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ABSTRACT Extra-large multiple-input multiple-output (XL-MIMO) systems reveal themselves as a
potential candidate for the sixth generation (6G) of wireless communication systems due to their features.
As XL-MIMO has a large antenna array, and, typically, the urban environment is plenty of obstacles
and reflectors, the spatial non-stationarities are introduced in the signal received at the base station (BS),
which means that only a portion of the antenna array is visible to users; hence, accurately modeling
XL-MIMO channels is paramount. Previous works on XL-MIMO channel modeling have adopted the
non-stationarities only in a spatial sense, and do not consider spatial-time evolution scenarios. Moreover,
simplified models with only one set of clusters between the BS and the user equipment (UE) are usually
adopted; hence, there is a lack of understanding regarding such channels modeling in the literature. This
work proposes and extensively analyzes a double-scattering XL-MIMO channel model, by admitting two
types of scattering clusters, one placed at the BS side, and another one located near the UEs. In addition,
two distinct antenna array configurations are included in the analysis, the uniform linear and planar arrays
(ULA and UPA). We propose a new double-scattering channel model under UPA arrangements, suitable
for modeling spatial non-stationarities scenarios in XL-MIMO dynamic environment subject to BS-cluster
and UE-cluster correlation, and birth-death channel clusters and scatterers. Numerical results for signal-
to-interference-plus-noise ratio (SINR), condition number (CN), and spectral efficiency (SE) performance
metrics considering different XL-MIMO channels and system configurations are analyzed via Monte-Carlo
simulations, under linear combiners MRC, ZF, and MMSE. Also, we characterize the impact of the number
of visible clusters per user, the birth-death rate growth effect on the channel clusters and scatterers, and
the favorable propagation effect according to the size of visibility region (VR) overlap. It can be observed
that the birth and death processes have a significant impact on the system performance. Under the proposed
clustered double-scattering channel modeling, the analyzed XL-MIMO linear receivers presented an SINR
degradation around 3 to 4 dB for the MMSE when the number of UEs substantially increased, while the
ZF and MRC receivers present a decrease of 1 to 2 dB, approximately, in SINR for the considered dynamic
configuration compared with static scenarios.

INDEX TERMS Uniform linear array (ULA), uniform planar array (UPA), extra large MIMO (XL-MIMO),
channel modeling, spatial non-stationary, visibility region, birth and death Poisson process (BDPP).

I. INTRODUCTION
Extra-large multiple-input multiple-output (XL-MIMO) is a
promising research direction of multi-antenna technology
for the sixth-generation (6G) of wireless communication
networks [1]–[3]. The main idea of XL-MIMO is to employ
a significant number of antennas (103 or more) at the base
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station (BS), which can be widely spread, e.g., on the walls
of dense buildings in the city, roof of airports, public open
spaces, walls of stadiums, etc. This system is thus able
to serve multiple user equipments (UEs) simultaneously,
achieving a substantial increase of spectral efficiency (SE)
thanks to the high spatial multiplexing gain. It is well-known
in the literature that when the number of antennas increases
the array becomes physically large and takes advantage
of some benefits, including channel hardening, asymptotic
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favorable propagation, and area throughput [4]. These
features promised by massive multiple-input multiple-output
(mMIMO) can be fully harnessed from a theoretical point
of view and extended to the XL-MIMO context with some
adaptations. Basically, when the number of antennas becomes
very large, spatial non-stationarities emerge. In other words,
when the dimension of the antenna array becomes very large,
the far-field propagation assumption is no longer valid, since
the distance between the BS and the scatterers/clusters or
users is smaller than the Rayleigh distance [5]. This fact
implies that users can see only a physical portion of the
BS antenna array due to the limited energy dispersion of
the propagation paths and the array dimensions. The portion
of the antenna array in the BS seen by users is called
by visibility region (VR) [6]. As there is still a lack of
understanding of the XL-MIMO propagation environment,
further researches on channel modeling and system-level
performance evaluation are highly required. Indeed, such
knowledge is paramount in the design of efficient signal
processing techniques for communications aided by extra-
large arrays [7], [8]. In the XL-MIMO context, we have very
specific physical characteristics that should be covered by the
wireless channel model adopted, e.g., non-stationarities and
near-field propagation, which directly impact the wireless
channel modeling and other important channel metrics
[9], [10]. An important factor for modeling the channel
propagation in XL-MIMO is the effects caused by obstacles,
such as buildings and trees, which can be represented by
scattering points. In general, there are two classic types of
statistical channel models, the correlation-based stochastic
models (CBSM), in which a correlation factor only models
the correlation degree, and the geometry-based stochastic
models (GBSM) that take into account the effects of certain
propagation geometry parameters, such as the distribution
of the scatterers and their locations around the transmitters
and receivers; such distribution results in a correlation degree
between the antennas. Therefore, although CBSM models
are less complex than the GBSM one, some environmental
features are not entirely captured with the CBSM models.
Consequently, the GBSM is more accurate for describing
specific scenarios, such as mMIMO and XL-MIMO [11].

Recent researches on wireless channel modeling have
included non-stationary properties [11]–[13]. In [11],
stochastic channel models for mMIMO and XL-MIMO
systems are described, evaluated, and compared. More
specifically, in the case of the XL-MIMO channel, the
one-ring model is analyzed using metrics such as capacity
and SINR. Additionally, the correlation effect due to the
location of the clusters is evaluated in the performance
of linear precoding schemes. In [12], a three-dimensional
(3D) wireless channel model for vehicle-to-vehicle (V2V)
communication environments is presented adopting the
spherical wavefront assumption, while the non-stationarity
property is only considered in a temporal sense. In [13],
a double-scattering channel model is presented for a linear
array in the XL-MIMO context, also taking into account

the near-field propagation with the spherical wavefront,
including the spatial non-stationarity properties for the
system with the VR concept. However, the work is restricted
to the uniform linear array (ULA) and the space-time
evolution of scatterers/clusters is neglected, considering only
a static perspective.

In addition, some research works have adopted birth
and death processes to model the channel non-stationarities
[14]–[18]. Both [14], [15] propose a one-ring mMIMO chan-
nel model, where there is only one set of clusters near the BS.
A birth and death process of channel clusters is incorporated
to reproduce non-stationary properties of clusters on both the
array and time axes. While in [14] the VR of each cluster is
obtained from the ray visibility gain to the receive antennas,
in [15] the mean power updates of rays are embedded in
the small-scale fading channel model with the assumption
of the inverse square law, not considering the VR effect.
Authors in [16] propose a transformation method to model
space-time-variant (STV) two-dimensional non-stationary
wideband mMIMO channels considering the disappearance
of multipath components (MPCs) and the drift and spread
of the time of arrival over the array. In this case, only a
set of scatterers are implemented with a specific distribution
governed by a birth and death process. López et al. [17]
updated [16] to a 3D wideband mMIMO channel model,
where statistical properties are derived. In this work, the
scatterers are clustered and now a Poisson process determines
the appearance/disappearance of these clusters to capture
array-variant characteristics, such as the VR effect. Lastly,
in [18] a GBSM non-stationary channel model operating at
millimeter wave (mmWave) is proposed for unmanned aerial
vehicle (UAV) MIMO communications, where is considered
both local and far clusters, in which a continuous-time
Markov model is adopted to model the dynamic properties
of the clusters, i.e., the appearance/disappearance of clusters
over time.

