMA, it is the multiuser
diversity (i.e., signal independence between users) which is at
play here, and the spacing between the FAS ports at a given
user plays a different role in this objective. Specifically, FAMA
performs better if the spatial resolution of FAS is higher for
a given size, meaning that correlation helps. In other words,
a clear distinction is that FAS manages to effectively utilize
the spaces left between the fixed antennas in the conventional
antenna selection system that has been overlooked before. This
also comes as a timely revolution when such reconfigurable
antennas for position flexibility become available.

C. Aim and Contributions

The emergence of FAMA offers an important alternative to
the multiuser MIMO approach when CSI at the transmitter side
is impossible, as is typical in device-to-device communication
scenarios. That being said, multiuser MIMO is the pinnacle
of the physical layer in cellular networks. In this case, the BS
is required to possess the CSI of the user it is serving but for
complexity reasons, it is preferred that the BS does not know
the CSI of other users who may experience interference from
its downlink transmission. Consequently, MRT precoding is a
more scalable solution than methods such as zero-forcing that
require full knowledge of the CSI of all other users. It would
be interesting to find out if the use of FAS at each user can
ease the burden of BS. Despite the valuable insights offered by
previous work on FAS and FAMA, it is not at all understood
how well FAMA could work with the multiuser MIMO setup
in cellular networks, which is the goal of this paper.

While our interest is to analyze the performance of FAMA
with multiuser MIMO in cellular networks, we recognize that
a cell-free setup is increasingly relevant due to its high spectral
efficiency [49]. As a result, our study considers the multi-cell
model in which the ‘cell’ structure is only here to specify the
coverage of a BS and its association to the user, and all users
share the same time-frequency physical channel. Each BS has
multiple fixed antennas using MRT precoding to transmit to
one serving user which is equipped with FAS utilizing FAMA
to help alleviate the inter-user interference. According to the
terminology in [32], this is a Rx-MISO-FAS model in the cell-
free architecture. Different from the previous work, our work
considers the use of MRT in the downlink together with FAMA
and that both large- and small-scale fading are considered.



Our objective is to substantiate the synergy between MRT
precoding at the BSs and FAMA at the users in cell-free!
networks. More precisely, in a traditional cell-free network, to
manage inter-user interference effectively, all BSs are required
to obtain the CSI for all users. This comprehensive CSI knowl-
edge enables the use of interference mitigation techniques
such as zero-forcing. Unfortunately, the high CSI requirements
and the need for extensive cooperation among BSs impose
significant constraints on scalability, especially in large-scale
deployments. We aim to investigate whether the use of FAS
on the user side can alleviate the CSI burden on BSs, thereby
enhancing the scalability of the cell-free network structure.

In summary, we have made the following contributions:

o Considering both Rayleigh fading and large-scale fading
for cell-free FAMA networks with MRT precoding, we
derive the exact joint distribution of the desired signal and
interference at the user in the case for f-FAMA, while
an approximate distribution of the interference is derived
in the case of s-FAMA. Our derivation method leverages
the correlation among ports to directly capture the joint
PDF, without relying on the conditional PDF to ensure
independence. This approach bypasses the generalized
chi-squared distribution, which is very difficult to handle,
allowing both the joint PDF and CDF to be derived, and
making the performance analysis more tractable.

o Using the distributions, we obtain two integral-form ex-
pressions for the outage probability of MRT- f-FAMA and
MRT-s-FAMA, respectively, and provide an alternative
form for each to facilitate numerical evaluation.

o Our simulation results reveal that with a sufficient number
of fixed antennas at the BS for MRT precoding, s-FAMA
can outperform f-FAMA, which is not known possible
before. This finding shows that s-FAMA is more desirable
than f-FAMA not only because of its practical simplicity
but also its superior performance when MRT precoding is
used. Additionally, users equipped with FAS can greatly
improve outage probability performance, and effectively
reduce the burden of BS in its number of antennas.

The remainder of this paper is organized as follows. Section
IT introduces the FAMA network model with MRT precoding
in the multi-cell setup. Then Section III presents the main an-
alytical results and obtains the outage probability expressions.
In Section IV, numerical results are provided and finally, we
provide some concluding remarks in Section V.

