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Abstract—Fluid antenna (FA) technology can fully exploit spa-
tial degrees of freedom by adapting antenna positions to reshape
multiple-input multiple-output (MIMO) wireless channels. Most
existing studies on FA assume consistent channel statistics across
the antenna array, whereas this might not be true in spatially
nonstationary channels. In this letter, we consider an FA-assisted
extra-large MIMO (XL-MIMO) system, in which different users
have different visibility regions (VRs) over the entire array, and
the channel characteristics differ across the VRs. With the goal of
maximizing the ergodic downlink sum-rate, we propose a trans-
mission framework consisting of long-term antenna allocation,
antenna position optimization, along with short-term precoding.
Under this framework, we design multiuser antenna allocation
algorithms exploiting the VR information, for practical scenarios
that the users have either non-overlapping or overlapping VRs.
Simulation results demonstrate the superiority of exploiting VR
information in FA-aided XL-MIMO systems.

Index Terms—Fluid antenna system (FAS), XL-MIMO, visi-
bility region, antenna allocation, ergodic sum-rate.

I. INTRODUCTION

ULTIPLE-input multiple-output (MIMO) has long been

a key enabling technology for wireless communica-
tions [1]. Conventional MIMO systems usually employ fixed-
position antenna (FPA) arrays. Recently, the fluid antenna (FA)
technique, first proposed in [2], [3], has attracted considerable
research attention due to its unique reconfigurability [4], [5],
[6], [7]. Compared to FPA MIMO, the array structure in FA
MIMO systems can be optimized by flexibly altering antenna
positions, so as to fully exploit the spatial degree of freedom
and improve the system capacity [8]. FAs can be realized by
a variety of antenna technologies such as liquid antennas [9],
reconfigurable pixels [10] and metamaterials [11].

The performance of a single-antenna FA system was studied
in the early work of [3]. This line of research has progressed
under different terminologies, such as movable antennas (MA)
[12]. The capacity of MA-enabled MIMO systems based on
instantaneous channel state information (CSI) was character-
ized in [13]. Further considering the difficulty of acquiring
instantaneous CSI, ergodic rates with statistical CSI have been
analyzed in [14], [15]. Note that existing studies on FA/MA
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MIMO typically assume that all users see the same propa-
gation environment. However, with the evolution of massive
MIMO to extra-large MIMO (XL-MIMO) towards 6G, such a
channel assumption might become invalid.

In XL-MIMO systems where the array aperture becomes
very large, spatial non-stationarity in the channels has to be
considered. Specifically, each user, depending on its location,
may only see a subregion of the entire array. This is called the
user’s visibility region (VR) [16], [17]. Having different VRs,
users exhibit distinct channel statistics. The location-dependent
nature of VR enables simultaneous user localization and VR
identification [ 8]. This fact facilitates the incorporation of VR
information into FA-assisted XL-MIMO transmission design.
Specifically, multiuser antenna allocation becomes possible by
switching FA elements to different VRs of different users.

In this context, we investigate VR-aware FA-assisted XL-
MIMO transmission. To maximize the ergodic sum-rate, we
propose a transmission framework which combines long-term
antenna allocation and short-term precoding. We consider two
practical scenarios, in which the VRs of different users might
be either non-overlapping or overlapping. For non-overlapping
VRs, we derive an analytical upper bound of the ergodic
sum-rate under maximum ratio transmission (MRT), enabling
efficient antenna allocation via standard mixed-integer non-
linear programming (MINLP). For overlapping VRs, we de-
velop a dual-loop optimization framework, in which antenna
allocation is conducted by employing genetic algorithm (GA).
Afterwards antenna placement and precoding are alternatingly
updated using particle swarm optimization (PSO) and zero-
forcing (ZF), respectively. Numerical results indicate that the
use of VR information significantly enhances FA-assisted XL-
MIMO transmission performance over an FPA array.

