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Abstract: This study addresses the challenges of near-field interference suppression and resource allocation in
extremely large-scale multiple-input multiple-output (XL-MIMO) communication systems, particularly under dense-
user scenarios. We propose a quality-of-service (QoS)-aware joint user scheduling and power control scheme.
Leveraging the spherical wave (SW) characteristics of near field channels, a dual-domain interference suppression
strategy is developed by analyzing the spatial correlation of beam focusing vectors in terms of both angular separation
and distance constraints. Based on this, a spatial correlation-based scheduling (SCS) algorithm is designed. By
integrating this user selection strategy with a dynamic power allocation mechanism, the proposed approach optimizes
the sum spectral efficiency while ensuring the user QoS. This framework is further extended to modular XL-MIMO
systems. We show how modular deployment can enhance spatial resolution and develop an adapted QoS-aware user
scheduling algorithm, called modular SCS (SCS-mod), for this architecture. Simulation results validate that the
proposed algorithms significantly outperform existing schemes in terms of sum spectral efficiency and the number of
scheduled users, especially under high user density and high transmission power conditions.
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1 Introduction

Extremely large-scale multiple-input multiple-
output (XL-MIMO) technology, characterized by the
deployment of antenna arrays with extremely large
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apertures (e.g., hundreds to thousands of elements),
promises significant enhancement in spatial resolu-
tion and spectral efficiency for wireless communica-
tion systems (Dong and Zeng, 2022; Lu et al., 2024).
Unlike conventional MIMO systems where users typ-
ically reside in the far field, users in XL-MIMO sys-
tems may be located in the radiative near-field region
(Bjornson et al., 2019; De Carvalho et al., 2020; Tang
et al., 2024). This necessitates the use of a more accu-
rate spherical wave (SW) channel model and enables
beam focusing to enhance the desired signal strength
(Lu and Zeng, 2022; Wu and Dai, 2023; Chen and
Dai, 2024; Dong et al., 2024). Moreover, near-field
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beam focusing enables high-gain energy beams to
be formed at specific locations through phase con-
trol. It also distinguishes users’ spatial positions via
distance-domain resolution. This offers new possi-
bilities for multi-user multiplexing in scenarios with
high user density (Dong and Zeng, 2022; Zheng et al.,
2024). However, these near-field effects also compli-
cate the inter-user interference (IUI) management.
In the far field, user separation relies solely on angu-
lar differences, and interference suppression depends
on the angular-domain orthogonality of steering vec-
tors. In contrast, the beam focusing property in the
near-field region introduces distance-domain resolu-
tion in addition to angular resolution, making the
channel characteristics of near-field users depend on
both angle and distance. This implies that two users
with similar angles and distances exhibit strong spa-
tial correlation (Wu and Dai, 2023; Lu et al., 2024),
which further complicates near-field interference sup-
pression. Consequently, conventional far-field inter-
ference suppression strategies relying solely on an-
gular resolution are not directly applicable in the
near field. Therefore, it is crucial to fully exploit the
spatial degrees of freedom and beam focusing capa-
bilities of XL-MIMO to achieve efficient scheduling
and interference mitigation in dense-user scenarios
(Gonzalez-Coma et al., 2023; Lu et al., 2024; Yang
et al., 2024; Zhang et al., 2024).

Conventional XL-MIMO features collocated an-
tenna elements, providing higher array gain and a
compact physical structure. This configuration of-
fers strong performance benefits in scenarios where
a large, contiguous aperture deployment is feasible
(Wu and Dai, 2023; Lu et al., 2024). However, the re-
quirement for a contiguous platform poses challenges
for non-contiguous installations (Li et al., 2023). To
address this challenge, modular XL-MIMO offers a
practical solution for achieving very large apertures
with enhanced deployment flexibility by deploying
multiple spatially separated antenna modules (Li
et al., 2022). In practice, these modules, each with
a moderately sized uniform array, are arranged on a
common platform but separated by relatively large
distances, allowing for flexible integration into urban
environments. For instance, they can be distributed
across building facades or embedded within large in-
door venues like airports and stadiums (Li et al.,
2023, 2024). This flexibility is a key advantage over
collocated arrays. Furthermore, modular XL-MIMO
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significantly enhances spatial resolution, allowing for
better user discrimination in the near field. The pri-
mary drawback, however, is that excessively large
inter-module spacing brings grating lobes, leading
to severe IUI (Li et al., 2022). Therefore, designing
modular arrays requires careful consideration of the
trade-off between deployment flexibility and system
performance. In addition, by exploiting the extended
inter-module spacing and the compact design within
each module, the modular architecture reduces spa-
tial correlation among user channels and provides a
potential solution for mitigating near-field interfer-
ence in dense-user scenarios (Jeon et al., 2021; Wang
and Zeng, 2023).