For the rest of this paper, the PDF for Gamma and Nak-
agami distributions will be used frequently. Thus, we find it
useful to provide them below:
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n theory, a cell-free network will use all the antennas at all the BSs to
serve a user. However, in practice, due to complexity reasons, only a few BSs
can perform coordinated beamforming to serve a shared user. In our model,
a BS performing MRT may be interpreted as a few coordinated BSs.

where T'(-) denotes the gamma function, and « and 8 are the
corresponding parameters while 7 is the random variable.

II. SYSTEM MODEL

We consider a downlink cell-free network with U + 1 BSs,
each serving a corresponding cell centered around it. Each BS
is equipped with N fixed antennas. Users are equipped with
a single fluid antenna, served by the nearest BS. Considering
a time-division multiple-access (TDMA) setup, within each
time slot, each BS supports only one user within its coverage
area, and all the BSs share the same time-frequency physical
channel. Hence, each user is subjected to interference coming
from the other U BSs. Moreover, each BS is assumed to have
the CSI to perform MRT precoding to serve its associated
user. The concept behind our proposed system is to employ
MRT beamforming at each BS to enhance signal power, while
interference is mitigated at the receiver using FAS.?

At each user, the FAS can be switched instantly to one of
the K preset locations (a.k.a. port) evenly distributed along a
linear dimension of length, WA, where W is a scaling factor
and X is the carrier wavelength. Delay-free port switching can
be easily achieved by adopting the reconfigurable pixels [34]
and metamaterial approaches [30]. Additionally, the results of
this paper can be easily extended to the case with a two-
dimensional FAS surface at each user but we opt for the linear
FAS to simplify our discussion. Fig. 1 depicts our model.

A. Channel Model

To describe our model, we consider an average user with
the user index omitted for notational convenience. For small-
scale fading between the n-th fixed antenna of the nearest BS
and the k-th port of the fluid antenna at this target user, the
complex channel can be modelled as [13], [50]

hn,k =0 (\/ 1- ,U/2xn,k: + /Jl’n}o)
+ jo (\/ 1— p2ynp + uyn,o) , (3

where ,.0,%Tn,1,---,Tnk and Yn 0,Yn1,---,Yn i are inde-
pendent real-valued Gaussian random variables with zero
mean and variance of % Consequently, h,, i follows a complex
normal distribution as CA(0,0%) while the magnitude |h,, x|
follows a Rayleigh distribution [50]. Further, we can define
hno £ 0(Zn,0 + jYn,0) as the common random variable that
links the random channels at the ports with the correlation
parameter p that can be chosen as [13]

2 & 2mk W
p?= K(K—l)Z(Kk)JO(I?—1>’ 4)
k=1

Note that the consideration of MRT precoding in this work is not because
it is rate optimal but because it is more scalable than other methods such as
zero-forcing in terms of the CSI requirement at the BS. This is particularly
relevant in the cell-free network structure considered in this work. If zero-
forcing were to be used in our model, it would have required each BS to know
the CSI of all the other users in the entire network, which is practically not
possible. Therefore, in our work, the more feasible way to handle the inter-
user interference is by the FAMA techniques at the FAS-equipped users. The
MRT precoding at the BS on the other hand is used to enhance the channel
gain of the desired user, ignoring the interference it is going to cause to other
users and leaving it to be dealt with FAS at each user.
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Figure 1. The concept of a cell-free FAMA network (i.e., a multi-cell Rx-MISO-FAS system) where each user equipped with a single fluid antenna is served

by its nearest BS and interference comes from the other BS transmitters.

where Jo(-) is the zero-order Bessel function of the first kind.
Moreover, we also consider the large-scale channel effects

in terms of the path loss. With MRT precoding at the BS and

assuming the distance r(, the overall channel becomes

gk = To

> g ol ©)

where hy, = [h1 1, hok, .., hn i, ()T denotes the conjugate
transpose, || - || represents the Euclidean norm, and « denotes
the path loss exponent. Note that MRT is aimed at countering
the small-scale fading only and serves to co-phase the signals
arriving at the user’s ports. For clarity, we also find it useful
to define gy = \/ij:l 7o “|hn.ol2.

Then following [51, Remark 1] and [52, (29) & (30)], the
interference channel at the k-th port of the user of interest
with MRT precoding can be modeled as

g =7, 7hy, (©)

in which r; denotes the distance between the i-th interfering
BS and the user, and h,(f) is the small-scale fading following a
complex Gaussian distribution as CA(0, 02). For conciseness,
we define the distance vector as r = [rg,r;,...,ry] with its
elements sorted in an increasing order.