II. SYSTEM MODEL AND PROBLEM FORMULATION
A. Signal Model

Consider a multiuser MIMO system as shown in Fig. 1, in
which a base station (BS) equipped with N FAs, forming an
XL-MIMO array, serves K single-FPA users in the downlink.
The XL-MIMO array is implemented in a rectangular area of
size A, x A, which is divided into S subregions of size a, x
ay, where S = Nyow X Neol, Neol = Az /ay and Nyow = Ay /ay,.
The s-th subregion is denoted as A, for s € {1,2,...,S5}.
The k-th user’ VR is described by the union of its visible
subregions, represented by the index set 7, C {1,2,...,5}.
Also, A, may be visible to one or more users, for which we
define the corresponding user set as s C {1,2,...,K}.

For every FA element, its position can be adjusted either
within a subregion, or across different subregions. In order to
describe the precise position of an FA element, we establish
a coordinate system: The origin o = (0,0)T is set at the
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Fig. 1. An FA-assisted XL-MIMO communication system.

left-bottom corner of the entire array, with the x- and y-
axes defined along its two sides. The entire array area is
described by the coordinate region of [0, A,] x [0, A4,]. The
coordinate of the n-th FA in the s-th subregion A, is denoted
by ts., = [Ts.m,Ysn] T, 1 <n < N, where N is the number
of FA elements allocated to A,. For convenience, we stack
the coordinates of all FA elements in A, in a matrix form,
described as ts £ [ts1,...,tsn,] € RN,

Let z;, € C denote the signal intended for the k-th user,
where E{z,zf1} = 1 and E{xyzfl} = 0,Vk' # k. The
received signal at the k-th user can be expressed as

Yk = Z h g (b)) W pk
SETLy
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where hs’k(fs) € C'*Ns denotes the channel vector between
the FAs in A, and user & (which depends on the FA positions
t,), and Wk € CN=x1 ig the corresponding precoder, and
ny ~ CN(0,0%) is complex additive Gaussian noise.

B. Channel Model

We make the following assumptions on the wireless chan-
nels in (1): 1) Far-field propagation condition holds for every
subregion. 2) Spatial non-stationarity appears across subre-
gions. Specifically, denote the number of transmit and receive
paths between subregion As and user k by L!, and L,
respectively; besides, denote the elevation and azimuth angfes
of departure (AoD), for the [-th transmit path from A, to
user k, as 0%, ; € [-7/2,7/2] and ¢}, ; € [-7/2,7/2] for
l=1,...,L.,, respectively. The number of paths and their
AoDs vary across subregions due to spatial non-stationarity.

Then taking o as a reference point, the [-th path length
difference from the n-th FA in A; to user k is pf , ;(tsn) =
T SIn (9;,“ cos ¢§,k,l +Ys.n COS 92,1@,1 [13]. Consequently, the
channel phase difference is 27mp% , ,(ts.,)/\, where X is the
carrier wavelength. Hence, the transmit field response vector
gs.k(tsn) € CLaxx1 jg given as
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We further define the path response matrix from A, to
user k as Mg € CLexxEik | in which the entry [(Xs.klgp
characterizes the response coefficient between the p-th transmit
path and the g¢-th receive path. Each entry is modeled as an

ot
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independent identically distributed (i.i.d.) circularly symmet-
ric complex Gaussian random variable with zero mean and
variance ag - At last, the channel vector h, ;(t,) is [13]

hs,k(fs) - ;Ikxs,ka(Es)a (3)

where fs; = 1z «1 is an all-one vector, and Gi(ts) =

[gs,k(ts1),---,8sk(tsn,)] € CLLrXNs s the field-response
matrix of all the FA elements in A, for the k-th user.

C. Problem Formulation
With the signal model in (1), the achievable ergodic sum-
rate can be found as [14]

K 2

R=Es,, Zlog 1+ Dlzl
k=1

Z hs,k(Es)Ws,k
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where Dy = 074+ > 1 | D sez, nz Dok (ts)Ws 1| denotes
the noise plus Iqinterfér;lkce terrerlzkfgfkuser k. Our objective is
to maximize this ergodic sum-rate by jointly optimizing the
antenna allocation ({ N, }), FA positions ({t}), and downlink
precoding ({w x}). The problem is formulated as

(P1) max R (5a)
{N:}Aws i}, {ts}
s.t. Ny =0 or || < Ny < Ng max,

(5b)

S
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ts € As, Vs. (5)

Note that Ny = 0 in (5b) allows a subregion A, to be inactive.
Otherwise, once activated, Ny must be no less than |KC4|,
which is the number of users covered by 4. Furthermore,
N, cannot exceed the maximum allowable antenna count
Nsmax = |az/D + 1| x |ay/D + 1]. The constraints on the
total number of antennas, transmit power (where p = P/N in
(5d) denotes the average power constraint per antenna, with P
denoting the total transmit power), and antenna positions are
specified in (5¢)—(5f), respectively.