In recent years, several studies have proposed
various solutions to the user scheduling problem in
XL-MIMO systems based on the SW model. For ex-
ample, in millimeter wave (mmWave) system stud-
ies, Du et al. (2022) and Qu et al. (2022) proposed
beam selection and user scheduling algorithms ex-
ploiting angular-domain sparsity, which effectively
increase the number of served users under limited
However, due to the fundamen-
tal differences between narrow mmWave beams and
wide near-field beam focusing on XL-MIMO, these
methods are not directly applicable. Gonzalez-Coma
et al. (2021) proposed an equivalent distance-based
strategy that prioritizes users with larger distance
differences to reduce interference, thereby lowering

beam resources.

complexity but ignoring angular-domain correlation,
leading to limited interference suppression in dense-
user scenarios. In contrast, De Souza et al. (2023)
employed an exhaustive search method to find the
optimal user group, achieving good performance but
suffering from computational complexity that grows
exponentially with the number of users, rendering it
impractical for scenarios with a very large number
of users. However, these existing methods may not
fully exploit the nuanced spatial correlation charac-
teristics inherent in near-field channels, potentially
limiting their effectiveness in dense-user scenarios.
Although modular architectures can inherently re-
duce inter-user channel correlation (Li et al., 2022,
2024), multi-user scheduling for such systems of-
ten still relies on algorithms designed for conven-
tional arrays. Consequently, the full potential of
modularity, particularly for near-field interference
suppression and resource allocation, remains largely
unexplored.
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To address these challenges, this study inves-
tigates multi-user downlink XL-MIMO communica-
tion systems and proposes a quality-of-service (QoS)-
aware joint user scheduling and power control al-
gorithm. By analyzing the spatial correlation of
near-field beam focusing vectors, we establish a dual-
domain (angle and distance) interference suppression
mechanism. This mechanism forms the basis of our
proposed spatial correlation-based scheduling (SCS)
algorithm. Combined with zero-forcing (ZF) precod-
ing and dynamic power allocation, this approach
aims for efficient resource allocation while satisfy-
ing user QoS. Furthermore, this study extends the
proposed algorithm to modular XL-MIMO systems,
analyzing how modular deployment can enhance spa-
tial resolution and proposing an adapted scheduling
algorithm (modular SCS (SCS-mod)) tailored for
this architecture. Simulation results demonstrate
that the proposed algorithms significantly outper-
form existing benchmark schemes in terms of sum
spectral efficiency and the number of scheduled users,
exhibiting particularly strong interference suppres-
sion capabilities in dense-user and high-power sce-
narios. Furthermore, the dual-domain scheduling
framework proposed in this paper provides a foun-
dational approach that can be extended to other
emerging architectures, such as reconfigurable in-
telligent surface (RIS)-assisted systems and cell-free
XL-MIMO architectures (Liu et al., 2024; Lee et al.,
2025). Integrating our framework with these tech-
nologies constitutes a promising avenue for future
research.

2 System model and

formulation

problem

Fig. 1 shows the considered multi-user XIL-
MIMO downlink communication system. In this sys-
tem, a base station (BS) with an N-element uniform
linear array (ULA) serves K users, each with a single
antenna. Without loss of generality, we assume that
the ULA is placed along the y axis and is symmetric
with respect to the origin. The spacing between ad-
jacent antenna elements is d, with d = %, where A is
the carrier wavelength.

To accurately describe the near-field channel in
the XL-MIMO system, we use the uniform spherical
wave (USW) model (Li et al., 2024). The channel

n" antennaj

ULA of the BS

nd

md

scatterer

O
I\ek,z
Tkl D
(m)
s V)

m /‘h
©.y) Tkl D

Fig. 1 A multi-user XL-MIMO downlink communi-
cation system

vector for user k£ can then be written as

Ly
N
hi, = VNgib (ri, 0)) + 4/ I, > kb (e, i)
=1
(1)

which contains one line-of-sight (LoS) path and Ly
non-line-of-sight (NLoS) paths for user k. gp =

%He’jo"’”k denotes the gain of the LoS path,
where & is the Ricain factor representing the power
ratio between the LoS and NLoS paths. r; denotes
the distance from user k to the center of the ULA,
and 65 denotes the angle of user k& with respect to
the positive x axis. For the ['! NLoS path, gy, is its
gain following gx; ~ Nc(0,07), with of = %ﬂ Tk
is the distance between the scatterer and the center
of the ULA, and 0 is its angle. Finally, b(r, ) is
the near-field array response vector, given by

'@

2m (—N) —j2m (V)

b(r70):\/—1ﬁ[e_-17 Lo ,e I\

where (") is the distance between the n'" BS an-
tenna and user k (or a scatterer), and r is the dis-
tance between user k (or a scatterer) and the center
of the ULA. For simplicity, we assume that N is an
odd number, so the antenna indices range from —N
to N, where N £ % The coordinate of the n'®
antenna is (0,y,), with y, = nd. Therefore, the
distance from user k to the n'" antenna is

i = \/TZ — 21y sin by, + y2

(, . 2 29
é) Tk — Yn Sin by + Yn ©O5 Uk

, (3)
where the approximation (a) comes by using the
second-order Taylor series expansion for v/1 + x.
Let S = {1,2,..., K} denote the set of all users.
Let K C S be the set of users scheduled for service.

