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Abstract: Extremely-large-scale multiple-input multiple-output (XL-MIMO) technology, offering vast spatial de-
grees of freedom by deploying a huge number of antennas, is a promising enabling technology to empower sixth-
generation mobile networks (6G). The XL-MIMO channel model is a prerequisite of XL-MIMO technology opti-
mization, system design, and performance evaluation. In this paper, we provide an overview of challenges and
ongoing research in XL-MIMO channel measurement, characterization, and modeling. In particular, characterizing
and modeling near-field effects and spatial non-stationarity (SnS) are discussed. Also, the channel modeling methods
that can describe these new channel characteristics are surveyed. Furthermore, open issues in XL-MIMO channel
measurement, characterization, and modeling are presented to give insights into future XL-MIMO channel research.
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1 Introduction mobile networks (5G) systems. For example, 6G
is expected to provide evolving and new capabil-
ities compared to 5G, such as a larger peak data
rate and user-experienced data rates, positioning,
sensing-related capabilities, and coverage. Based on

International =~ Telecommunication  Union-
Radiocommunication Sector (ITU-R) Working
Party (WP) 5D agreed to the draft new recommen-
dation “Framework and Overall Objectives of the
Future Development of IMT for 2030 and Beyond”
in June 2023 and published it as ITU-R M.2160 in
December 2023 (ITU-R, 2023). This recommenda-
tion identifies 6 usage scenarios and 15 capabilities

these capabilities, 6G is envisaged to enable new
usage scenarios, e.g., immersive communication,
ubiquitous connectivity, and integrated sensing
and communication (ISAC). To successfully evolve

on the way to 6G, some promising technologies

for sixth-generation mobile networks (6G) tech- proposed as enablers, e.g., extreme multiple-

input multiple-output (E-MIMO), terahertz (THz)
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(Yang B et al., 2023), RIS-based massive MIMO
(Zhao et al., 2024), and artificial intelligence (AI)
assisted massive MIMO. E-MIMO is expected to
achieve better spectrum efficiency, larger network
coverage, more accurate positioning, more accurate
sensing, higher energy efficiency, and so on (ITU-R,
2023).

XL-MIMO can be regarded as the further ex-
tension of 5G massive MIMO to a higher spatial
dimension, i.e., using hundreds or even thousands of
antennas at the base station (BS) (Huo et al., 2023).
It is worth noting that XL-MIMO can be deployed
with traditional antenna arrays, distributed anten-
nas, RISs, and holographic antennas (Wei et al.,
2022; Yang SJ et al., 2023; Gong et al., 2024). Be-
cause RIS and holographic communications are not
considered in the current Third-Generation Partner-
ship Project (3GPP) standardization work, this pa-
per considers only XL-MIMO deployed with tradi-
tional antenna arrays. As a result of the deeper use of
space resources, XL-MIMO can significantly increase
system capacity and spectrum efficiency (Zhi et al.,
2024). For example, in Saad et al. (2020), XL-MIMO
was expected to accomplish a 10-fold increase in the
spectral efficiency for 6G. However, as the number of
antennas increases, the boundary between the near
and far fields expands, and users will be more likely
located in the near field. This would violate the far-
filed assumption and consequently bring challenges
to channel modeling and performance analysis (Cui
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et al., 2023; Liu MY et al., 2024).

The channel is the medium between the trans-
mitter (Tx) and receiver (Rx) in wireless communi-
cations. Its properties determine the performance
limit of wireless communication systems (Molisch,
2011).
scription of the effects of a communication chan-
nel through which wireless signals are propagated.
To better design and evaluate XL-MIMO commu-
nication systems, a fundamental understanding of
XL-MIMO channel properties and a practicable XL-
MIMO channel model are extremely crucial (Zhang
JH et al., 2023). As shown in Fig. 1, except for the
spatial non-stationarity (SnS) inherited from mas-
sive MIMO channels, new channel characteristics,