Channel measurements provided in [19] highlight the
complexity of modeling XL-MIMO channels. In this work,
a very large variation in power that reaches the array (more
than 10dB) and different patterns for signals coming from
each device were observed. Therefore, the non-stationary
properties of XL arrays indicate that a substantial modifica-
tion on the widely used correlated channel model is needed
in order to consider the variation on the average channel gain
along with the array. A clustered double-scattering channel
model can reflect more appropriately the effects of the
non-stationarity phenomenon in XL arrays since it depends
on both spatial correlations at the communication endpoints,
as well as on the scattering structure along the propagation
environment.

Against this background, we emphasize that the works
in the literature previously mentioned do not present a
specific and accurate channel model accurately describing the
XL-MIMO scenario and effects, including non-stationarities,
correlation, and near-field effect. Therefore, the descriptions
and models on the XL-MIMO channel found in the literature
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are incipient yet, requiring further discussion, since it is
crucial to achieve a better understanding on the XL-MIMO
channel and system. To the best of our knowledge, non-
stationary properties of clusters and scatterers in XL-MIMO
correlated channel modeling with distributed scattering have
not been comprehensively analyzed in the literature.
The contribution of this work is threefold.
• We propose a dedicated channel modeling for
XL-MIMO systems, where the BS is equipped with
XL uniform linear and planar arrays (ULA and
UPA). For that, a double-scattering channel model
is considered. There are two scattering clusters; one
emerges stochastically near the BS side, while the
second cluster also stochastically appears near the user
side. Such specific channel model has been conceived
for XL-MIMO structures, based on current appealing
scenarios of application in 5G, including crowded
system and channel configurations subject to many
obstacles, typically found in urbanized environments.

• We have modeled the birth and death of the correlated
BS-cluster and UE-cluster, as well as the scatterers, via
Poisson processes, generating a space-time evolutionary
process of scatterers/clusters that results in quasi-static
and dynamic spatial correlated XL-MIMO channels.

• Extensive numerical results corroborate the validity of
the proposed XL-MIMO channel modeling methodol-
ogy by comprehensively evaluating the effect of birth
and death Poisson point processes (PPP) and Poisson
clustering process (PCP), the effect of interference,
channel correlation, and the spectral efficiency of an
XL-MIMO system equipped with UPA or ULA and
linear combiners at the receiver. Besides, we analyse the
impact of parameters choice of a double-scattering cor-
related quasi-static or dynamic channels under XL-UPA
and XL-ULA arrays via condition number of channel
matrix and attainable average SINR, also considering
different linear combiners.

The remainder of this paper is organized as follows.
Section II describes the adopted multiuser XL-MIMO system
model. The XL-MIMO channel modeling considering linear
and planar arrays are also discussed in section II. Numerical
results corroborating the validity of the proposed channel
models are explored in section IV. Section V concludes the
paper.
Notation: operator ⊗ represents the Kronecker product,

and tr(·) is the trace of a matrix. [·]T holds for the transpose
operator. diag(·) is the diagonal operator, while [·]H denotes
Hermitian operator, IM is an identity matrix of size M ×M .
‖·‖means Frobenius norm, while |·| is the modulus operator.
E{·} denotes expectation operator; Var{·} denotes variance
operator; d·e denotes the nearest integer greater than or equal
of a real value; j =

√
−1 is the complex number; capital

calligraphic letters denote finite sets; bold lowercase letter
represents a vector, while bold capital letter representsmatrix.
[·](m,n) represent the element of themth row and nth column of
a matrix. x ∼ CN (x, σ 2

x ) represents a random variable x with

a circularly symmetric complex Gaussian distribution, where
x and σ 2

x are the mean and variance of x, respectively. U(a, b)
is a uniform distribution in [a; b] interval. x ∼ LN (µx , σx) is
a random variable x with log-normal distribution, where µx
and σx denote the distribution parameters.

II. XL-MIMO CHANNEL MODELING
In the XL-MIMO system, different channel conditions are
obtained due to the close distance between array and
user and the use of extremely large arrays. Thus, the
far-field propagation of the electromagnetic wave is no
longer valid. In this case, the array will experience spherical
wavefronts instead of planar wavefronts, which characterizes
the near-field propagation. Hence, the concept of spatial
non-stationarity is introduced together with VR, double-
scattering clusters, and near-field wave propagation aiming
to suitably describe the XL-MIMO channel [8].

Assuming narrow-band transmissions, the received base-
band signal y ∈ CM×1 across the whole array is defined as:

y = Hx+ n, (1)

in which x ∈ CK×1 denotes the vector of complex input
symbols with normalized power E[x2] = 1; besides, the
complex channel matrix can be defined as

H = [h1, . . . ,hK ] ∈ CM×K , (2)

where hk is the channel between the kth user and the BS,
defined in the following section, eq. (3); finally, the AWG
noise is a random variable modeled by a complex Gaussian
distribution n ∼ CN (0, σ 2

n IM ).
In the next subsections, two different antenna arrangements

of interest in practical application scenarios for multi-user
XL-MIMO wireless communications are explored, i.e., ULA
and UPA.

A. CLUSTER VR AND CORRELATION IN ULA
Let hk ∈ CM×1 denote the kth column of H, corresponding
to user k . Additionally, let K denote the number of users
simultaneously active, which are single antenna equipped.

In order to model the channel in a generic way, the double
scattering model is considered [13]. The double scattering
concept defines two types of scattering clusters placed at the
BS side called BS-cluster and another located near the user
side called U-cluster. In this channel, the spatial correlation
at the transmitter and receiver is separable. Additionally,
we assume that there are C clusters at the BS side and only
one cluster for each user.

We are assuming that the VR of each cluster is greater
than or equal to 50 antennas, on average. Therefore, all users
in front of the BS uniform array attain the massive MIMO
condition; hence, both massive antenna reception properties
namely channel hardening and favorable propagation are
satisfied. Under such a channel condition, small-scale fading
disappears within each VR, while large-scale effects domi-
nate. However, in the adopted typical XL-MIMO geometric
scenarios, the geographic distribution of UEs occurs in front
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of and close to the extension of the ULA or UPA panel,
with similar distances and much smaller than the length of
the uniform array. Therefore, in this case, the large-scale
coefficients of each user do not differ significantly.