2Tk
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An index k € K identifies a user in this set. The
signal transmitted by the BS is © = 37, - frsk.
Here, fi, € CV is the transmit beamforming vector
for user k, and s ~ Nc(0,1) is the data symbol
intended for user k. Therefore, the received signal at
user k is given by

Y = hgfksk + Z h?fzsz + ng, (4)

i€k ik

where nj ~ Ng(0,02) is the additive white Gaussian
noise (AWGN), and o2 is the noise variance. Thus,
the spectral efficiency for user & is given by

b fr|? B
T3+ Yiexien [P fil?

In XL-MIMO systems, serving many users at
the same time can make it difficult to meet their

Ry, = log, (1 +

QoS requirements. Therefore, we present our study
of the user scheduling problem in this paper. We con-
sider perfect channel state information (CSI) avail-
able at the transmitter (If imperfect CSI and spatial
non-stationarity are considered, the spatial correla-
tion metrics and channel estimation will be biased.
In Section 5, the impact of inaccurate CSI at the
transmitter on the performance of the user schedul-
ing technique is numerically evaluated) (De Souza
et al., 2023). Our goal is to jointly choose the set
of scheduled users K and design the transmit beam-
forming vectors { fx }rex to maximize the sum spec-
tral efficiency. The optimization problem is stated
as PO:

max R 6a
KA fr}rex l;C r ( )
s.t. Ry > Rk, vk € K, (6b)
ZkaHg < Pax, (6¢)

ke
KCs, (6d)

where Ry > 0 for all k € K is the minimum spectral
efficiency required by user k (the QoS requirement).
Pnax > 0 is the maximum transmit power at the
BS. Constraint (6b) ensures that each scheduled user
k € K achieves at least its minimum required spec-
tral efficiency Rj. Constraint (6¢) limits the total
transmit power for all scheduled users to Ppax. Con-
straint (6d) specifies that the set of scheduled users
K must be a subset of all users S.
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PO is non-convex with respect to the transmit
beamforming vectors { f }rexc. Also, the number of
possible choices for the user set I grows exponen-
tially, making an exhaustive search for the best set
too time-consuming. Furthermore, the optimization
variables are coupled, which makes it difficult to solve
PO directly.

3 Proposed solution to PO

To address the challenges mentioned above, we
design an efficient algorithm to solve P0. Our ap-
proach is to break PO down into two smaller prob-
lems (subproblems). Subproblem 1 optimizes the set
of scheduled users K, and subproblem 2 optimizes
the transmit beamforming vectors {fx }reic. Specif-
ically, we first solve subproblem 1. This subproblem
deals with user scheduling by using spatial correla-
tion information of the channels between the BS and
the users. Then, using the chosen set of users, we use
the ZF beamforming method to design the transmit
beamforming vectors. This changes subproblem 2
into a power allocation optimization problem. Fi-
nally, our proposed overall algorithm combines the
solutions from the user scheduling and power alloca-
tion subproblems in order. This gives us a solution
to the original PO. The details are elaborated in the
following subsections.

3.1 Solution to
subproblem

the wuser scheduling

In this section, we propose a scheduling method
that uses both user angle and distance. This method
analyzes the spatial correlation between the beam
The goal is to
effectively reduce IUI and solve the user scheduling

focusing vectors of different users.

problem. However, the set of all users S can be very
large. To reduce the complexity of user schedul-
ing, we divide S into several subgroups V;, so that
SEV,UVoU---UV,, where s is the number of sub-
sets. This division is based on a chosen angular range
©. Users within each group V; are expected to have
similar channel conditions, and we assume that inter-
ference between different groups is small enough to
be ignored. Let IC; C V; be the set of users scheduled
from group V;. To simplify the analysis, we consider
only the LoS channel and neglect the impact of NLoS
paths (Lu and Zeng, 2021), such that Eq. (1) reduces

to h, = \/]ngb(rk,ﬁk), facilitating theoretical
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analysis of spatial correlation among users. We de-
fine f(rx,Ok;7j,0;) = |b2 (1, 01)b(r;,0;)| as the cor-
relation of the beam focusing vectors between user k
and user j, where £ € V; and j € K;. Our main
goal for user scheduling is to pick a set of users
K’ such that the beam focusing vector correlation
f(rg, 075, 0;) between users in the set is low, while
trying to make the set as large as possible. We can
state the part of this goal related to minimizing cor-
relation as P1:

K'=arg min f(rg,0k;7;,0;) (7a)
K

s.t. KCS. (7b)

P1 is a difficult combinatorial problem. To find
a good solution to P1, we propose an algorithm called
SCS.