A channel model is a mathematical de-

e.g., spherical wave and visible region (VR), simul-
taneously arise in XL-MIMO channels (Li MT et al.,
2023). This means that due to the extension of an-
tenna arrays in the spatial domain, different parts of
the antenna array at the BS would see different prop-
agation environments, i.e., scatterers. For example,
users located in different positions would have differ-
ent views of scatterers when scatterers are within the
near field of the user or there are obstacles between
scatterers and the user. Moreover, on a much smaller
scale of observation, the radio wave can no longer be
reduced to a plane wave, but rather a spherical wave
(Yuan ZQ et al., 2023a). Subsequently, the distances
and incident wave directions between the Tx and Rx
antenna elements vary over the antenna array. In
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general, plane wave and spatial stationarity assump-
tions no longer hold. Accordingly, challenges are
brought to XL-MIMO channel measurements and
modeling in terms of building channel sounders, es-
timating channel parameters, characterizing channel
properties, and proposing new modeling theories and
structures. The challenges are discussed in detail
later.

There has been some research on XL-MIMO
channel measurement and modeling. For example,
Zheng et al. (2023) conducted channel measurements
in urban scenarios using different types of antennas
and proposed a general three-dimensional (3D) non-
stationary geometry based stochastic model (GBSM)
suitable for 6G massive MIMO. In Yuan ZQ et al.
(2023a), channel measurements were conducted by
using a large-scale virtual uniform circular array, and
a low-complexity SnS channel modeling framework
was proposed. This model, characterized by its low
complexity, is suitable for link- and system-level eval-
uation of XL-MIMO antenna systems. In terms of
channel model standardization, 5G channel model
standards, i.e., ITU-R M.2412 and 3GPP technical
report (TR) 38.901, can support the simulation of
massive MIMO channels, but not the simulation of
XL-MIMO channels. Therefore, 3GPP recently ap-
proved a study item (SI) for release 19 to study chan-
nel models for 7-24 GHz in the radio access network
(RAN) 102 meeting in Dec. 11-15, 2023. Specif-
ically, one objective of this SI is to extend the 5G
TR 38.901 channel model to support the modeling
of near-field effects and SnS. Immediately afterward,
it is urgent to study XL-MIMO channel characteris-
tics and modeling methods based on abundant chan-
nel measurements. A review of XL-MIMO channel
measurements and models is helpful to know the cur-
rent research progress and obtain insights into future
work.

Until now, there have been some surveys of
massive MIMO (de Figueiredo, 2022; Dala Pego-
rara Souto et al., 2023), including massive MIMO
channel measurements and models, but not XL-
MIMO channel measurements and models (Wang
CX et al., 2018; Zhang P et al., 2018; de Figueiredo,
2022). In light of this status, this paper aims to give a
comprehensive survey to review the current research
progress in XL-MIMO channel measurements and
models. Also, challenges and future research direc-
tions are discussed.
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The contributions of this paper are summarized
as follows:

1. This paper gives a survey of the current re-
search progress in XL-MIMO channel measurements,
including channel measurement methods and param-
eter extraction methods.

2. Recent research on the XL-MIMO channel
characteristics, including near-field effects, SnS char-
acteristics, channel capacity, and channel hardening,
are reviewed.

3. In terms of XL-MIMO channel modeling
methods, statistical channel models, deterministic
channel models, and hybrid channel models are sur-
veyed. Specifically, the 3GPP-like channel modeling
method is discussed.

4. Future research directions are presented in
terms of channel measurement, characterization, and
modeling, giving insights into future XL-MIMO
channel research.

2 XL-MIMO channel measurements
and characterization

Channel measurements and characterization are
the basis for XL-MIMO channel characteristic anal-
ysis and modeling. Through abundant channel mea-
surements in typical communication scenarios, chan-
nel impulse responses (CIRs) that represent prop-
agation characteristics in the scenarios can be ob-
tained. Subsequently, channel parameter extraction
algorithms are used to characterize channels based
on measurement CIRs. As the scale of the antenna
array increases, the XL-MIMO channel will have
some characteristics that are different from those of
traditional channels, such as a spherical wavefront
and non-stationarity. These bring challenges to cor-
rectly measuring and extracting these characteris-
tics. In this section, we first discuss the challenges
and then review the current progress of channel mea-
surement methods and channel parameter extraction
algorithms for XL-MIMO communications, as shown
in Table 1. Detailed discussions are given below.