In this context, we can model the channel between the kth
user and the BS as follows:

hk = [H̃1,k , · · · , H̃C,k ]Dkgk , ∀ k ∈ {1, . . . ,K }, (3)

where H̃i,k ∈ CM×Si represents the sub-channel between the
ith BS-cluster with Si scatterers for the kth user,Dk ∈ CS ′×Sk

is responsible for defining which BS-clusters are visible to
the U-cluster of the kth user, and gk ∼ CN (0, 1) ∈ CSk×1

denotes the small-scale fading between the kth user and the Sk
scatterers presents in its U-cluster. Furthermore, we assume
that S ′ constitutes the visible scatterers at the BS side w.r.t.
the U-cluster, i.e., S ′ =

∑C
i=1 Si.

We formulate the sub-channel between the ith BS-cluster
and the U-cluster related to the kth user as

H̃i,k = ϒiρ
1
2
i R

1
2
i GiR̃

1
2
i,k , (4)

where ϒi ∈ {0, 1}M×ri indicates which BS antennas are
visible to the ith BS-cluster, since ri is the number of visible
antennas, ρi ∈ Cri×ri represents the visibility power (energy)
gain, Ri ∈ Cri×ri the correlation matrix between the BS and
the ith BS-cluster, Gi ∈ Cri×Si is the complex scattering
amplitudes between the BS and the ith BS-cluster and R̃i,k ∈

CSi×Si is the correlationmatrix between the ith BS-cluster and
the U-cluster for the kth user. Next, each channel component
presented in equations (3) and (4) will be explained in more
detail.

1) CLUSTER VR (ϒi )
The set of BS antennas that are visible to a given BS-cluster
defines the cluster VR concept in this channel propagation
model. Therefore, this set contains the indexes of the antennas
that are visible to each BS-cluster channel, which is denoted
byRi = {ai1, · · · , a

i
ri}, where a

i
l is the index of the lth antenna

element inside the ith BS-cluster VR.

ϒi =

0m′i×ri
Iri

0m′′i ×ri

 , (5)

where 0mi×ri are zero matrices with m′i = ai1 − 1 and m′′i =
M−airi and Iri is the identitymatrix of dimensions ri×ri. If we
have, e.g., a system with M = 7 antennas and a BS-cluster
(i = 1) that has a VR defined by the set R1 = {3, 4, 5}, the
matrix ϒ1 ∈ {0, 1}7×3 can be written as follows:

ϒ1 =



0 0 0
0 0 0
1 0 0
0 1 0
0 0 1
0 0 0
0 0 0


.

2) POWER DISTRIBUTION (ρ i )
Due to the spherical wavefront propagation inherent to the
XL-MIMO system, the power that arrives in each antenna
of the subarray that forms the ith cluster VR is not equally
distributed, as shown from practical measurements performed
on [20]. As a result of this physical effect, the energy peak
occurs at the center of the visibility region, and then it is
attenuated linearly with a constant rateψi (dBm−1) inside the
VR. Hence, the energy distribution matrix for the ith cluster
VR can be represented by ρi = diag(ρi[1], . . . , ρi[ri]) ∈
Cri×ri . Additionally, this visibility gain matrix of the nth
antenna included in the VR can be evaluated using a discrete
function such as:

ρi[n] = 10−ψi|a
i
ci
−ain|dr , ∀ n ∈ {1, . . . , ri}, (6)

where aici = d
ai1+a

i
ri

2 e denotes the index of the antenna located
in the center of the ith cluster VR, ain is the index of the
nth antenna included in this VR, while dr represents the BS
antenna spacing in multiples of the signal wavelength.

3) CORRELATION BETWEEN THE BS AND THE ith
BS-CLUSTER (Ri )
The correlation between the receiver side (BS antennas) and
the ith BS-cluster is defined by the correlation matrix Ri ∈

Cri×ri , which its (m, n) element can be evaluated as follows:

[Ri](m,n) =
1
Si

Si−1
2∑

`=
1−Si
2

e
−2π jdr (m−n)sin

(
αi+

`θi
Si−1

)
, (7)

where αi represents the azimuth angle, while θi is the angular
spread between the BS and the ith BS-cluster.

4) CORRELATION BETWEEN THE ith BS-CLUSTER AND THE
U-CLUSTER FOR THE kth USER (R̃i,k)
Assuming that we have Sk scatterers at the kth U-cluster, these
scatterers can be represented as a virtual antenna array with
Sk elements and an average spacing ds in multiples of the
wavelength. Therefore, the (m, n) element of the correlation
matrix between the ith BS-cluster and the U-cluster can be
obtained as:

[R̃i,k ](m,n) =
1
Si

Si−1
2∑

`=
1−Si
2

e
−2π jds(m−n)sin

(
−α̃i,k+

`θ̃i,k
Si−1

)
, (8)

where α̃i,k is the azimuth angle and θ̃i,k denotes the
corresponding angular spread between the ith BS-cluster and
the U-cluster of user k.

5) VISIBILITY MATRIX (Dk)
Another type of VR considered in this propagation environ-
ment is the U-cluster VR for each k user. This user VR is
represented by a set of clusters that are visible for the kth
user, denoted by Vk . The practical mean of the user VR is that
only part of the C BS-clusters is visible to each k U-cluster.
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Moreover, we need to define the scatterer visibility set Ck ,
which can be seen as being a set that contains all the indexes
representing the visible scatterers of the BS-clusters in Vk
related to the kth user. Thus, the mth row of the visibility
matrix Dk ∈ CS ′×Sk is obtained as:

[Dk ](m,:) =

{
1, if m ∈ Ck
0 otherwise

. (9)

For example, considering 4 BS-clusters with 3 scatterers
each, a U-cluster (k = 1) with 6 scatterers and the user VR
set given by V1 = {2, 4}. Therefore, the set representing the
scatterer visibility is written as C1 = {4, 5, 6, 10, 11, 12} and
the visibility matrix is

D1 =



0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
1 1 1 1 1 1
1 1 1 1 1 1
1 1 1 1 1 1
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
1 1 1 1 1 1
1 1 1 1 1 1
1 1 1 1 1 1



.

Fig. 1 illustrates the scenario considered for the XL-MIMO
with the ULA arrangement. Blue points represent the
scatterers, while a set of near-scatterers forms a cluster.
Furthermore, the shading elements (scatterers and clusters)
represent the evolution of the scenario based on the birth
and death Poisson process described in more detail in
section II-C.