B. Signal Model with f-FAMA

Under this cell-free FAMA model, the received signal at the
k-th FAS port of the user of interest is given by

U
R Z sigh) + 1 = sgi + gk + i, (N
i=1
where s denotes the information-bearing symbol for the de-
sired user, s; is the symbol intended for another user from the

i-th interfering BS, and 7, represents the zero-mean complex
additive white Gaussian noise with variance of 0727. The power
of the information symbols from all the BSs is assumed to be
the same and E|s]?] = E[|s;|?] = o2, Vi.

In this paper, our focus is on the interference-limited sce-
nario where o2 > 0727. In the sequel, we will ignore the noise
term when developing our analytical results. To avoid the inter-
user interference, it was proposed in [39] that the user finds
the ratio of the instantaneous desired signal to the interference
signal at each port k, i.e.,

2.2
SIR! — ng\l Ly @)
gk’

where | g,I€|2 denotes the instantaneous (data-dependent) sum-
interference energy. For convenience, we call (8) the instan-
taneous signal-to-interference ratio (SIR).
Specifically, the user can select the port that maximizes the
instantaneous SIR so that
|gf-Fama| = max |9711c|’ 9
gkl
in which the symbol s for the user concerned is not included
in the maximization because it is not dependent upon k. For
techniques to estimate the ratios in the above maximization,
readers are referred to [40]. The expression (9) indicates that
the port maximizing the instantaneous SIR among K ports
is selected, an approach referred to as f-FAMA. The overall
network performance can be understood by considering the
outage probability
OMRT-fFAMA = P {03 lgr-ranmal’ < %[g}
= P{lgs-ramal < 61}, (10)

[ 1
1%‘ and 'yt[l;] is the prescribed SIR threshold.

Note that the above outage probability formulation treats (9)

where O £



as the random resulting channel after MRT precoding and f-
FAMA port selection and then computes the SIR by assumm]g
|s|*> = o2 before comparing it with the SIR threshold, vth
This is valid for constant-modulus modulation schemes.

C. Signal Model with s-FAMA

While [40] shows that the ratio (8) can actually be estimated
on a per-symbol basis for the maximization (9), the estimation
accuracy needs to be much improved or the performance of
f-FAMA could degrade a lot. With the signal model in (7), it
is possible to select the port based on a simpler criterion. In
[41], the average SIR is considered instead, given by

Bllsal| g
SIRy! = ——— = ol (1)
Bl o
where
a 12
ot ry ) (12)

Note that (11) only depends on the instantaneous CSI but not

the data. For slow fading channels, it is practically achievable.
In this case, port selection can be done by

|9k:\
ot

max

|gs-Famal = (13)

As such, in the s-FAMA approach [41], the user only needs
to switch the port once during each channel coherence time.
The outage probability for this network is found as

OMRr-sFAMA = P{|gsFramal < Os}, (14)

where O, £ 'yt[i} and 'yt[ﬂ is the SIR threshold.

III. MAIN RESULTS

In this section, we present our principal results that evaluate
the performance of both MRT-f-FAMA and MRT-s-FAMA.
We first represent the distributions of the received signal and
the interference with fast and slow port switching, respectively.
Afterwards, we provide integral-form expressions for the out-
age probability for both systems, along with an alternative
form for numerical computation for each. Our analysis focuses
on an average user so it represents the average performance
of any user in the FAMA network using MRT precoding.

A. Signal Distribution at FAS

The following theorem characterizes the distribution of the
received signal after MRT precoding at the k-th port of the
fluid antenna and the correlation among the ports.

Theorem 1: The PDF of the precoded channel of the desired
signal at the k-th port, |gx|, is given by

S1g01 ()

w =N,
—« 2
t=r19"“No”",

= Nakagami(7g; w, ), (15)

where

(16)

and Nakagami(-, -) represents the Nakagami distribution given
in (2). Furthermore, the correlation parameter between the
channels |go| and |gx| is found as pjg; | |g,| = 1

Proof:  See Appendix A. ]

With the distribution and correlation parameters in Theorem
1, the following theorem presents the joint PDF of the received
MRT signal in the FAS across all ports.