Before describing the algorithm, we first look at
the spatial correlation between different users. We do
this by analyzing the correlation of their beam focus-
ing vectors. The correlation function f(rg, 0x;r;,0;)
can then be written as

f(rkvaka’r]v {b Tkvak)b(rjvej){

Ze“y"ﬂeﬂ el (g)

2
. . ) _ cos”0; cos? 0,
where Ay = sinf —sinf; and A, = e

By observing the sum in Eq. (8), we can see that
each term in the exponent (the phase) has two parts:
(1) a linear phase part y, Ay, which depends on the
angles; (2) a quadratic phase part y2A,., which is
affected by both the angle and distance. These linear
and quadratic phase parts show how differences in
angle and distance between users affect their spatial
correlation.

We first focus on the linear phase part which is
os? 0,

related to the angle. Suppose that =24 = .
If we substitute this condition into Eq (8), the cor-

cos? 0,

relation becomes
N

1 S el Fm
N

fr, Ok;m5,05) =

sin (7rN CZA@)
Nsin (dAg) |’

9)

where d = %. Eq. (9) depends only on the angle

difference Ag. If we choose Ay such that TNdAg =

Sin(T[N(ZAg)
Nsin(mng) be-
comes 0. From this, we can find that the width of

47, then the correlation expression ‘

2
the main beam of this expression is —. Usually,

the spatial angular resolution is defined as half of
this main beam width (Li et al., 2024). So, the spa-
tial angular resolution for our system is

A
Ap res = Nd (10)
If the angular difference between two users, | Ag|,
is greater than or equal to this resolution Ag ;es, the
BS can discriminate the users by their angles. In this
case, the correlation among users is very small, and
hence the IUI becomes negligible for user schedul-
ing. On the other hand, if users have similar angles
(meaning |Ag| < Ag res), their main beam patterns
overlap. This causes a strong correlation and a lot of
interference. If users are at exactly the same angle,
their correlation mainly depends on the quadratic
phase part. Lemma 1 below explains this.
Lemma 1 Ifusersk and j are in the same direction
(i.e., Oy = 0;) but at different distances (i.e., rp #
r;), then their correlation is approximately

C jS
Foutiry0) = o) = | ZEEEE
where § = \/W—L o) =

foﬂ cos (Zt?) dt and S(3) = foﬁ sin (Zt?) dt are Fres-
nel integrals (Sherman, 1962).

Proof The proof is similar to the one for Lemma 1
n (Cui and Dai, 2022), so we do not include it here
for brevity.

Lemma 1 shows that how much users’ signals
affect each other (their coherence) strongly depends
on both |fo(8)| and 8. To keep the correlation low,
we want to make sure that |fy(8)| stays below a
certain level, denoted by A. First, we find a value Sa
such that |fo(Ba)] = A. Because |fo(8)| generally
gets smaller as 3 gets larger, we need 8 > S to meet
our condition. From the condition 8 > Sa, we can
find the required condition for the distances r; and
r;. This condition is

1 1 203% B 1 (12)
T T N2d2 cos2)  Zacos2’
where Z = %, and Z, is a distance threshold

value. By using this threshold Z A and making sure
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that users satisfy the distance condition (12), we can
ensure that their spatial correlation |fo(8)] is < A.
This helps reduce IUI for users who are in similar
angular directions.

The above analysis shows that in an XL-MIMO
system with a large antenna array, the correlation
of near-field beam focusing depends on differences
in spatial angle and distance between users. This
correlation greatly affects the amount of TUT.

Based on the above discussion, our scheduling
method, which uses both angle and distance, should
make sure that two conditions are met: (1) the an-
gular difference between users, |Ag|, must be at least
Ag res; (2) if users do not meet this angle condition,
then they must satisfy the distance condition (12).
Therefore, to implement our user scheduling for P1,
we select users from each group V; to form a sched-
uled user group ;. We make sure that users se-
lected for KC; meet both the angle and distance con-
ditions. Finally, we combine all these selected groups
IC; to obtain the final set of scheduled users K'. Al-
gorithm 1 describes this proposed SCS algorithm.
In Algorithm 1, its complexity is mainly determined
by the dual-domain constraints for user pairs within
each group, i.e., steps 8-17 of Algorithm 1. Its com-
plexity is O (KTQ), where K is the number of users

and s is the number of subsets.