2.1 Channel measurement methods
2.1.1 Challenges

To accurately obtain CIRs in real communica-
tion scenarios, the channel sounder should have at
least the same or even better radio frequency (RF)
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Table 1 Recent progress in XL-MIMO channel measurements

Parameter

Antenna and

Carrier frequency

Scenario . extraction Channel characteristics Reference
number of elements (GHz) X
algorithm
Lecture hall Virtual UPA, 144 5.6 NM _ SnS:DS, Li JX and Zhao, 2014
condition number, etc.
Stadium Virtual ULA, 128 1.47/4.45 NM Sns: channel envelope coefficient, Liu L et al., 2015
rice K-factor, DS, etc.
Virtual URA, Spherical wavefront,
Office 2601/5776, 11/16/28/38 SAGE SnS: cluster birth-death, DS, AS, Huang J et al., 2017
8281/14 641 channel capacity, etc.
Theater Virtual UPA, 256 11 SAGE PL, SF, SnS: DS, etc. LiJZ et al., 2017
Indoor  Theater Virtual UPA, 256 1 SACE SuS: MPC birth-death, AS, ctc. Li JZ et al., 2018b
SnS: MP ver.
Lobby Virtual UPA, 256 1 SAGE SuS: MPC power, Li JZ et al., 2018a
) spherical wavefront, etc.
RMS DS, AS,
Laboratory Virtual UPA, 441 28 SAGE Mudonhi et al., 2020
Horton e SnS: number of MPCs, ctc. neomet
Room Virtual uniform circular array, 720 26.5-32.5 M SnS: spherical wavefront, etc. Yuan ZQ et al., 2023b
Meeting room Virtual UPA, 1800 26-30 NM Near-field: CIR, PADP, etc. Mbugua et al., 2024
Court yard Virtual LA, 128 2.6 SAGE SnS: rice K-factor, etc. Payami and Tufvesson, 2012
Virtual ULA /unifor;
Campus Virtual D LA/ uniform 2.6 NM SuS: PAS, etc. Gao X et al., 2012
cylindrical array, 128
UMa Virtual UPA, 256 3.5 SAGE PDP, PAS, etc. Yu et al., 2016
UMa Virtual UPA, 256 3.5 SAGE PAS, SnS: VR, etc. Wang C et al., 2017
Top of building Virtual UPA, 1600 15 SAGE Rice K-factor, RMS DS, AS, Sn§, etc. Chen JJ et al., 2017
Outdoor UMa,/UMi Virtual UPA, 256 3.5/6 SAGE PAS, RMS AS, channel capacity, etc. Zhang JH et al., 2018
UMi URA, 128 142 NM PAS, RMS AS, ete. Ju and Rappaport, 2021
Non-stationarity: RMS DS, RMS AS,
Urban ULA/DULA, 128 5.3 SAGE ou-stationaity: R RMS Zheng et al., 2023
spherical wavefront, channel capacity, etc.
021 Virtual UPA, 256 3.5 NM DS Xuet al., 2017

AS: angular spread; CIR: channel impulse response; DS: delay spread; DULA: distributed uniform linear array; LA: linear array; MPCs: multipath components; NM: not mentioned; O2I: outdoor-
S: power angular spectrum; PDP: power delay profile; PL: path loss; RMS: root-mean-square; SAGE: ¢ i

PADP: power angle delay profile; P

to-indoor;

ternating generalized expectation—n

shadow fading; SnS: spatial non-stationarity; ULA: uniform lincar array; UMa: urban macrocell; UMi: urban microcell; UPA: uniform planar array; URA: uniform rectangular array; VR: visible region

specifications, e.g., bandwidth and antenna number.
Because XL-MIMO communications would deploy
hundreds, even thousands, of antenna elements, the
XL-MIMO channel sounder should deploy as many
antenna elements to assume high resolution in the
spatial domain. However, it is extremely expensive
to build hundreds or thousands of RF channels to
drive each antenna element. A time-division multi-
plexing (TDM) based MIMO channel sounder is an
effective solution for reducing cost, and can use one
RF channel to drive a large number of antenna ele-
ments at different time slots. Nonetheless, measuring
a round of sub-channels would be time-consuming.
In particular, it is challenging to complete a round
of sub-channel measurements within coherence time
in environments with high mobility. Next, some
progress that addresses these challenges is reviewed.