Theorem 2: The joint PDF of the MRT precoded channels
among the K ports |g1],|g2],---,|gxk]| is given by

farl gt (T13 -+ )
o Qw‘“Tg“’fle—%Tg
_/0 - Tl
K _wle T8 e Th
% H 2&)7‘& WTI‘:S 1-p2 ¢ e 1-p2 ¢
puiiet L (1= p2) pet
2w ToTk
X do—1 [M} dro, (17)
(1—p?)

where I,,_1(-) is the modified Bessel function of the first kind.
Proof:  According to [53, (B.1) in Proposition 2], condi-

tioned on |gg|, the joint PDF of |¢1],...,|gk]| is given by
Figal,.loxclllgol (T1s-- - T |T0)

2
e 1(1 u)

w 1

e
L=

“Ti 20T TR
= [ g | —| . (18
o ] o
With the PDF of |go| given in (2), the unconditional joint PDF
can be expressed as (17), which completes the proof. ]

Theorem 3: The CDF of the MRT precoded channels among
the K ports |g1], ..., |gx]| can be expressed as

Flgl\ ,,,,, lgx | (715, TK)

— 20” /00152‘”_1e_w+2
L(w)e Jo

K
2wp2t? Qwrlg
) kl;[l [1 S <\/L(1 —u?)’ \/L(l - /ﬂ))] dt, (19)

where Q) (-, -) is the generalized Marcum Q-function.
Proof:  This comes directly from [53, Theorem 1]. (]

B. The f-FAMA Case

In this subsection, we report the main results when the f-
FAMA strategy is adopted at each user. Before we present the
results, we find the following lemma useful.

Lemma 1: In f-FAMA, the random variable, | g,1€|, follows
a Rayleigh distribution, with the PDF given by

27, -k
fgpi(m) = —ge 1, (20)
I

U - .
where of = >, r; “o?02. Also, the correlation parameter

I I ; _
between |g,| and |g;| is expressed as Plghl. gl = H



Theorem 4: For the MRT-f-FAMA network, the outage
probability is given by (21), as shown at the top of next page,
where a = w and (-), represents the Pochhammer symbol. In
addition, w and ¢ have been given in (16).

Proof:  See Appendix B. (]

Note that as 7 — 00, J1_4q+p(T) — 00, Which leads to a
numerical computation problem in (21). To address this issue,
we have the following corollary.

Corollary 1: The outage probability in (21) can be numer-
ically evaluated using (22), see top of next page.

Proof:  See Appendix C. O

In the special case K = 1, the correlation parameter is
reduced to p = 1. However, substituting ;o = 1 directly into
(22) leads the denominator being 0. The following remark
provides an expression to address this special case.

Remark 1: Under MRT-f-FAMA and K = 1, the outage
probability can be evaluated by

©2 -4 O}
OMRT-f-FAMA = / e iP (w, wft2> dt, (23)
0 o1 L

where P(-,-) denotes the regularized lower incomplete gamma
function. The expression is obtained by the definition of outage
probability with the result in Theorem 1 and Lemma 1. This
case corresponds to a user with a single fixed antenna.

C. The s-FAMA Case

Here, we turn our attention to the s-FAMA case and present
the distributions that are necessary to obtain the expression for
the outage probability given in the following theorem. Since

the exact distribution of ‘ g][:]‘

is not tractable, we provide an
approximate distribution.
Theorem 5: In s-FAMA, the random variable ’ g,[f ]’ follows

a Nakagami distribution, with the PDF given by

f o (1) = Nakagami(7g; Q, ¢), (24)
where
2
U —«
~ (Zi:1 T >
= U —2a
Dim1 T (25)

U
_ 2 —«
=0 E r; <.
i=1

Similar to the f-FAMA case before, the correlation parameter
between ‘ gés]‘ and ‘ g,[:]‘ = u?.

Proof:  See Appendix D.

Remark 2: When the shape parameter becomes 2 = 1, Nak-
agami distribution is reduced to Rayleigh distribution. At the
same time, if U = 1, then the distribution of the interference

channel for MRT-s-FAMA, ‘ g,[:] ‘, becomes identical to that of
the interference channel for MRT- f-FAMA, g,[:] ’

is given as p

gl

g5

)

Theorem 6: In s-FAMA, the joint PDF of the interference
channel among the K ports ’ gﬁ

QE;(]‘ is given by

P
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where 2 and ¢ are given in (25).