B. CLUSTER VR, POWER DISTRIBUTION AND
CORRELATION I UPA
Consider a planar antenna array in the y-z-plane with M =
Mz × My antennas, where Mz represents the horizontal
rows each with My antennas. In this case, the antennas are
uniformly spaced with vertical and horizontal spacing dz
and dy (given in multiples of the wavelength), respectively,
as shown in Fig. 2. Moreover, the antennas are indexed row-
by-row, so that um ∈ R3 is the location of the mth antenna
(m = 1, . . . ,M ) on the x, y, and z axis for the planar
arrangement, which can be described as:

um =

 0
py(m)
pz(m)

 , (10)

where py(m) = mod (m − 1,Mh)dh and pz(m) = b(m −
1)/Mhcdv are the horizontal and vertical position of antenna
m, respectively.

In this context, we can model the channel between the kth
user and the BS similarly to eq. (3) rewriting some terms to
adapt the formulation to the new geometry of the scenario
considered. So we need to reformulate the matrices presented

FIGURE 1. XL-MIMO array with spatial non-stationary regions along the
ULA with double-scattering channel modeling: i th BS-cluster, with
i = 1,2, . . .C , and kth U-cluster.

in eq. (4), which denotes the sub-channel between the
ith BS-cluster and the U-cluster.

1) CLUSTER VR (ϒi )
Similarly to the ULA case, the matrix ϒi ∈ {0, 1}M×ri
denotes the set of BS antennas that are visible to a given
BS-cluster, by introducing the VR cluster concept in this
channel model. The set containing the indexes of the antennas
that are visible to each BS-cluster is denoted by Ri =

{ai1, · · · , a
i
ri}, where ain is the index of the nth antenna

element inside the ith BS-cluster VR. However, as antennas
are now indexed row-by-row the cluster VR for the planar
array is written as:

[ϒi](ain,n) =

{
1, ∀ n ∈ {1, . . . , ri}
0 otherwise

. (11)

2) POWER DISTRIBUTION (ρ i )
The energy distribution for the UPA scenario differs from the
ULA case due to the geometry of the problem, since now
we have to consider both y and z coordinates. Hence, the
energy distribution matrix for the ith cluster VR can also be
represented by ρi = diag(ρi[1], . . . , ρi[ri]) ∈ Cri×ri , and the
power received by the nth antenna inside the VR is obtained
as follows:

ρi[n] = 10
−ψi

√[
py(aici )−py(a

i
n)
]2
+

[
pz(aici )−pz(a

i
n)
]2
, (12)
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FIGURE 2. XL-MIMO configuration highlighting the spatial non-stationary regions along with the UPA, and the
double-scattering entities, where for each UE-BS link, one cluster appears near to each UE and the other rises near to the
BS. Shading elements (scatterers and clusters) represent the death in the Poisson process.

∀ n ∈ {1, . . . , ri}, where ψi is the attenuation factor
(dB/m) for the ith BS-cluster, py and pz are the coordi-
nates in the y and z axes, respectively, as represented in
eq. (10).

3) CORRELATION BETWEEN UPA AND ith BS-CLUSTER (Ri )
This correlation matrix can be obtained by the Kronecker
product between two ULA correlation matrices [21]. From
the UPA antenna configuration, having Mz antenna elements
along the Z coordinate andMy along the Y coordinate results
in an with M = Mz ×My antennas. Hence, considering that
the correlation between the elements along the Z coordinate
given by matrix Rz

i does not depend on Y and, similarly, the
correlation along the Y coordinate (Ry

i ) does not depend on Z,
the Kronecker model approximation for the UPA correlation
matrix can be written as:

Ri = Ry
i ⊗ Rz

i , (13)

where ⊗ is the Kronecker product.
Notice that Ry

i and Rz
i refer to a subset of the BS antenna

array (concerning the Y and Z coordinates, respectively),
forming ULA visible region arrangements in both directions.
Hence, one can consider the number of scatterers in
each direction, independently, for the corresponding ULA
arrangements, i.e., Syi and Szi scatterers along Y and Z
coordinates, respectively, for the ith BS-cluster. Therefore,
these matrices can be calculated in a similar way as in eq. (7),

resulting in:

[Ry
i ](m,n) =

1

Syi

Syi −1
2∑

`=
1−Syi
2

e
−2π jdy(m−n) sin

(
αi+

`θ
y
i

Syi −1

)
, (14)

where αi represents the azimuth angle, while θyi is the
angular spread along Y coordinate between the BS and the
ith BS-cluster.

[Rz
i ](m,n) =

1
Szi

Szi −1
2∑

`=
1−Szi
2

e
−2π jdz(m−n) sin

(
φi+

`θ
z
i

Szi −1

)
, (15)

where φi is the elevation angle and θ zi denotes the angular
spread in the Z coordinate between the BS and the
ith BS-cluster.

4) CORRELATION BETWEEN THE ith BS-CLUSTER AND THE
U-CLUSTER FOR THE kth USER (R̃i,k)
In order to model this correlation matrix, the same principle
as the ULA scenario was adopted, for simplicity. Considering
that each U-cluster has Sk scatterers, these scatterers can
be seen as a virtual antenna array, but now with a UPA
arrangement of Sk antenna elements. Therefore, the (m,n)-th
element of the correlation matrix between the ith BS-cluster
and the kth U-cluster can be obtained as:

R̃i,k = R̃y
i,k ⊗ R̃z

i,k , (16)
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where R̃y
i,k and R̃z

i,k are the correlation matrices correspond-
ing to the virtual ULA arrangements considered separately,
i.e., w.r.t. the Y and Z coordinates, respectively. Hence, these
correlation matrices can be evaluated as:

[R̃y
i,k ](m,n) =

1

Syi

Syi −1
2∑

`=
1−Syi
2

e
−2π jds(m−n) sin

(
α̃i,k+

`θ̃
y
i,k

Syi −1

)
, (17)

in which α̃i,k represents the azimuth angle, while θ̃yi,k is
the angular spread between the ith BS-cluster and the
kth U-cluster in Y coordinate, and

[R̃z
i,k ](m,n) =

1
Szi

Szi −1
2∑

`=
1−Szi
2

e
−2π jds(m−n) sin

(
φ̃i,k+

`θ̃
z
i,k

Szi −1

)
, (18)

where φ̃i,k is the elevation angle between the ith BS-cluster
and the U-cluster of user k and θ̃ zi,k denotes the angular spread
between them in the Z coordinate.

C. BIRTH-DEATH PROCESSES OF CLUSTERS AND
SCATTERERS
Since both UEs and clusters are moving, the appearance and
disappearance of clusters and scatterers on the array axis
need to be included in the channel model. In order to insert
this dynamic property of clusters and scatterers, a birth-death
approach from a spatial evolution model is considered in
this work. Let’s consider only one cluster for each user and
C clusters with Si scatterers, i = 1, 2, . . .C , for the ith
BS-cluster, initially. Therefore, intending to implement the
birth and death process, we propose to adopt two different
strategies: a) PPP tomodel the birth and death of the scatterers
for the kth U-cluster, and b) PCP on the BS side when
new clusters with Si scatterers are generated following the
clustered Poisson process.