2.1.2 Progress

There are mainly two ways to build antenna
arrays in XL-MIMO channel sounders. One is
to use a real antenna array (RAA) with XL an-
tenna elements, as shown in Fig. 2a. RAA is usu-
ally paired with a time-domain measurement sys-
tem based on sliding correlation, as the block di-

agram shows in Fig. 3. Mux in the diagram is a
high-speed electronic switch, which can complete a
round of sub-channel switching within the channel
coherence time, thereby realizing the TDM work-
ing mode. The arbitrary waveform generator of the
Tx generates a baseband spread spectrum pseudo-
random signal. The local oscillator moves the signal
to the target frequency for transmission through up-
conversion. After receiving the signal, the Rx down-
converts the frequency to the baseband and stores it
in the disk after analog-to-digital conversion. Dur-
ing data processing, the autocorrelation characteris-
tics of pseudo-random sequences are used to obtain
the CIRs. The time-domain measurement system
has separate transmitting and receiving ends, which
can cover a larger measurement range, and uses a
high-precision rubidium clock or Global Positioning
System (GPS) module to provide clock signals to
achieve synchronization between sub-channels. This
method can directly measure the XL-MIMO sub-
channels. However, the manufacturing cost of this
kind of antenna array is very high, and it cannot be
easily moved due to its large size, especially in sub-6
GHz bands with large wavelengths. In addition, it is
difficult to measure the pattern of the large antenna
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array in a microwave anechoic chamber, which is a
prerequisite to extracting channel parameters from
measurement data. Therefore, RAA is rarely used in
XL-MIMO channel measurement campaigns.
Another method of building XL-MIMO is to
use virtual antenna arrays (VAAs).
the virtual array can be formed by moving a sin-

For example,

gle antenna or a small-scale antenna array in the
spatial domain, as shown in Figs. 2b and 2c, respec-
tively. VAA formed by a small array is usually used
with the time-domain measurement system shown
in Fig. 3. The VAA formed by a single antenna
can be used with either a time-domain measurement
system or a frequency-domain measurement system
(Fig. 4). The core of the frequency-domain measure-
ment system is a vector network analyzer (VNA).
The transmitting and receiving antennas are con-
nected to it through cables, and the channel fre-
quency response (CFR) within a frequency band
is obtained through frequency sweeping. By us-
ing low-loss optical fibers, the measurement distance
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of frequency-domain measurement systems can be
greatly extended (Lyu et al., 2021). This method
needs only a mechanical 3D turntable and a single
antenna or a small-scale antenna array, so that it is
relatively cost-efficient and easy to operate. There-
fore, VAA is more commonly used in measurement
campaigns (Li JZ et al., 2017; Zhang JH et al., 2018;
Yuan ZQ et al., 2023a). However, moving opera-
tions are time-consuming and the static condition
in a measurement environment should be guaran-
teed. Or, the statistical properties of sub-channels
in different measurement time slots may be differ-
ent, which makes the channel parameter extraction
algorithms invalid.

2.1.3 Summary

Because it is extremely costly to equip each an-
tenna with an RF channel, most XL-MIMO chan-
nel measurements adopt the TDM operating mode,
using one RF channel to drive different array ele-
ments in different time slots. There are currently

XX XX
XX XX
w T w
> > >
XX XK
XX % Y
Horizontal Horizontal Horizontal
(a) (b) (c)

Fig. 2 XL-MIMO array configuration: (a) RAA; (b) VAA formed by a single antenna; (c) VAA formed by a
small array (RAA: real antenna array; VAA: virtual antenna array)

Mux —Y Y— Mux RF down Digital
Y— converter recording
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generator
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Fig. 3 Block diagram of RAA applied to a time-domain XL-MIMO measurement system (RAA: real antenna
array; BPF: bandpass filter; PC: personal computer; RF: radio frequency). Reprinted from Miao et al. (2024),