Proof: ~ From Theorem 5, the interference term g,[:’]’ is
formulated with the Nakagami distribution, same as | gy |, while
the correlation parameter remains unchanged. Consequently,
by substituting w = €2 and ¢ = ¢ into (17), the joint PDF of
’ggs]l, e ggs(] Lcan be expressed as (26). O

Theorem 7: Under the MRT-s-FAMA scenario, while 2 >
w, the outage probability is given by (27), as shown on next
page, where b = w + Q2 — 1.

Proof:  See Appendix E. ]

Similar to the discussion in MRT-f-FAMA earlier, as 7 —
00, [1—44q+p(T) = 00, (27) cannot be numerically calculated.
The following corollary can be used to evaluate (27).

Corollary 2: The outage probability in (27) can be expressed
by (28), shown at the bottom of next page.

Proof:  See Appendix F. ]

Remark 3: Under the MRT-s-FAMA scenario, the outage
probability with K = 1, or with users equipped with a single
fixed antenna, is given by

2
oo QQthfle—‘% wO?2
@ s = ——————— Pl w, s 2 ) dt.
MRT-s-FAMA /o ()47 (w ; >
(29)

This expression can be derived by the definition of outage
probability with the result in Theorems 1 and 5.

D. Special Cases

The expressions (22) and (28) provide the outage probability
under interference-limited conditions, where noise power can
be neglected. The following remark addresses the contrasting
scenario, in which noise power dominates and the interference
power can be safely ignored.

Remark 4:

Considering the use of a non-dense frequency reuse scheme
so that the channels for the users are orthogonal to each
other, thereby resulting in a noise-limited system, the outage
probability for both fast port switching and slow port switching
can be expressed as

2wv o wt?
OMRT- = totem =
MRT-SNR F(w)L“’/

2~SNR

2w 2t2 2woi

20— 12 dt, (30)
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in which 3N is the preset threshold for the noise-limited

scenario. This expression is the result after substituting 7, =

2~SNR
ZnYth into (19).

=T = [T
Remark 5:
Under the noise-limited scenario, given K = 1, or the user
equipped with a single fixed antenna, the outage probability

is given by

OJO'2 SNR
YInTth 31

Omrr-snr = P <W, 5
Lo

S

This expression can be derived from the definition of outage
probability and the result in Theorem 1.

The expressions (21) and (22) generalize the results in [39]
by extending the scenario to multiple transmitter antennas and
varying large-scale fading, while (27) and (28) generalize the
results in [41] with the same extensions. The same discussion
applies to (30) in relation to the results in [12]. Notwithstand-
ing, the expressions (21) and (22) are slightly different from
[39, (17) & (19)] as different channel models and derivation
methods were considered, which is the same for expressions
(30) and [12, (16)]. However, they still achieve the same result
when considering a single transmitter antenna, ignoring large-
scale fading, and employing the same correlation parameter .
Furthermore, the expressions (27) and (28) can be simplified to
[41, (21) & (22)] under the assumptions of a single transmitter
antenna and neglecting the large-scale fading effects.

IV. NUMERICAL RESULTS AND DISCUSSION

Here, we provide the simulation results to evaluate the
network performance of MRT-FAMA systems with fast and
slow port switching. In the simulations, we set 0 = 05 = 1,
oy = 10~* and W = 5. The path loss exponent, « = 3,
is specified for an urban area cellular radio environment [61,
Table 3.2]. The network parameters are also set as N = 2,
U =3, %[Q = 751] =1, and 79 = r; = 100, Vi unless oth-
erwise specified. We provide Monte-Carlo simulation results
and those obtained using the expressions (22) and (28). Also,
the results for using only a fixed antenna at each user (29) are
included as benchmark for comparison.

Fig. 2 provides the numerical results for the outage probabil-
ity against the SIR threshold when there are U = 3 interfering
BSs and each user has a FAS with K = 10 ports. First of
all, the results demonstrate that the analytical expressions (22)
and (28) align closely with the Monte-Carlo results, validating
our analysis for both MRT-f-FAMA and MRT-s-FAMA. The
slight discrepancy seen in the case of MRT-s-FAMA is due
to the Gamma approximation in Theorem 5. Also, note that
the Gamma approximation in Theorem 5 will become exact
if the interference distances r; are identical. Moreover, given
two transmit antennas on each BS (/N = 2), under the same
threshold, MRT- f-FAMA outperforms MRT-s-FAMA, which
is expected by using a much faster port switching strategy.