1) SCATTERERS BIRTH-DEATH AT THE UE SIDE
The scatterers can be modeled assumed to be PPP distributed
in the XL-MIMO channel [15]. According to the birth and
death Markovian process, the appearance and disappearance
of scatterers are exponentially distributed. The survival
probability of the scatterers between different U-clusters can
be expressed as:

Prscatsrv = e−
λr ds
D , (19)

where λr is the recombination rate of the scatterers, D is the
coherence factor related to the environment, and ds represents
the spacing between the adjacent scatterers.
Then the average number of newly generated scatterers can
be expressed as [14]:

µ =
λg

λr

(
1− e−

λr ds
D

)
, (20)

where λg represents the rate of regeneration of scatterers.
A pseudo-code for birth and death process generation of
scatterers is depicted in Algorithm 1.

Algorithm 1 Birth and Death Process of Scatterers
1: Input λr , λg, ds,D,Sk
2: for ` = 1 : Sk do
3: Determine if the scatterer survived
4: if Sk{`} survived then
5: Sk{`} = 1
6: else
7: Sk{`} = 0
8: end if
9: end for
10: New scatterers are generated according to Poisson

process
11: Update the number of scatterers (Sk )
12: Update the set of scatterers for kth UE (Sk )
13: Output Sk

2) CLUSTERS BIRTH-DEATH AT THE BS SIDE
Similarly, the clusters at the BS side can be modeled assumed
to be PCP distributed. The survival probability of the clusters
can be expressed as:

Prclussrv = e−
λcr dr
Dc , (21)

where λcr is the recombination rate of the clusters, Dc is
the coherence factor related to the environment on the array
axis, and dr represents the spacing between different antenna
elements.

Therefore, the average number of newly generated clusters
can be expressed as [14]:

µc =
λcg

λcr

(
1− e−

λcr dr
Dc

)
, (22)

where λcg represents the rate of regeneration of clusters.
The pseudo-code for birth and death generation of

clusters is similar to that described in the Algorithm 1,
simply substituting the entity ‘‘scatterer’’ by ‘‘cluster’’ and
setting suitable parameter values, for the recombination and
regeneration rates, coherence factor, and spacing between
antennas.

We summarize the whole procedure for generating the
proposed XL-MIMO channel model in Algorithm 2. Lines
4 and 6 generate the birth and death process of clusters and
scatterers, respectively. After this, the VR size related to each
cluster is determined in line 8. The correlation matrices are
obtained as presented above according to the antenna adopted
arrangement (ULA or UPA).

III. FIGURES OF MERIT: SINR, SE, CN AND FAVORABLE
PROPAGATION
A. SPECTRAL EFFICIENCY (SE): LINEAR COMBINERS
Rewriting the expression in (1) as:

y =
K∑
k=1

hkxk + n, (23)

and adopting linear receiver schemes at the BS, denoted by
matrix V ∈ CM×K , the received signal is separated into K
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Algorithm 2 Generation of XL-MIMO Channel With Birth
and Death Process
1: InputM ,K , dr , ds
2: Define H = 0M×K
3: for k = 1 : K do
4: Update C (procedure similar to Algorithm 1)
5: for i = 1 : C do
6: Update Si (Algorithm 1)
7: Define H̃i,k = 0M×Si×C
8: ObtainRi
9: Compute ϒi in eq. (5) for ULA or (11) for UPA

10: Compute ρi in eq. (6) for ULA or (12) for UPA
11: Obtain azimuth and elevation angles
12: Compute the correlation matrices
13: Obtain Gi
14: Update H̃i,k in (4)
15: end for
16: Compute visibility matrix Dk in (9)
17: Obtain gk
18: Update H(:, k) in (3)
19: end for
20: Output H

streams by multiplying y with the linear combining matrix:

ỹ = VHy = VHHx+ VHn. (24)

Therefore, from (24), the received signal for the kth user is
given by:

ỹ = vHk y = vHk hkxk︸ ︷︷ ︸
desired signal

+

K∑
j=1,j6=k

vHk hjxj︸ ︷︷ ︸
interuser interference

+ vHk n︸︷︷︸
noise

, (25)

where vk is the kth column of V.
The signal-to-interference-plus-noise ratio (SINR) can be

defined by:

γk =
|vHk hk |

2∑
j6=k |v

H
k hj|

2 + σ 2
n ‖vk‖2

. (26)

Hence, the overall SE is defined according to:

SE =
(
1−

τ

Tc

)
·

K∑
k=1

log2(1+ γk )
[

bits
s · Hz

]
, (27)

where Tc is the channel coherence time, and τ is the period
dedicated to training and channel estimation tasks.

In the sequel, we revisit some classical linear receivers
deployed for the XL-MIMO channel analysis.

1) MAXIMUM-RATIO COMBINING (MRC)
This receiver simply neglects the effect of multiuser inter-
ference, aiming to maximize the received signal-to-noise
ratio (SNR) of each user at the BS [22]. Following this policy,
the MRC receiver is obtained by assigning vMRC

k = hk in

eq. (26), while the attained SINR for the kth user is:

γMRC
k =

‖hk‖4∑
j6=k |h

H
k hj|

2 + σ 2
n ‖hk‖2

. (28)

Notice that the signal processing is very simple; however,
as previously commented, this receiver has poor performance
in the channel scenarios limited by the interference, since
MRC does not consider the effect of multiuser interference.

2) ZERO-FORCING (ZF) COMBINER
Unlike MRC, zero-forcing receivers take into account
account interuser interference but do not consider the effect of
noise. The ZF combiner can eliminate multiuser interference
by projecting each user vector onto the orthogonal com-
plement of the interuser interference but assuming perfect
channel state information (CSI) knowledge. The ZF combiner
matrix is given by:

V ZF
= H (HHH )−1, (29)

and the received SINR for the kth user deploying ZF combiner
at BS is defined as:

γ ZF
k =

1

σ 2
n
[
(HHH )−1

]
kk

, (30)

where [·]kk is the element of the kth row and kth column of
the matrix.