Copyright 2024, with permission from IEEE
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Fig. 4 Block diagram of VA A applied to a frequency-
domain XL-MIMO measurement system (VAA: vir-
tual antenna array; VINA: vector network analyzer;
PA: power amplifier). Reprinted from Yuan ZQ et al.
(2023a), Copyright 2023, with permission from IEEE

two main forms of XL arrays that support this work-
ing mode. The first is to use RAA, combined with
high-speed electronic switches, to complete a round
of data collection within the channel coherence time.
This method has high acquisition speed, but the an-
tenna array is large, the cost is high, and it is difficult
to obtain the antenna pattern. The other is to use
a single antenna or small array with a 3D mechani-
cal turntable to form a VAA. This method is simple
to operate and low in cost, but the acquisition time
is relatively long. It is difficult to cope with many
of the dynamic application scenarios of 6G. In ad-
dition, the phase sensitivity of large array antennas
should be considered. Exploring a dynamic and high-
performance channel detection system is worthy of
further study.

2.2 Parameter extraction methods
2.2.1 Challenges

The accuracy of the channel model relies on an
accurate characterization of the distribution of rele-
vant channel parameters. Therefore, it is necessary
to use accurate and computationally efficient signal
processing tools to extract channel parameters from
measurement data. In traditional channel parameter
estimation algorithms, it is commonly assumed that
the distance between scatterers and the antenna ar-
ray is much greater than the size of the antenna array,
and the radio wave is considered planar. However, in
the case of XL-MIMO channels, as the size of the an-
tenna array increases, the far-field assumption may
be violated and the radio wave is a spherical wave-
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front. This brings challenges to traditional channel
parameter estimation algorithms that assume a pla-
nar wavefront.

2.2.2 Progress

The existing channel parameter estimation algo-
rithms can be classified mainly into three categories:
beamforming algorithms, parametric subspace based
estimation (PSBE) algorithms, and maximum likeli-
hood estimation (MLE) based algorithms. The algo-
rithms included in these three categories are shown
in Table 2.

Table 2 XL-MIMO channel parameter estimation
algorithms

Category Algorithm Reference
Beamforming
Schmidt, 1986;

PSBE MUSIC Saleh and Valenzuela, 1987

ESPRIT Fayad et al., 2015

EM Regier and Moodie, 2016

MLE-based SAGE Fleury et al., 2002

RiMAX Gaillot et al., 2011

EM: expectation-maximization; ESPRIT: estimation of signal
parameters via the rotational invariance techniques; MLE:
maximum likelihood estimation; MUSIC: multiple signal
classification; PSBE: parametric subspace based estimation;
RiMAX: Richter’s maximum likelihood estimation; SAGE:
space-alternating generalized expectation—maximization

The classical beamforming algorithm estimates
the multipath angle information by forming the spa-
tial spectrum through weighted vectors, which is
robust and computationally efficient. However, its
spatial resolution is low, which limits its applica-
tion in XL-MIMO channels. Furthermore, the plane
wave assumption is typically used so that the ar-
ray complex weight vector is determined only from
the beam-steering direction. The main PSBE algo-
rithms are the multiple signal classification (MUSIC)
algorithms (Schmidt, 1986; Saleh and Valenzuela,
1987) and the estimation of signal parameters via
the rotational invariance techniques (ESPRIT) algo-
rithm (Fayad et al., 2015), which are two techniques
that perform joint estimation of delay angles usu-
ally under the plane wave and narrowband assump-
tions. For XL-MIMO channel scenarios with severe
near-field effects, the near-field MUSIC algorithm,
which can simultaneously estimate the direction of
the source and its distance to the reference array
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element, was proposed in Huang YD and Barkat
(1991) and He J et al. (2012). As compared with
the far-field MUSIC algorithm, the computational
complexity of the near-field MUSIC algorithm is too
high, and the hardware requirements are higher.
MLE-based  algorithms
the space-alternating generalized expectation—
maximization (SAGE) algorithm (Fleury et al.,
2002) and Richter’s maximum likelihood estima-
tion (RIMAX) algorithm (Gaillot et al., 2011), in
which the SAGE algorithm is an extension of the
expectation—maximization (EM) algorithm (Regier
and Moodie, 2016). Both algorithms solve the
channel parameters by maximizing the likelihood
function; the difference is that the EM algorithm
needs to update all the parameters in each itera-
tion. Hence, the EM algorithm is more complex.
The SAGE algorithm divides the parameters into
subsets to be updated in alternating iterations,
which improves the algorithm’s
efficiency and convergence speed. These algorithms
have a higher computational resolution but are
not computationally efficient because the search
process is iterative. To satisfy the premise of spatial

include  mainly

computational

alternation, this type of algorithm is implemented
under a narrowband assumption with plane waves,
which prevents its application to large-scale arrays.