Algorithm 1 Proposed SCS algorithm
Input: The set of all users S; the spatial angular resolution
Ag res; the distance threshold parameter Z

Output: The set of scheduled users K’

1: Partition the set S into s subsets Vi, Va2,..., Vs

2: K =9

3: for k in each subset V; do

4: if £; = 9 then

5: Ki=K;U {k}

6: else

7 |Ag| = |sin @), —sinb;|, k € V4, j € K;
8: if ‘Ag‘ Z A(),res then

9: Ki=K; U{k}

10: else

11: R:%—i,kevi,jelci
12: if R > m then

13: Ki=K;U{k}

14: else

15: break

16: end if

17: end if

18: end if

19: end for

20: K+ KiUKaU---UKs
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3.2 Solution to the transmit beamforming
vector subproblem

For a given scheduled user set X', the optimal
transmit beamforming vectors { f; }rexs can be ob-
tained by solving subproblem P2:

{fi trex =arg max Z Ry, (13a)
{fk}kelc’ kekC!

st. Rp > R;ka‘ c K, (13b)

ZkaHg Spma)o (13(3)

ke’

P2 is non-convex with respect to the variables
{fx}rex’. For simplicity, we employ ZF precoding
at the BS (Zhang et al., 2024). Specifically, the pre-
coding vector for user k € K’ is given by

P -1
[(H?’;lhkﬂ (H'H) ey,

)

e = (14)

where ej, € {0,1}/X'is the k™ vector of the standard
basis of the |K'|-dimensional Euclidean space, H €
CN*IK'l'is the channel matrix whose columns are
the channel vectors of the users in X', and pg, > 0 is
the power allocated to user k. With ZF precoding,
IUI is eliminated, i.e., hllfi = 0 for all k,i € K/,
where k # i. Substituting Eq. (14) into Eq. (5),
the spectral efficiency for user k becomes (De Souza
et al., 2023)

Pk
Fi = logz (l o [(HHH>11k,k>' (15)

Eq. (15) shows that with ZF precoding, the
spectral efficiency of user k& depends on its allo-
cated power pi, the noise variance o2, and the term
[(HYH) ;. This term [(HYH)™!; , accounts
for the effect of inter-user channel correlations within
the scheduled set K'; a larger value typically indi-
cates stronger detrimental correlation effects, im-
pacting the signal quality for user k& (Dong et al.,
2024).

Therefore, by substituting the ZF precoder
structure in Eq. (14) and the resulting spectral effi-
ciency in Eq. (15) into P2, it can be reformulated as
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the following power allocation problem P3:

{Pk}rex =arg max Z Ry, (16a)
{pk}kelc/ kek’

s.t. Ry > Rk,Vk S IC/, (lﬁb)

Z Pk < Pmax- (16(2)

kex’

The user set K’ obtained from Algorithm 1 is se-
lected based on spatial correlation criteria. However,
this selection does not inherently guarantee that a
feasible power allocation exists for all users in K’
when addressing P3. Specifically, it may not be pos-
sible for all users in K’ to simultaneously satisfy their
minimum spectral efficiency requirements (16b) and
the total power constraint (16¢) (De Souza et al.,
2023). Thus, it is necessary to verify the feasibility
of the user set K’ for P3.

Let £* denote the feasible set of scheduled users.
P3 is feasible if and only if the total minimum power
required to satisfy the individual spectral efficiency
constraints of all users in £* does not exceed Ppax:

po=o2 3 (% ) (b))
kGZIC* ’ ' kezlc* ( : ) hk

< Prax; (17)

where Dy, is the minimum power required for serving
user k, and Hy- is the channel matrix for the users
in the set K*.

Therefore, for a feasible set of scheduled users
K*, the solution to P3 is given by

pj, = max (]_9;@7/1 —o? [(H,IC{*HIC*)_IL k) . (18)

where k € K*, and p € R is a constant called the
water level. The optimal power p; can be found us-
ing a root-finding algorithm (Palomar and Fonollosa,
2005).

However, if the initial set of scheduled users
K’ (from Algorithm 1) is infeasible for P3, a feasi-
ble subset I* is obtained by a user deletion proce-
dure, described in Algorithm 2. This algorithm iter-
atively removes users to meet the power constraint.
Specifically, in lines 3-5, the user with the small-
est channel gain (norm squared) is removed from
the current set of users. Then, in line 6, the min-
imum power required to serve the users in the re-
duced set is calculated using the updated channel
matrix. These steps (lines 3-7) are repeated un-
til the feasibility condition (17) is met. The algo-
rithm then outputs the feasible user set K£*. For

Algorithm 2, the complexity mainly depends on the
feasibility check and the final water-filling power al-
location, i.e., steps 2—7. The complexity of steps 3—4
is O(|K*]), while the complexity of steps 56 is ap-
proximately O(]K*|). The worst-case complexity is
O(|K*|*), but in practice, the number of iterations
is much smaller than |[K*|. Thus, the complexity of
Algorithm 2 is O(|K*|?).