As the results in Fig. 2 have confirmed the accuracy of the
analytical results, we now turn to the results of Fig. 3 to study
the performance between MRT-f-FAMA and MRT-s-FAMA
when the number of transmit antennas per BS, N, varies. The
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Figure 2. Outage probability against the SIR threshold 'yt[;], 'yt[sh], when r =

[200, 400, 600, 800], and the number of ports K = 10.

subplot displays the PDF of the signal magnitude and that for
the interference magnitude with f-FAMA and s-FAMA when
N = 8. As before, it is seen that MRT-f-FAMA outperforms
MRT-s-FAMA if N < 3. However, as [N increases, Crossovers
occur meaning that MRT-s-FAMA becomes a better option if

N is large. Specifically, when the SIR threshold 'yt[g = vt[i} =

18, the crossover happens at N = 5, but if ’yt[ﬂ = 751} = 14,
this happens at N = 4. This indicates that as the SIR threshold
increases, the number of transmit antennas per BS NV required
for MRT-s-FAMA to outperform MRT-f-FAMA increases.

This observation is counter-intuitive and deviates from our
expectation that f-FAMA should always perform better than
s-FAMA [41]. Notably, this phenomenon only occurs when
N is large and in this case, the outage probability is relatively
low, below 10~ !. This can be elucidated by the PDFs of the
signal and interference magnitudes, as depicted in the subplot.
As we can see, given N = 8, the mean signal magnitude is
much greater than that of the interference magnitude for both
f-FAMA and s-FAMA cases. Additionally, the interference
magnitude for f-FAMA has a lower mean value but higher
variance, whereas for the s-FAMA scenario, the interference
magnitude exhibits an opposite behavior. To understand that,
based on Lemma 1, the mean and variance of the interference
magnitude for f-FAMA can be found as

Eflgk]] = 5V
A (32)
Var [|g,1€|] =of ( 1 ﬂ-) .

By contrast, according to Theorem 5 and [62, (17) & (18)], the
mean and variance of the interference magnitude for s-FAMA
can be expressed as

s T@Q+3) [é
E [Us 9 ] = USTQ)Q Q
. 1 /T(@Q+ 1"
Var [JS g;E]H =02¢ (1 -3 ((F(Q)Q)) ) ~ 05%.

(33)
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Consequently, the ratio between the mean interference magni-
tude of f-FAMA and that of s-FAMA is given by

Ellgi]] — vrT(@va

=Y (34)
E[JS 9;[5]] 2 T(Q+1)

Notice that II:E?I)J;/E)Z is monotonically decreasing with respect
2

to €. Cﬁns‘i]dering a single interfering BS case (2 = 1), the
E[|gy,
o]
can be proved that the mean interference magnitude for f-
FAMA is lower than that for s-FAMA. Similarly, the ratio
between the variances is given by

Var [\g,g\]u 0 (4—77) _

Var [US [s] 4

ratio reaches its maximum value of 1. Therefore, it

(35)
P

Given ) > 1, it follows that the variance of the interference
magnitude in f-FAMA is higher than that in s-FAMA.

To sum up, while the mean signal magnitude is much larger
than the mean interference magnitude, the higher variance in
f-FAMA could degrade its performance more than in s-FAMA
when the number of transmit antennas per BS is large.

Now, the results in Fig. 4 investigates the outage probability
performance for both MRT- f-FAMA and MRT-s-FAMA when
the number of FAS ports, K, at each user changes. We also
provide the results for the case when each user uses one fixed
antenna, instead of FAS, for comparison. The results illustrate
that to achieve an outage probability below 1073, a user with
a single fixed antenna needs 15 transmit antennas per BS for
MRT, whereas a user with a 12-port FAS needs only 2 transmit
antennas per BS for MRT. In the case with with 4 transmit
BS antennas, a user equipped with a 20-port FAS can achieve
an outage probability below 1078, but a fixed antenna user
requires 35 BS antennas to attain the same performance. This
shows a huge advantage of using FAS at each user in reducing
the burden of BS. On the other hand, the results also indicate
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Figure 4. Outage probability for different approaches against the number of
ports K, given different number of transmit antennas per BS N.
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Figure 5. Outage probability against the number of ports K, given different
number of transmit antennas per BS [V, under a noise-limited system with a
signal-to-noise ratio threshold of %S}{\IR = 25 dB.

that as the number of ports K increases, the performance gap
between MRT-f-FAMA and MRT-s-FAMA widens but with
the increase of the number of BS antennas N, the performance
gap decreases, as has been reported earlier.