To solve the problem of inaccurate estimation
due to the near-field effect of XL-MIMO, Chen JJ
et al. (2016b) proposed a signal model based on a
spherical wavefront. Using real channel measure-
ment data and the azimuth of arrival (AoA) de-
lay power spectra (PS) of the original CIRs calcu-
lated by using the Bartlett beamforming method,
the reconstructed CIRs and the residuals are com-
puted, respectively. The results show that the resid-
ual PS computed using the spherical wave model
is 10 dB lower than that obtained from the plane
wave model, which proves that better performance
can be obtained under the assumption of a spherical
wavefront. Hong et al. (2023) proposed a geometri-
cally assisted SAGE (GA-SAGE) algorithm, which
is based on a spherical wavefront multipath model,
provides joint channel estimation and scatterer local-
ization, and is capable of reproducing spatial consis-
tency and SnS phenomena. The algorithm is verified
by real measurements to be superior to the tradi-
tional SAGE algorithm in terms of multipath com-
ponent (MPC) estimation accuracy, likelihood con-

vergence speed, and computational cost. In Zhou
et al. (2023), a new SAGE algorithm was proposed
for parameter estimates of wideband SnS wireless
channels to antenna polarization (SAGE-WSNSAP).
This algorithm adds SnS by introducing birth-death
coefficients at Tx and Rx sides into the parametric
model. The power extraction ratios of the three algo-
rithms, far-field SAGE, near-field SAGE, and SAGE-
WSNSAP, for the measurement CTFs are also com-
pared, which are 64%, 66%, and 70% for line of sight
(LoS) scenarios, and 46%, 49%, and 56% for non-line
of sight (NLoS) scenarios, respectively, which verifies
that the estimates of the proposed algorithms have
a higher similarity to the measurements. Yuan ZQ
et al. (2023a) proposed a generalized phase mode
selection criterion to guide the implementation of
a frequency-invariant beamformer (FIBF) in broad-
band 3D near-field millimeter-wave (mmWave) sce-
narios, which can accurately characterize uniform
circular array based mmWave channels. In Yuan ZQ
et al. (2023b), the influence of near-field effects on
phase mode selection was analyzed, expressing the
mth-order manifold a,,(f,O%) as the summation of
a series of Bessel functions:
L
i (f,Ok) =G () Y [Bi(f,r, di, k)
I=—L
-jm'HJmH (wr sin Hk)] ,

where B; are the coefficients of the Fourier series,
dependent on {f,r,dg,0}. L denotes the series or-
der. Generally, a smaller dj results in a larger L. In
far-field scenarios, L = 0 holds. Due to the property
Jn(x) =~ 0 for n > z, some high-order (i.e., high m)
phase modes suffer from weight drop as m+1 exceeds
wrsinfy, while the low-order phase modes retain the
same normalized power in the transformation from
the far field to the near field. Hence, the high-order
phase modes are biased due to the near-field condi-
tions, where the weight drop results in power loss of
the beam pattern. A generic mode-selection guide-
line is proposed to guide the implementation of an
FIBF in broadband 3D near-field mmWave scenar-
ios, using three sets of real-world data with differ-
ent frequencies (15, 28, and 29 GHz with 2 GHz
bandwidth) and radii (0.5 m and 0.24 m) of mea-
surement data to verify the validity and generality
of the criterion, which proves that the criterion can
accurately characterize the uniform circular array
based mmWave channel.
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2.2.3 Summary

In XL-MIMO systems, the significant increase in
the antenna array size may cause the assumption of
the planar wavefront signal model in traditional esti-
mation algorithms to be invalid, which in turn leads
to inaccurate parameter estimation results. To ad-
dress this challenge, the existing MLE-based scheme
is to introduce a spherical wave model for estimation
based on traditional algorithms, but this will increase
the computational cost. Meanwhile, there are fewer
studies on parameter estimation algorithms for chan-
nels with SnS effects, and further work is needed.