Algorithm 2 User deletion procedure

Input: The set of initially scheduled users K’; the
minimum spectral efficiency requirements { Ry },cx; the
channel coefficient matrix Hy/ € CNXIK'] for users in K';
the maximum transmit power Pmax

Output: The feasible set of scheduled users K*

1: K* «+ K/

2: repeat

3. kremove < argmin||hy]|?

keK*

4: K* = K* \ {kremove }

5: Construct the channel matrix H* € CNXIK™| for the
users in the current set K*

6: Py =o2(2f — VD)[(H*EH*)"1]; p, Vk € K*

72 until ZkEK* ﬁk S Pmax

3.3 Overall algorithm

The overall algorithm to solve PO is presented in
Algorithm 3. This algorithm jointly optimizes user
scheduling and power allocation to maximize the sum
spectral efficiency in the multi-user XL-MIMO sys-
tem. The process involves three main stages. First,
an initial set of users K’ is selected by Algorithm 1,
which aims to group users with low spatial correla-
tion based on angular resolution and distance crite-
ria to mitigate IUI. Second, if the minimum power
required by the users in K’ exceeds the BS’s maxi-
mum transmit power Py, users are iteratively re-
moved from this set using the deletion procedure in
Algorithm 2. This step ensures that the final set of
scheduled users, £*, has a total minimum power de-
mand that respects the power budget. Finally, for
the feasible user set KC*, the water-filling algorithm,
as described by Eq. (18), is employed for dynamic
power allocation. This optimizes the sum spectral
efficiency while satisfying each scheduled user’s QoS
requirement. For Algorithm 3, the complexity is
mainly determined by Algorithms 1 and 2; therefore,
the overall complexity is O (KTQ + |K* |3>
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Algorithm 3 Proposed algorithm for PO

Input: The set of all users S; the spatial angular resolution
A res; the distance threshold parameter ZA; the maximum
transmit power Pmax; the minimum spectral efficiency
requirements { Ry }pcicr

Output: The feasible set of scheduled users K£*; the
allocated powers {p} }rex*

1: Generate the initial scheduled user set K’ by using

Algorithm 1
!

2: Construct the channel coefficient matrix H € CN*IK'[,
and compute the minimum required total power
2kex Pr

3: while ZkEK’ ﬁk > Pmax do

Update the scheduled user set £* by deleting users

according to Algorithm 2, and recompute > ke P

: end while

: Obtain a feasible scheduled user set K*

: For all k € K*, obtain p; according to Eq. (18)

: return: K*; {p} brere

=

0 N oW

4 Extension to modular XL-MIMO
communications

The joint optimization framework developed in
Section 3 provides an effective methodology for XL-
MIMO systems. We now extend this framework to
the modular XL-MIMO scenario.

The system setup for modular XL-MIMO is sim-
ilar to that described in Section 2. The key difference
lies in the replacement of the conventional ULA at
the BS with a modular ULA (mULA), where the BS
consists of M modules, each containing N,, anten-
nas, as shown in Fig. 2. Therefore, the total number
of antennas is N = MN,,. The aperture size of
each module is S = (N,, — 1)d. We assume that
the distance between the central elements of adja-
cent modules is I'd, where I" is a design parameter.
For instance, if a modular XL-array is deployed on
a building facade with modules separated by win-
dows, I' would be influenced by the window dimen-
sions. A condition like I > N,,, might be typical if
modules are physically separated, though practical
constraints could lead to other values. In particular,
when I' = N,,,, the mULA reduces to a conventional
ULA (a form of collocated XL-array). The total
physical size of the mULA is D = [(M — 1)I" +
(N — 1)]d. For notational convenience, we assume
that both M and N,, are odd integers. Thus, the
module index m and the intra-module antenna in-
dex n belong to the sets M = {0, +1, .. '7:|:(1\/f2_*1)}
and NV, = {0,+1,..., i%}, respectively. Ac-
cordingly, the position of the n*" antenna element
in module m along the y axis is given by ymn =

Xian et al. / Front Inform Technol Electron Eng

2025 26(11):2353-2364

Module

Modular ULA of the BS

Fig. 2 A multi-user modular XL-MIMO downlink
communication system

(mI" + n)d. The position vector of this element is
wy, = [0, Ym.n] T

The array response vector b(rg,0;) for the
mULA can be derived in a manner similar to that
for Eq. (2), yielding

1 27 (1
b ) = [
(n) _

k.m TZ - 2Tkym,n sin ek + y?nm denotes

, 19
]neNm,meM ( )

where 7
the distance between user k (at (rg, %) in polar co-
ordinates relative to the array center) and the n'®
antenna element in module m.