III. NON-OVERLAPPING VRS

We start solving (P1) by considering an ideal case, that the
users have non-overlapping VRs on the XL-MIMO array, i.e.,
Ix NIy = () for k' # k. In practice, this can be guaranteed by
proper user scheduling, or simply by discarding the overlap-
ping VRs in transmission design. In this case, the interference
term in (4) is eliminated, and hence MRT becomes optimal in
every subregion Ag. That is, W, = /NsphZ, /||h, x|l As
such, the ergodic sum-rate in (4) is simplified to

K 2
1 ~
R = EES,k Zlog 1+ 0713 (Z \/@"hs,k(ts)||>
k=1 s€Ly
(6)



Proposition 1. With non-overlapping VRs and MRT precod-
ing, an upper bound of R in (6) can be obtained as

K 1
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where T'(+) denotes the Gamma function. Note that (7) is a
function of the channel path parameters (s k, Ly and Lg, &)
the VR sets (), and the FA allocation parameters (N).

Proof. With Jensen’s inequality, I in (6) is upper bounded by
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where X, = /Nyp||hs (ts)||. Since the elements of h, x(t)
follow complex Gaussian distribution of CA/(0, a2 , L7 . L% ),
we have ||hgk(ts)||> ~ Gamma(N,,a? L7, L) and
bk (ts)]| ~ Nakagami(Ny, NooZ (L%, Lt ). As a result,
the expectation terms in (8) can be respectively derived as

Ex.. [X3] = pNJal Lok Ll ©

- I'(Ns+1/2)
Es, , [Xs] = pNSLs,kLZ,kaSJCW‘ (10)
This leads to the upper bound in (7). O

Although R in (7) is an upper bound, it is tight under
different parameter settings, as will be confirmed by Monte-
Carlo simulations. Notably, with non-overlapping VRs and
MRT, R solely depends on N, while it is not affected by
particular FA positions. In this case, Problem (P1) is simplified
to an antenna allocation problem only, described as

P2) max R s.t. (5b), (5¢), (11
(P2) maxR st (30), (50
which is a nonlinear integer programming problem, which can
be efficiently solved using a standard MINLP solver.

IV. OVERLAPPING VRS

We extend the discussion to a more general scenario, in
which different users may have overlapping VRs on the XL-
MIMO array. That is, for two users k' # k, I, N Iy # () may
hold. In this case, interference-cancelling precoding has to be
considered instead of simply using MRT. With N, > |K,|, we
adopt ZF precoders for the design of wy ; in (5a).

Unlike R in (7), the ergodic sum-rate achieved with ZF pre-
coders now depends on specific FA positions. This renders the
optimization of {N}, {w, 1}, and {t,} all coupled together
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Fig. 2. The flowchart of the proposed dual-loop algorithm.

when solving (P1). To address this challenge, we propose a
dual-loop algorithm to obtain a solution, as described by the
flowchart in Fig. 2. In the inner loop, the antenna allocation set
{N,} is given and fixed, while {t,} and {w j } are alternately
updated using a PSO algorithm. In the outer loop, a GA-based
solution of {N,} is obtained. These inner- and outer-loops
are iteratively updated until an end-loop condition is satisfied.
Details of the algorithm are explained in the following.

A. Inner Loop: Precoding and FA Position Optimization

In the inner loop, ZF precoders are determined as follows.
Define Hyp = [hl;,....h7, bYWl 7 €
CUK:I=D)xN. ' 7F precoding is performed on each subregion,
with the normalized precoder for user k, given by [19]

Ngp

|Cs]

PS hS ES H
k Je(~ )H 7 (12)
HPs,khs,k(ts) ||

Wsk =
where Ps,k = INS — I:Ii’k(ﬁs,kﬁgk)_lﬁs,k e CNsxNs g
the orthogonal projection matrix onto the null space of Hy .
Specifically, when |KCs| = 1, P, degenerates into the identity
matrix, and wy j, is simplified to the MRT precoder.