2.3 Channel characterization
2.3.1 Challenges

As the antenna size of XL-MIMO increases, the
Rayleigh distance of the array also increases, which
may lead to the Rayleigh distance of the BS antenna
array in a typical deployment scenario of 6G being
larger than the distance between the BS and the user.
In this case, the electromagnetic wave arrives at a
spherical wavefront, which no longer meets the pla-
nar wavefront assumption in the traditional model,
and at the same time, the observed channels of the
different elements on the array may be different, and
there is an SnS phenomenon in the array domain.
The characterization of the spherical wavefront and
SnS phenomenon is a new challenge introduced in
the XL-MIMO channel. To explore the changing law
of XL-MIMO channel characteristics from far to near
field, it must be possible to accurately characterize
these channel properties, which provides a theoreti-
cal basis for the modeling of XL-MIMO channel.

It has been theoretically proven that XL-MIMO
has the potential to significantly improve perfor-
mance in terms of link reliability, spectral efficiency,
and transmission energy efficiency (Ngo et al., 2013;
Rusek et al., 2013). However, the attractive features
of XL-MIMO are based on optimistic assumptions
about propagation conditions. So far, research has
been based mainly on theoretical independent and
identically distributed (i.i.d.) complex Gaussian (i.e.,
Rayleigh fading) channels and an unlimited growth
of the number of antennas. Under which channel
conditions XL-MIMO can have better performance
in actual mobile communications has been a matter
of concern and research.
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2.3.2 Progress

Some XL-MIMO channel measurements have
been conducted to investigate the above-mentioned
In the following, recent ad-
vances in the study of SnS, spherical wave effects,
channel capacity, and channel hardening in XIL-
MIMO channels are reviewed.

new characteristics.

1. Spatial non-stationarity

SnS has been observed in several XL-MIMO
channel measurement campaigns. Payami and
Tufvesson (2012) and Chen JJ et al. (2016a) inves-
tigated the variation in channel gains on the array
domain. The channel gains P can be calculated from
CIR h(7) as P = | [ h(7)dr|; these studies observed
that channel gains exhibit random variations in the
array, with no clear deterministic trend. Payami and
Tufvesson (2012) and Chen JJ et al. (2016a, 2017)
investigated the variation of the K-factor on the ar-
ray domain. Observations indicate that the K-factor
at different positions on the array fluctuates within
the [—8, 8] dB range. Its variation pattern is scene-
dependent, with more pronounced changes observed
in the horizontal dimension in indoor hall environ-
ments, whereas in outdoor scenarios, the K-factor
exhibits more significant variations in the vertical
dimension.

In Gao X et al. (2012, 2015), Payami and Tufves-
son (2012), Huang J et al. (2017), Li JZ et al. (2018a),
Yuan ZQ et al. (2023a), and Mbugua et al. (2024),
the SnS phenomena were observed from the power
delay and power angle spectrum perspectives. As
shown in Fig. 5, the S-shaped distribution of the
MPCs reflects the presence of spherical wave phe-
nomena, and the fact that some MPCs are visible on
some of the arrays reflects the presence of SnS. Huang
J et al. (2017) and Mbugua et al. (2024) specifically
analyzed the variations in the power delay spectrum
on the array domain, whereas Payami and Tufves-
son (2012), Gao X et al. (2012, 2015), and Li JZ
et al. (2018a) examined changes in the power angle
spectrum, with the analysis focusing on the varia-
tions in angle PS on the uniform linear array (ULA)
and uniform cylindrical array, separately.

In Chen JJ et al. (2016a, 2017) and Huang J
et al. (2017), variations in the statistical parameters
of the array domain were investigated. Huang J
et al. (2017) specifically analyzed the changes in
delay spread (DS), azimuth angular spread (AAS),
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Fig. 5 Schematic representation of non-stationarity
phenomena in space

and elevation angular spread (EAS) on the array do-
main across different frequency bands. These exist-
ing channel measurement activities focused mainly
on the observation and analysis of channel charac-
teristics, and there are fewer theoretical studies on
the characterization of SnS phenomena in XL-MIMO
channels.