Similar results are presented in Fig. 5, where the outage
probability is plotted against the number of FAS ports K at
each user. For comparison, the performance of a user with a
fixed antenna is also included. The results demonstrate that for
a user with 20-port FAS, only 2 transmit antennas per BS for
MRT are enough to get an outage probability of approximately
10~2. The fixed-antenna user by contrast requires 4 transmit
antennas per BS to achieve the same performance. To achieve
an outage probability below 1074, a user with 20-port FAS
requires 3 transmit antennas per BS, whereas the fixed-antenna
user needs 6 antennas per BS. It is noticed that the reduction in
the number of transmitter antennas per BS is not as significant
compared to previous results where interference exists. Despite
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this, the presence of FAS at the user side still reduces the
burden at the BS under noise-limited conditions.

The results in Fig. 6 examine the effects of different FAS
sizes on the outage probability when the number of interfering
BSs, U, changes. Notably, when there is only one interfering
BS (U = 1), the performance of MRT-f-FAMA and MRT-
s-FAMA are identical. This occurs because with U = 1, the
interference model in MRT-s-FAMA simplifies to that in MRT-
f-FAMA, as explained in Remark 2. Furthermore, with K =
60 and two interfering BSs (U = 2), the outage probabilities
for both MRT- f-FAMA and MRT-s-FAMA converge at W =
3. In contrast, with U = 1, the outage probability does not
converge until W = 5A. This observation suggests that the
performance of FAS is influenced not only by the number of
ports K but also significantly by its size W. Moreover, while
the number of interfering BSs is relatively small, increasing
W for a given K can also enhance the performance.

Finally, Fig. 7 shows how the outage probability is affected
by the number of interfering BSs U, when the number of ports
K is set to 25 and 30, respectively. Apparently, as U increases,
the performance for both MRT-f-FAMA and MRT-s-FAMA
decreases significantly, as also illustrated in Fig. 6. Also, the
results show that given the same number of interfering BSs,
MRT-s-FAMA with K = 30 significantly outperforms MRT-
f-FAMA with K = 25. This demonstrates that with a large
number of ports &', MRT-s-FAMA can be as effective as MRT-
f-FAMA. But when the number of interfering BSs increases,
given the same number of ports, the performance gap between
MRT-f-FAMA and MRT-s-FAMA still increases.

V. CONCLUSION

This paper considered a cell-free FAMA network in which
the BS uses MRT precoding and each user adopts a FAMA
approach to combat fading and interference in the downlink.
This work is important in understanding the synergy between
precoding and FAMA. Our emphasis was on the interference-
limited environments where we derived the outage probability
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Figure 7. Outage probability against the number of interfering BSs U, given
different number of ports K, when the SIR threshold 'yt[g = 75’]] = 3.

expressions for both MRT-f-FAMA and MRT-s-FAMA. Our
results showed that while MRT- f-FAMA outperforms MRT-s-
FAMA with fewer BS antennas, MRT-s-FAMA excels when
the number of transmit antennas per BS is large. This result
suggests that s-FAMA can be an attractive solution to combine
with MRT precoding at the BS. Therefore, incorporating FAS
on the user side can alleviate the CSI burden on BSs, thereby
improving the scalability of cell-free networks.. Further re-
search could explore the application of FAS with alternative
precoding methods, such as zero-forcing when more CSI can
be afforded. Additionally, future work might investigate the
performance of FAS under imperfect precoding scenarios.

APPENDIX
A. Proof of Theorem 1

Note that EnN:1 \hn7k|2 is a sum over a set of uncorrelated
squared Rayleigh random variables, which follows a Gamma
distribution, with a PDF given by

fZNzl\hn,kP(T) = Gamma(7; N, 0?). (36)

According to (5), |gi]* = rg® ij:l |hy i |°. Utilizing the
scaling property of the Gamma distribution, we obtain
fige12(7) = Gamma(7; N, o “o?), (37)

and the correlation parameter between the channels | go|2 and
lgk|? can be calculated as

EH90|2 |9k|2] - EH90|2]EH9k|2]
/ Varllgo "I Var(l e ]

; (38)

Plgol®.lgn? =

where
E[|90|2‘gk|2] _ TEQQN/L204 4 TSZQN2O'4,
Ellgo|*) = Ellg|*] = rg **No?,

Var(|go|*] = Var(lgi|*] = rg **No™.
(39)



Consequently, we have pj, 25,12 = p?. The squared root
of the Gamma distribution follows a Nakagami distribution,
where the shape parameter w = N remains unchanged and
the spread parameter « = ry “No?. As for the Nakagami
distribution, it is required that its shape parameter w > 0.5
and spread parameter ¢ > 0. It is evident that w = N > 1.
Additionally, . = No? El L7 > 0. Following [50, (10)],
the correlation parameter between |go| and |gg| is the same as
(38), given by pjgo1,1g,] = w2, This ends the proof.