3) MINIMUM MEAN-SQUARE ERROR (ZF) RECEIVER
The linear minimum mean-square error (MMSE) receiver
aims to minimize the mean-square error between the estimate
vHk y and the transmitted signal x. Therefore, the MMSE
combiner matrix is:

VMMSE
= (HHH

+ σ 2
n IM )−1H . (31)

Therefore, the received SINR of the kth user for the MMSE
combiner results:

γMMSE
k = hHk

 K∑
i6=k

hihHi + σ
2
n IM

−1 hk . (32)

B. CONDITION NUMBER (CN)
The condition number (CN) of the channel matrix H is given
by:

κ(H) =
σmax(H)
σmin(H)

=
|λmax(H)|
|λmin(H)|

, (33)

where σmax(H) and σmin(H) are maximal and minimal
singular values of H respectively. If H is normal,1 then
the second equally holds, where λmax(H) and λmin(H) are
maximal and minimal eigenvalues of H respectively.

In XL-MIMO, the CN is obtained considering the channel
matrix formed by the VRs. The establishment of the cluster
VRs channel link is obtained by evaluating the received signal

1A complex square matrix A is normal if it commutes with its conjugate
transpose: A∗A = AA∗
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at each antenna of the array, and only the subset of antennas
that receive significant energy is selected to compose the
cluster VR.

C. FAVORABLE PROPAGATION
Basically, favorable propagation is a massive MIMO channel
characteristic that can be deployed to determine the level
of interference the UEs cause to each other in the massive
antenna configuration. Hence, one can define a metric
to evaluate how near to the orthogonal are the channels.
In addition, for the XL-MIMO system, we have the VR
concept, in which only a part of the array receives the signal
transmitted by the users. In fact, the multiuser interference
for XL-MIMO tends to be less aggressive compared with
massive MIMO case, since the VR overlap among users does
not necessarily occur in all VR antennas.

In order to analyze the interference caused by UEs to each
other when considering the double-scattering channel model,
the inner product of the normalized channels hk and hj is
given by:

hHk hj√
E{||hk ||2}E{||hj||2}

, (34)

that can be evaluated by simulation or experimentally. Hence,
the variance of the normalized favorable propagation in (34)
can be determined as [22]:

Var

 hHk hj√
E{||hk ||2}E{||hj||2}

 = tr(8k8j)
tr(8k )tr(8j)

, (35)

which expresses the variability of the kth and jth user channel
realization regarding the perfect favorable propagation condi-
tion in eq. (34) (orthogonality), i.e, hHk hj = 0 whenM →∞.

Consequently, the interuser interference can be obtained
by using the correlation matrix of each user. For the double-
scattering (DS) correlated channel model, the correlation
matrix for the kth user (8k ) can be calculated as [23]:

8k = tr(R̃i,k )Ri. (36)

This metric can determine how close are the spatial
correlation matrices between the user k and j. Ideally, the
variance in eq. (35) should be close to zero, which implies
that the channels are practically orthogonal, thus the interuser
interference is negligible.

IV. NUMERICAL RESULTS
In this section we evaluate and validate the proposed
XL-MIMO channel models considering a) the effects of
the number of visible clusters on the pos-combining SINR;
b) favorable propagation effect and VR overlap; c) The
attainable SE in XL-MIMO system equipped with ULA and
UPA received antennas, and d) the effect of birth and death
PPP and PCP over the XL-MIMO performance.

TABLE 1. Simulation parameters used to evaluate the impact of the
number of visible clusters on the SINR.

FIGURE 3. Minimum, maximum and average SINR for the XL-MIMO
system with M = 256 ULA antennas and MRC, ZF and MMSE receivers.
Number of visible clusters per user: a) nb = 4; b) nb = 8; c) nb = 16.

A. IMPACT OF THE NUMBER OF VISIBLE CLUSTERS ON
THE SINR
In this analysis, the average, minimum, and maximum SINR
for the XL-MIMO channel is evaluated by increasing the
number of users (K ) under three linear receiver schemes
(MRC, ZF, and MMSE) at the BS equipped with massive
ULA antennas. Now, the number of visible BS-clusters
(nb) for the kth user is changed to measure how this
parameter affects the SINR for different combiners. Table 1
shows the simulation parameters considered in this scenario.
Moreover, the numerical results are obtained viaMonte-Carlo
simulation with 5000 realizations for each number of users.

Although the number of visible clusters varies, i.e.,
nb ∈ {4, 8, 16}, the total power received was held fixed.
Therefore, this means that the user’s VR is more spread out
across the array, but with less power reaching each antenna
element of the VR. As a result, as user’s VR is higher, the
trend is for multiuser interference to grow as well. Fig. 3
shows the numerical results obtained. As the MRC receiver
does not take into account multiuser interference, seeking
to maximize only the SNR of the received signal, in the
three scenarios analyzed the SINR (minimum,maximum, and
average) remains practically the same. As for the ZF and
MMSE combiners, there is a slight decrease in the SINR as
the number of visible clusters increases, which indicates that
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TABLE 2. Simulation parameters for favorable propagation analysis and
VR overlap in XL-MIMO with ULA arrangement.

FIGURE 4. Interference evaluation for the XL-MIMO system with ULA
arrangement and different VR overlap factors: (a) Monte-Carlo simulation
obtained from left side of eq. (35) with T = 1000 channel realizations;
(b) Analytical expression provided by the right side of eq. (35).

the multiuser interference also increases, but this increase
is not very significant and, then, the SE remains almost the
same.

B. FAVORABLE PROPAGATION AND VR OVERLAP
In this section, the favorable propagation effect is obtained
by evaluating eq. (35). For this analysis, three cases were
considered in the numerical results: a) lowVR overlap (20%);
b) medium VR overlap (50%); c) high VR overlap (90%).
For instance, considering Mvr = 50 antennas, the number of
antennas in the VR for the users related to their respective
clusters, 20% of VR overlap means that only 10 antenna
elements are receiving power from both users.

To determine the impact of the XL-MIMO channel and
the effect of the spatial correlation matrices between the
user k and j, in the numerical simulations we have adopted
the parameter values of Table 2. In the analyzed scenario
of Fig. 4, the azimuth angle of one of the users is fixed in
π/6 [rad], while for the other interfering user it is varied
from −π to π . Moreover, spreading angles are kept constant
for both users, θi = 7π/8 and θ̃i,k = 3π/4. In addition,
the energy is exponentially attenuated from the center to the
frontier of the VR, dictated by the factorψi with a log-normal
distribution as ψi ∼ LN (µ = 0.7, σ = 0.8) [dB/m].

TABLE 3. Simulation parameters adopted in the SE Analysis for XL-MIMO
System with ULA and UPA Arrangement.

From Fig. 4, the well-defined angles of interest related to
the interfering UE can be identified. The interference (vari-
ance) generated by one user over the desired UE, given by
eq. (35), is significantly larger when the interfering user is
angularly located around the angle of the desired UE or
closed to the mirror reflection angle 180◦ − 30◦ = 150◦.
Furthermore, note that θi = 7π/8 (157, 5◦) and θ̃i,k = 3π/4
(135◦) introduce a high angular standard deviation (ASD) σϕ .
So, the largest variance occurs when the UEs have different
angles across the range between the angle of the desired UE
and the mirror reflection angle. In addition, the VR overlap
factor also significantly influences the variance, as expected,
since this parameter directly impacts interuser interference.