The considered wuser distance range is
2
max{5D,4STD} < rp < %. Within this range,

users are assumed to be in the extended far-
field region of each individual module but in the
near-field region of the overall array (Li et al.,
2023). Consequently, for the purpose of analyzing
spatial characteristics, certain approximations can
the angle from user k£ to any module
m is approximately 6j,, ~ 6. Furthermore,
for deriving simplified correlation properties, the

position of an antenna element (m,n) might be

be made:

approximated by the position of its module’s center,
Le, Yumm) = Ym,o) = ml'd. The validity and
implications of such approximations were discussed
in Li et al. (2023). By analyzing the beam focusing
correlation f(r, O;1;,0;) = |6 (ry, 0k )b(r;, 0;)| for
the modular XL-MIMO, analogous to the derivation
leading to Eq. (8), the spatial angular resolution

can be expressed as Agjﬁeds = ﬁ. The distance
constraint between users k and j (when 0 ~ 0; = 0)

can then be derived as

1 1 2)\62A B 1

ri ri| T M2I2d%2cos20  ZAmodcos2f’
(20)
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M>212d?
Ve Here, ZA moa repre-

sents the effective distance threshold parameter for
the mULA, and S, is defined as in the context of
Lemma 1.

where ZAmod =

Comparing these expressions with those for the
conventional XL-MIMO, it can be seen that the
mULA potentially offers different spatial resolution
characteristics. If, for instance, MI'd > Nd (i.e.,
I' > N,,), the mULA would provide finer angular
resolution. Similarly, the distance resolution proper-
ties, characterized by ZA moa, are scaled by (I'/N,, )?
compared to a continuous ULA of N = M N,,, anten-
nas if N2d? is taken as M2N2d?. Due to the chal-
lenge of satisfying QoS requirements when serving
many users simultaneously in modular XL-MIMO
systems, we again consider the user scheduling prob-
lem, formulated similarly to PO. To address this, a
scheduled user set can be determined using adapta-
tions of Algorithms 1 and 2, followed by power allo-
cation for the selected users. This joint optimization
approach remains applicable to modular XL-MIMO
systems. We refer to this adapted overall algorithm
as SCS-mod.

5 Numerical results

In this section, we present simulation results
to demonstrate the performance of the proposed
scheduling algorithms. Unless otherwise specified,
the simulation parameters are set as follows: the
inter-element spacing is d = A/2. Given a carrier
frequency that results in A = 0.1256 m (e.g., around
2.38 GHz), d = 0.0628 m. The correlation thresh-
old for Lemma 1 is A = 0.5. The system band-
width is B = 20 MHz, and the noise power spec-
tral density is —174 dBm/Hz. The minimum spec-
tral efficiency requirement for each user, Ry, is var-
ied, but for Figs. 3 and 4, it is set to 15 bit/(s-Hz).
The predefined angular range for user grouping (as
mentioned in Section 3.1) is ©® = 7/6. The total
number of antennas in the conventional XL-MIMO
array is N = 128. We consider a Rician fad-
ing channel model with one LoS path and L = 3
NLoS paths, and the Ricain factor is set to Kk = 8.
The BS transmit power budget, Pya.x, ranges from
0 dBm to 30 dBm. For the modular XL-MIMO con-
figuration (SCS-mod), the BS has M = 32 mod-
ules, each containing N,, = 4 antennas (totaling

N = MN,, = 128 antennas). The inter-module
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spacing parameter is I' = 13. In each Monte-Carlo
simulation trial, K = 100 users are randomly and
uniformly distributed within a cell, with distance
) € [40,200] m from the BS array center and angle
0y, € [—m/2, /2] relative to the array’s broadside.

We compare our proposed algorithms, SCS (for
conventional XL-MIMO) and SCS-mod (for modu-
lar XL-MIMO), with the following three benchmark
schemes:

(1) Clique search-based scheduling (CBS) (De
Souza et al., 2023). The CBS algorithm models
the user scheduling problem as finding a maximum
weight clique in an undirected graph and employs a
greedy search. Its complexity is O(NK? + |K*|?),
where N is the number of antenna elements.

(2) Distance-based scheduling (DBS) and sim-
plified (DBS-s) (Gonzalez-Coma et al., 2021). The
DBS algorithm schedules users based on an equiva-
lent distance metric, defined in Eq. (7) in Gonzalez-
Coma et al. (2021). Its complexity is O(NK|K*| +
|K*|3). The DBS-s is a lower-complexity variant,
where the equivalent distance is replaced by the di-
rect distance between the user and the BS array cen-
ter. Its complexity is O(|K*[3).

Fig. 3 illustrates the sum spectral efficiency ver-
sus the transmit power Py, .x for different scheduling
algorithms when R}, = 15 bit/(s-Hz). The sum spec-
tral efficiency of all algorithms increases with Py ax,
but the growth rate decreases at high power lev-
els, indicating that performance becomes limited by
IUI rather than noise. The proposed SCS and SCS-
mod algorithms consistently outperform the baseline
schemes (CBS, DBS, and DBS-s), especially at high
power levels. This superior performance is attributed
to their effective spatial correlation-based user selec-
tion, which better mitigates IUI. Notably, SCS-mod
achieves the highest sum spectral efficiency, benefit-
ing from the potentially enhanced angular resolution
and distance discrimination capabilities of the mod-
ular XL-MIMO architecture. In addition, it is worth
emphasizing that our proposed algorithm exhibits
lower complexity than CBS and DBS. Although
DBS-s achieves the lowest complexity, it comes at the
cost of significantly reduced interference suppression
capability.