B. Proof of Theorem 4

The outage probability of MRT- f-FAMA can be expressed
as (40), as shown at the top of next page, where (a) comes
directly from (10), (b) is based on the law of total prob-
ability, where Fig | . |gx|(Ott1,...,Otkl|ts,... tx) is the
joint CDF of |g1],...,|gk| conditioned on ¢1,...,tx given
in Theorem 3, f|g{|w"g£<|(t1,...,tK) is the joint PDF of
l91].---.|gk| given in [12, Theorem 1], (c) has substituted
these results, and finally, based on Tonelli’s theorem [54], (d)
has changed the order of integration.

We first evaluate the integration over t;. According to [55,
(2)], we have

2wp2t? 2wOzt?
P (\/Luu?)’\/bupﬂ)
_ 2wO%t2 2wp2t2
=Q1-w <\/L(1 BRI \/L(l — M2)> . 4D

Therefore, the integration over ¢ can be expressed as

2
/ T o g, (|| 20 [ 2t
oo g2y \ = ®)
2utoty
x I (012(1 — Nz)) dtp. (42)

With [56, Proposition 1], we obtain the integral form of (42),
given in (43), as shown at the top of next page.

Finally, submitting the result in (43) into (40), the outage
probability of MRT-f-FAMA can be expressed as (21).

C. Proof of Corollary 1
According to [57, (9.6.19)], we have

1 ™
Il—w+q+p(7') = ;/O cos (0(1 —w+ q +p))€TCOSGd9,
(44)

Then by combining the exponential terms in (21) with (44),
we have

wp?e?tB+wu?t?
T - 1n2)(t+wOZo?
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e
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(45)

Submitting (45) into (21) finally gives (22).

D. Proof of Theorem 5

According to (6), the channel h(

) follows a Rayleigh dis-

tribution and therefore, ‘h ‘ follows a Gamma distribution.
Due to the scahng property of Gamma distribution, the PDF

“opli )‘ is given by

fi _a o 2(7) = Gamma(r; 1,7, “g?). (46)
r; 2hkz

2 2
U :
Therefore, ’ g,[:]‘ =Y Y| is a sum over a set

( )L
of uncorrelated Gamma random varia le Following [58, (6)],
[59, (2)] and [60, Proposition 8], ‘ e L

can be approximated

by a Gamma distribution with the PDF given by
fi 2 (1) = Gamma(r; Q, v), 47)
Ik
U @
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sy El i
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of the Gamma distribution Jollows a Nakagami distribution,
where the shape parameter remains unchan L%ed and the spread

parameter is given by ¢ = vQ = 02>, 7; Followmg

[50, (10)], the correlation parameter between ls ’ and ‘ I

is

E. Proof of Theorem 7

Similar to Appendix B, the outage probability for MRT-s-
FAMA can be expressed as (50), as shown at the top of next
page, where (a) comes from (14), (b) is due to the law of total
probability, where Fig | . 1g,|(Ost1,...,Ostklt1, ... tx) is
the CDF of |g1|,...,|gk]| conditioned on t1,...,tx, given

in Theorem 3, and fg[sl gl (t1,...,tx) is the PDF of
1 K
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‘ g:[f] e g[;]‘ given in Theorem 6. Finally, (d) has changed

the order of integration.
Based on (41), the integration over tj is expressed as

2wO2t2 2wpt?
)\ i)
2Q,ut0tk
Ig 1 | ——— | dt 1
<o (i) e o

From [56, Proposition 1], we have the integral-form expression
of (51), given in (52), as shown at the top of next page.

Finally, submitting (52) into (50), the outage probability of
MRT-s-FAMA is expressed as (27).
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FE. Proof of Corollary 2

Similar to Appendix C, we first rewrite the modified Bessel
function based on (44), which gives

wou?e2i+wau?t?
O e2
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Submitting (53) into (27) finally yields (28).
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