Given sets of {N,} and {t,}, the ZF precoders completely
eliminate the inter-user interference term in (4). However, it
is still very challenging to derive an analytical expression for
R in (4). Therefore, we use the Monte Carlo average as an
approximation of the ergodic sum-rate, defined as

1 e 1 ’
Rzr & i log |14+ = Z hi’?,z) (ts)wSZ) ,
m=1k=1 %k |sez,
(13)
where hg}? (ts) denotes the m-th random channel realization

(generated with fixed FA positions t,), and WSZ) is the
corresponding precoder obtained with (12). Now, the FA
position optimization problem is described as

rrlai( Rzr s.t. (5e),(5f). (14)
t

This problem is tackled using the PSO algorithm [20], which
yields a solution {t4}. Steps (12)—(14) are iteratively executed
until an end-loop condition is met, e.g., the difference of Rzp



obtained in two adjacent iterations falls below a predefined
threshold. Once the inner loop is ended, the resulting {w s }
and {t,} are passed to the outer loop to optimize {N,}.

B. Outer Loop: Antenna Allocation

The outer loop treats the ergodic sum-rate as a function of
the antenna allocation {N,}. With {w, ;} and {t,} obtained
in the inner loop, Problem (P1) is reduced to:

max R st (5b), (5¢).

5)
{Ns}

Given it being NP-hard, we propose Algorithm | for an
effective solution with the following key steps:

e Initialization (Step 1): First, the GA initializes a popu-
lation P(©) = {Ngo),NéO), . 7NSO)} of size I, where
each chromosome encodes a feasible antenna allocation
solution set in the form of

NO = {N9 NG, N (16)
where Ni(g) denotes the number of FAs allocated to A,
in the i-th chromosome, for 1 < i < I.

e Evaluation (Step 3): Through the fitness evaluation, the
sets of {N,}, {ts} and {wy;} that achieve the highest
ergodic sum-rate are identified in the g-th iteration.

e Reproduction and Evolution (from Step 4 to Step 14):
Use crossover operation to generate two offspring chro-
mosomes N§°> and N§°> from a pair of parent solutions:

(N§O>, Néo)) = Crossover(ng), Nép),IP’c). 17

With probability P, the single-point crossover is applied
at a random point s € {1,...,S—1}; that is, the elements
(of ng) and ng)) beyond s are exchanged. Otherwise,
N and N are exact copies of the parents.

« Repair (Step 10): As N'” and N{” may violate con-
straint (5¢), a repair operation is applied such that:

(o) _ : (o)
N;” =Repair(N;”, N, {Nsmax}, {|Ks]}),  (18)

This operation iteratively adjusts the allocation N J(Os) (the
s-th element of Ngo)) to satisfy constraint (5c), while
ensuring that constraint (5b) is maintained.

e Mutate (Step 11): To maintain population diversity, mu-
tation operation is applied to each repaired offspring:

N = Mutate(N), Poy, { Ny max}, {[Ks]}).  (19)

With probability P,,, a subregion pair (As, As/) is se-
lected, and n antennas are re-allocated from A, to Ay
according to the following rule:

1, if N —1> K],
N(O)

J»s

n= (20)

otherwise.

An elitism strategy is further employed to retain the best-
performing individuals across generations. The algorithm
then proceeds to the evaluation step (Step 3) until a
termination condition is satisfied.

Algorithm 1 GA-based Antenna Allocation

Input: Array parameters: az, ay, Az, Ay,
System and channel parameters: N, { Ns max}, K, {Zr}, {Ks}, A\, D,
P, ai, {L;k}’ {L;k}’ {‘9;k l}’ {¢2,k,l}’ {Es,k}s
GA algorithm parameters: I, G, P¢, Pp,.