C. SE OF XL-MIMO SYSTEM WITH ULA × UPA
ARRANGEMENTS
In this subsection, for simplicity, a purely static approach to
describe the XL-MIMO channel was adopted, i.e., assuming
a fixed number of scatterers and clusters. The aim is to
evaluate the overall SE as a function of the number of users.
Furthermore, we are considering a fixed SNR = P

σ 2n
, where P

is the expected transmitting power of the users. Simulation
parameters for the adopted scenario are shown in Table 3.
Moreover, for the SE analysis, the numerical results were
obtained via Monte-Carlo simulation averaged over T = 104

realizations.
It is considered an XL-MIMO system with 256 antennas

at the BS distributed in a ULA arrangement. Fig. 5 depicts
results for the overall SE evaluated from eq. (27), by varying
the number of users and deploying three different linear
combiners: the MRC, ZF, and MMSE. The parameter τ

Tc
=

0.2 denotes that the channel estimation task requires 20% of
the channel coherence time.

From Fig. 5 one can observe that the MRC receiver
presents a poor performance in terms of SE. This behavior
is expected, since MRC considers only the SNR, neglecting
the multi-user interference, which grows significantly with
the increase in the number of users. Moreover, note that the
ZF combiner performs better than MRC up to K = 32 users
(M/K = 8). However, from that point on, for the ZF is
no longer able to separate the interference from the desired
signal, and then ends up also suppressing the signal of interest
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FIGURE 5. SE for XL-MIMO system with UPA vs. ULA antenna
arrangements.

when trying to eliminate multiuser interference. As a result,
the SE curve for the ZF combiner shows a trend reversal,
decreasing until a value close to zero when the number of
users reaches 128 or 256. Also, note that for K = 64 users,
the MRC already exceeds the SE attained by the ZF, since
the performance degradation of the ZF occurs quickly with
the number of users increasing. Unlike MRC and ZF, the
MMSE combiner performs greatly, even with the increase in
the number of users, as expected. Observe that the MMSE
receiver appears to have unlimited capacity w.r.t. the increase
in the number of users, a feature previously observed in
mMIMO systems [24].

The XL-MIMO system with UPA arrangement described
in subsection II-B, which is a more effective array arrange-
ment than ULA is also analyzed in this section. However,
unlike the ULAmodel, we now also have the elevation angles
(φi, φ̃i,k ) in addition to azimuth angles (αi, α̃i,k ); the adopted
range of values can be seen in Table 3. Beyond that, we have
scatterers in both z and y coordinates in the ith BS-cluster.
Thus, the channel model with UPA antenna arrangement has
an extra degree of freedom compared to the ULA model.

Considering Fig. 5, the performance curves in terms of SE
for the three combiners analyzed operating under the UPA
arrangement presents a very similar behavior to that observed
with the ULA. However, there are improvements in the SE
performance of all combiners, with a gain of approximately
25 to 35%, compared with the ULA scenario; such SE
improvement is more prominent withMMSE combiner under
a higher user loading regime. Moreover, the MRC and
ZF receivers performed worse compared to the MMSE in
the scenario with a planar array arrangement; indeed, the
ZF presents the same performance inversion problem seen
previously. Again, the MMSE combiner presented the best
performance among all, revealing an unlimited capacity trend
with respect to the number of users.

Fig. 6 depicts the condition number (CN) for the channel
matrixH, as calculated by eq. (33), when the number of users

increases and considering both linear and planar arrays. This
is an interesting metric to explain the ZF receiver behavior
since the condition number measures how well-conditioned
is the analyzed matrix, which implies that the matrix is
invertible or not. As the ZF needs to perform the calculation of
the pseudoinverse of the channelmatrix, it is essential that this
matrix presents a low condition number value and, therefore
its inverse can be computed with good accuracy. On the
other hand, if the condition number is very large, the channel
matrix is ill-conditioned. Additionally, three levels of channel
correlation are considered for ULA and UPA arrangements:
i) lowly correlated channel, i.e., θi = 7π/8, yielding Ri very
close to the identity matrix; ii) moderate correlated channel
with θi = π/3, and iii) highly correlated channels under
θi = π/8. It is possible to notice that under moderate and
high correlated channel scenarios, the condition number κ
for both ULA and UPA arrangement is slightly higher than
attainable under lowly correlated channels, but there is not
a very significant difference, so it can be concluded that the
effect of spatial correlation does not represent an impacting
parameter in the condition number analysis of the XL-MIMO
channel matrix H. In this situation, the matrix is almost
singular, and the computation of its inverse tends to present
large numerical errors. Notice that in Fig. 6 for K ≥ 64,
the condition number κ reveals significant values increasing
compared to the moderated or reduced system loading values,
i.e., L = K

M ≥
64
256 ≈ 0.25. Comparing the ULA array

and the UPA, it is noticed that it presents similar κ values
for L ≤ 32

256 = 0.125, however, from that on, the condition
number for the ULA scenario grows much faster than UPA,
tending to close values for a very high number of users or
L ≥ 1. Thus, for K > 32 it is noticed that the channel
matrix becomes poorly conditioned and, consequently, the
performance with the ZF combiner is directly and heavily
degraded.

D. BIRTH AND DEATH PPP AND PCP EFFECT OVER THE
XL-MIMO CHANNEL
In this subsection, dynamic vs. quasi-static channel scenarios
have been considered aiming at analyzing the effect of
birth and death PPP and PCP modeling over the XL-MIMO
performance. Table 4 summarizes the main parameter values
considered in such analysis. Additionally, numerical results
obtained via Monte-Carlo simulation were averaged over
T = 104 realizations for each number of usersK , while ULA
arrangement is adopted. Since the NLOS case is considered,
the adopted parameter values are in accordance with the
XL-MIMO channel measurements provided in [25] and [26].

In order to evaluate the effects and features of the parame-
ters that define the PPP and PCP processes on the average
SINR of the system, two scenarios have been considered
for comparison purposes: i) quasi-static scenario, i.e., the
birth and death process for scatterers and clusters occurs
much more slowly than the second case; and ii) dynamic
scenario, in which the birth and death process happens more
quickly, with a higher average number of newly generated and
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FIGURE 6. Averaged condition number of the H channel matrix with ULA
and UPA arrangement over T = 1000 channel realizations under low,
moderate and high correlated channels.