Fig. 4 shows the number of scheduled users as
a function of the transmit power Ppax, again for
Ry = 15 bit/(s-Hz). As Puax increases, all algo-
rithms are able to schedule more users. The proposed
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SCS and SCS-mod algorithms schedule significantly
This im-
provement stems from their ability to select users
with lower inter-channel correlation, thereby reduc-

more users than the baseline methods.

ing IUI, which is crucial for supporting a larger num-
ber of concurrent users in XL-MIMO systems. The
modular design leveraged by SCS-mod further en-
hances the spatial separability, leading to the high-
est user scheduling capacity among the considered
schemes.

Fig. 5 depicts the impact of the minimum spec-
tral efficiency requirement, Ry, on the sum spec-
tral efficiency when the transmit power is fixed at
Poax = 30 dBm. As Ry, increases, the sum spec-
tral efficiency decreases for all algorithms, because
stricter QoS constraints make user scheduling more
challenging under the total power limit. Neverthe-
less, the SCS and SCS-mod schemes maintain sig-
nificantly higher sum spectral efficiency compared to
CBS, DBS, and DBS-s across the range of Ry, values.
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Fig. 4 Number of scheduled users vs. transmit power
Prax for R, =15 bit/(s-Hz)

This demonstrates the robustness of the proposed
methods in maintaining efficient resource utilization
even under more stringent user requirements.

Fig. 6 shows the system’s sum spectral efficiency
as a function of the inter-module spacing I" under
various transmit power levels. As I increases from
its minimum value (i.e., I’ = N,,, = 4, corresponding
to a collocated XL-MIMO), a significant improve-
ment in sum spectral efficiency is observed. This
gain is attributed to the enlarged array aperture,
which provides finer spatial resolution and enables
our proposed SCS-mod algorithm to achieve more
effective user scheduling and interference suppres-
sion. However, as I" further increases, the improve-
ment gradually diminishes because excessive inter-
module spacing introduces dense grating lobes, in-
creasing the likelihood of user interference through
lobe overlap and offsetting the benefits of higher spa-
tial resolution.
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Fig. 5 Sum spectral efficiency vs. minimum spectral
efficiency requirement Ry, for Pmax = 30 dBm
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To evaluate the impact of imperfect channel
knowledge, we adopt a widely used channel estima-
tion error model. The estimated channel for user
k is modeled as ilk = (\/1 — a2)hk + aey, where
0 < a < 1, hyg is the estimated channel vector,
and er ~ Ng(0,||hy|3Iy) represents the estima-
tion error (De Souza et al., 2023). The quality
of the channel estimate is quantified by the nor-
malized mean squared error (NMSE), defined as

NMSE = E [%}, where the expectation is
taken over ej. Fig. 27 illustrates how the sum spec-
tral efficiency of different scheduling algorithms is
affected by this channel uncertainty, as measured
by the NMSE. As expected, the performance of all
algorithms degrades with increasing NMSE. How-
ever, our proposed SCS and SCS-mod algorithms
consistently outperform the benchmarks, highlight-
ing their robustness to channel estimation errors. In
particular, the SCS-mod benefits from the higher
spatial resolution of the modular array, whereas the
efficiencies of DBS and DBS-s degrade sharply and
approach zero when NMSE exceeds —10 dB, indicat-
ing their vulnerability to imperfect CSI. These find-
ings underscore the critical importance of designing
robust algorithms that account for CSI errors.
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Fig. 7 Sum spectral efficiency vs. channel estimation
NMSE for Pmax = 30 dBm

6 Conclusions

This study addressed user scheduling and re-
source allocation in XL-MIMO systems, focusing
on near-field interference management under high
user density. We proposed a QoS-aware joint user
scheduling and power control algorithm (SCS) that
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maximizes sum spectral efficiency while meeting
user QoS. The SCS algorithm employed a spa-
tial correlation-based selection strategy, consider-
ing both angular and distance domains, to mitigate
IUL. We further extended this framework to modu-
lar XL-MIMO architectures with an adapted algo-
rithm (SCS-mod). This SCS-mod algorithm lever-
aged the distinct spatial characteristics of mULAs
to enhance user discrimination and interference sup-
pression. Simulation results demonstrated that our
proposed SCS and SCS-mod algorithms significantly
outperform existing benchmarks in sum spectral ef-
ficiency and the number of scheduled users. The
efficacy of the interference management was partic-
ularly evident in high-power, dense-user scenarios.
Moreover, the proposed methods showed robustness
under stringent QoS constraints, validating the ben-
efits of the joint scheduling and dynamic power allo-
cation strategy and the angle-distance dual-domain
approach for interference suppression in XL-MIMO
communications.
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