Output: Rimax, Nmax, {ts}, {ws i}

1: Initialize population (@ = {N{” N{» . N{©}.
2: for g =1to G do

3: Nmax < arg max,(g-1) R; record the corresponding R as Rmax.
4:  Initialize parent population P =0, offspring population P’ =9
5: fori=1to [ do | N

6: Randomly select two individuals N;g -, Nég 1 from Pl9—1).

Add the one with better fitness (higher R) to =
7. end for
8: for i =1to [ by 2 do

9: Generate offspring individuals N50> and Ng)) according to (17).
10: Repair each offspring according to (18).

11: Mutate each offspring according to (19).

12: Add NI N 0 P

13: end for

14:  Replace the first individual in " with the best individual in P(9=1),
then P(9) « P".

15: end for B

16: return Rmax, Nma)u {ts}a {ws,k}-

TABLE I
SIMULATION PARAMETERS.
Parameter | Description | Value
f Carrier frequency 3.5 GHz
N Number of antennas at the BS 1{55;25563’
Az, Ay Side length of the array region 2 m
Az, Ay Side length of the subregion 1m
D Minimum inter-FA distance /2
Li’k, Lg’k Number of paths (3,6]
0 4, L L Elevation and azimuth angles | U/ [-%, 3]
Bo Reference channel gain at 1 m —40 dB
« Path loss exponent 2.8
P Transmit power 30 dBm
O‘i Noise power —80 dBm
I Population size of the GA 100
G Maximum iterations of the GA 20
P. Crossover probability 0.8
P Mutate probability 0.1

V. SIMULATION RESULTS

We have conducted simulations to evaluate the performance
of the proposed design. Parameters are set as described in
Table I. The large-scale fading of the channels is given by
Br = Pod, ), where dg ) denotes the distance between A,
and user k. We consider an example scenario with two users,
with d;; = 50 m and ds2 = 100 m for each A,. The
variance of [ x|, i set as aik = Br/(L} L% ,)- The
PSO parameters follow [20], except that the population size
is 50 and the number of iterations is 100.

Two VR scenarios are simulated: Z; = {2},Z, = {1,3}
(non-overlapping) and 7; = {1,2},Z> = {1,3} (overlap-
ping). For these two VR conditions, the proposed algorithms
described earlier are applied and respectively, denoted as
“FA, non-overlapping VR” and “FA, overlapping VR” in the
following. We compare the proposed FA designs with the
following baseline schemes:

o FPA, non-overlapping VR: Conventional uniform planar
array (UPA) is employed and MRT is adopted on each
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Fig. 3 demonstrates the rate performance versus the number
of antennas. As shown, the proposed FA design outperforms
the FPA schemes at different values of IV, for both the non-
overlapping and overlapping VR cases. Specifically, at N =
16, “FA, overlapping VR” achieves nearly 25% performance
gains over “FPA, overlapping VR”. Although the gains in
percentage might become lower as /N increases, an absolute
gain larger than 2 bps/Hz is still guaranteed at large antenna
numbers, e.g., N = 256. More importantly, the simulation
results indicate that it is possible to use much less FA elements
to achieve a comparable performance of FPA XL-MIMO.

The gains of FA XL-MIMO mainly stem from its capability
of flexibly adapting antenna allocation to the VR condition. In
Fig. 4, we take N = 16 as an example to intuitively illustrate
the optimized FA layouts under different VR conditions. In
Fig. 4(a), only Aj is activated for user 2, since this subregion
has higher channel gain than .4;. Besides, antenna allocation
between A3 and A, is optimized to maximize the sum-rate
for two users. Fig. 4(b) illustrates the antenna allocation result
for the overlapping VR case, where As is visible to both
users. Allocating antennas to this shared subregion improves
reuse efficiency under a limited antenna budget, therefore, all
antennas are allocated to A, for better performance.

VI. CONCLUSION

This paper investigated the ergodic sum-rate maximization
problem for an FA-aided XL-MIMO system exploiting VR in-

formation. We proposed a framework that integrates long-term
antenna allocation and short-term precoding, and conducted
optimization for both the non-overlapping and overlapping
VR scenarios. Simualtion results revealed that the proposed
scheme that exploits VR information significantly outperforms
conventional FPA systems. The results also illustrated that
comparable performance can be achieved using fewer FAs than
FPAs, reducing the number of required RF chains.
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