TABLE 4. Simulation parameters used to evaluate the impact of birth and
death PPP and PCP over the XL-MIMO SINR.

disappeared scatterers and clusters as well. For scenario i), the
value of D = Dc = 100 m represents the scenario-dependent
correlation factor for the scatterers and clusters, respectively.
Moreover, λR = 2m−1 and λcR are set as 8m

−1, and the values
of λG and λcG are chosen as 20m−1 and 80m−1, respectively.
By using these values implies that the survival probabilities
are 0.9885 for the scatterers and 0.9954 for the clusters.
However, the average number of newly generated scatterers
is µ = 0.1147, while for the clusters such number is µc =
0.0460, which results in a slow variation of the number of
scatterers and clusters dictated by birth and death Poisson
processes, denoted herein as a quasi-static setting. On the
other hand, scenario ii) considers a more aggressive setup in
terms of birth and death, since the survival probabilities are
smaller, i.e., Prscatsrv = 0.9716 and Prclussrv = 0.9817, but the
average number of newly generated scatterers and clusters are
also increased. The aim of analyzing such channel modeling

FIGURE 7. Birth and death PPP and PCP over the XL-MIMO ULA
arrangement. T = 20 realizations.

FIGURE 8. Average SINR with birth and death PPP and PCP over the
XL-MIMO ULA arrangement. T = 104 channel realizations.

is to characterize a real dynamic scenario with different levels
of mobility of both the user and the surrounding objects.

Fig. 7 illustrates the birth and death Poisson process with
20 realizations in both analyzed scenarios. The dots on Fig. 7
represent the active scatterers, while circles are the clusters.
Note that their disappearance demonstrates that they have
been inactivated/death. From that, it is possible to observe that
the birth and death rate for the quasi-static scenario is much
lower compared to the dynamic scenario adopted in this work.

Comparing the average SINR depicted in Fig. 3 with
the quasi-static channel scenario shown in Fig. 8, one can
notice that the three receiver schemes present a very similar
performance obtained in the static scenario. However, under
the dynamic birth and death process setup, there is an intrinsic
degradation of the SINR. While the MRC and ZF receivers
show a decrease of 1 to 2 dB in SINR, the MMSE was even
more affected, presenting a degradation of 3 to 4 dB in SINR.
Notice the same performance inversion observed in the SE
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FIGURE 9. Interference for the XL-MIMO system with ULA arrangement at
the static (without birth and death process), quasi-static and dynamic
scenarios.

FIGURE 10. User’s VR size for the XL-MIMO system with ULA arrangement.
a) CCDF of the number of antennas in users’ VR; power profile of user’s
VR in three different scenarios: b) static; c) quasi-static; d) dynamic.

of Fig. 5 regarding ZF and MRC when K ≥ 64 also occurs
in Fig. 8 in terms of average SINR of the XL-MIMO system
equipped with the ZF and MRC combiners.

The impact of the birth and death process on the channel
correlations is evaluated in Fig. 9 by mean of eq. (35). For
this, aMonte-Carlo simulation is carried out varying the angle
of interfering UE in three different scenarios: static, with
a fixed number of scatterers and clusters (without the birth
and death process); quasi-static and dynamic, in which we
adopt the same parameters depicted in Table 4. From Fig. 9,
observe that the static and quasi-static scenarios reveal a very
similar behavior, although it is noted that there is a small
increase in the level of interference. In the dynamic scenario,
however, there is a more significant increase (≈ 30%) in
the interference level when compared to the static channel
scenario, due to the higher birth and death rate of scatterers
and clusters, indicating that this phenomenon directly affects
the level of interference in the XL-MIMOmultiuser channels.

Next, we analyze the effect of birth and death process on
the VR size and its power distribution. For this, we consider
the same parameters presented in Table 4, excepting that
K = 128 and T = 105 channel realizations. The number
of antennas in users’ VR (Mvr) are evaluated in the same
scenarios adopted above (static, quasi-static and dynamic).
Note that while the rate of the birth and death is increased,
Mvr also shows an increasing trend. This also directly impacts
the power distribution within the VR antennas, as seen in the
figures 10(b), 10(c) and 10(d), representing static, quasi-static
and dynamic scenarios, respectively. We also have selected
three Mvr values (low, medium an high) for each scenario
according to the CCDF curves (CCDF ≈ [0.2; 0.5; 0.9]).
As the normalized power is considered, it can be observed
that when the VR size increased the the energy peak in the
center of the VR is smaller and the energy received in the rest
of the VR also tends to be smaller.

V. CONCLUSION
In this paper we propose a double-scattering channel model
for XL-MIMO systems equipped with UPA and ULA
antennas arrangements, aiming to provide analysis tools
for evaluating features and performance of such a massive
MIMO system configurations, also taking into account linear
receiver schemes for realistic system application scenarios.

The XL-MIMO with UPA arrangement reveals a SE
performance gain of ≈ 35% in comparison to the ULA
counterpart. This can be explained by the fact that the
XL-MIMO equipped with UPA presents an extra spatial
degree of freedom in relation to the ULA, which leads to a
lower level of correlation between users, reducing interuser
interference accordingly. Moreover, numerical results unveil
the performance of with the ZF combiner is greatly affected
in medium-highly loaded and crowded massive MIMO
scenarios, i.e., L = K

M ≥
64
256 ≈ 0.25, leading to a

remarkable performance degradation in such context. Even
though the MRC does not present the same problems as
the ZF receiver, the MRC combiner also ends up with a
very limited SE performance, which is expected in crowded
scenarios since the inter-user interference is not taken into
account in such receiver. Unlike ZF and MRC combiners,
the MMSE combiner presents an optimal performance in
both analyzed types of massive arrays, resulting in unlimited
capacity regarding the number of users, even under crowded
configurations, i.e. L ≈ 1.

The proposed birth and death Poisson processes modeling
the rising and the disappearance appearance and vanishing of
scatterers and clusters in the XL-MIMO channels with ULA
and UPA arrangements were analyzed to emulate a dynamic
system scenario, where both user and the surrounding objects
present a certain level of mobility. Hence, the analyzed linear
receivers reveal an SINR performance degradation with the
increase of the birth and death rate of scatterers and clusters,
a clear indication that the mobility directly affects the level
of interference in the doubly scattered XL-MIMO multiuser
channels. This effect is 3 to 4 dB for the MMSE, while the ZF
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and MRC receivers present a decrease of around 1 to 2 dB in
SINR for the considered dynamic configuration.

In this paper, we focus on the analysis of near-field
propagation condition, i.e., the spatial non-stationarities,
including the VR effects, and also considering the birth
and death processes to accordingly model double-scattering
XL-MIMO channels with uniform distributions of antennas
and scatterers, for simplicity. Future works include investi-
gating irregular distributions of scatterers to represent more
realistic scenarios, as well as proposed appropriate models
that consider hardware constraints, such as radio frequency
impairment and hardware response, and all-digital or hybrid
structures.
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