For a more comprehensive study of XL-MIMO
channels, a method that can accurately and quan-
titatively characterize the distribution law of SnS
properties is needed. In the COST 2100 channel
model, the concept of VR was introduced (Liu LF
et al., 2012). In its initial definition, VR is a hypo-
thetical region, and each VR is associated with one or
more clusters. When a terminal enters a specific LoS
region, the corresponding cluster is activated, and
the cluster becomes invisible to the terminal when
it moves out of the VR. This concept addresses the
challenge of representing the active range of clusters
and can serve as a quantification metric for observing
the SnS of the channel.

Gao X et al. (2013) extended the concept of VR
to the array domain, where only the elements within
a VR on the array can observe their corresponding
clusters. Therefore, the VR can be distinguished be-
tween MS-VR in the terminal domain and BS-VR in
the array domain. Due to the limited physical size of
the LA, the observed BS-VR may be only a partial
length of the true BS-VR. To model the true BS-VR
length from the observed data, the authors derived a
relationship between the true BS-VR length and the
observed BS-VR length. The cumulative distribu-
tion function (CDF) of the observed BS-VR length,
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K A(y), can be written as a function of the probabil-
ity density function (PDF) of the true BS-VR length,

fa(v), as

JEL(y), v< L,
Kaly) = {1, > L (2)
where
K)\(y) = ; fa(v)dv + 2y / LLH fal(v)dv
>~ 1
— 24 AO L——Wfa(y)dy’ (3)

A and « are the observed and true lengths of the BS-
VR, respectively, L is the length of the array, and Ag
is the smallest observation of the BS-VR length.

At the frequency of 3.5 GHz, Wang C et al.
(2017) investigated the radius of the MS-VR under
different scenarios by deducing and calculating the
lifecycle of clusters; the calculation results are shown
in Table 3. Combined with this table, it is possible
to determine the distribution characteristics of mul-
tipath clusters for XL-MIMO channels and that the
number of clusters is larger in the LoS state. Com-
bined with the statistics of the visual area radius, it
can be seen that the cluster extinction changes more
frequently in the NLoS state. In the three scenarios,
i.e., urban macrocell (UMa), urban microcell (UMi),
and indoor hotspot (InH), the number of clusters and
the mean value of the visual area in the InH are both
the largest, followed by UMi and UMa, successively.
Yuan ZQ et al. (2023a) proposed a method based
on the dominant multipath propagation mechanism
to identify the SnS characteristics, which is imple-
mented by introducing a novel matrix S. It contains
K nonnegative real-valued vectors, i.e.,

S:[817827"'7SK]7 (4)

where Sk = [Sl,k; S2ky ,SM,]C]T (k = 1, 2, ce ,K),
and sy (m = 1,2,---, M) characterizes the SnS
property of the k" path on the m™ element. To
capture the SnS contributions of multiple paths, s,
is specified from the perspective of the multipath
propagation mechanism as

0, m ¢ VRk,
Smk =41, m € VRy & Dblockage/reflection,
>0, m e VRy & diffraction,

(5)
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where VR, is defined to be the VR of the k*" path
(i.e., elements in VRy, can view the k' path, whereas
elements outside VR, cannot). Note that the s,
parameter for the case of the diffraction and m €
VR, can be alternatively set with the upper bound,
e.g., 0 < s,k < 1, by selecting the element with the
highest power as the reference.

Table 3 Distribution of VR radius in different
scenarios
Parameter UMa UMi InH

LoS NLoS LoS NLoS LoS NLoS
o 05 02 06 03 1.6 0.8
Radius of VR o 04 01 04 04 0.6 0.3
Max (m) 2.6 1.1 3.1 1.7 36 22
Fitted lognormal m -1.6 22 -16 -19 -1.3 -1.7
distribution o 1.5 09 1.7 09 1.9 1.1

InH: indoor hotspot; LoS: line of sight; NLoS: non-line of
sight; UMa: urban macrocell; UMi: urban microcell; VR:
visible region

2. Spherical wave

XL-MIMO technology may cause the traditional
far-field assumption not to hold due to the increased
array aperture. In the phase aspect, the true phase
of an incident electromagnetic wave on a BS antenna
must be computed based on an accurate spherical
wave model. In the far field, this phase is usually ap-
proximated by a first-order Taylor expansion based
on a planar wavefront model, but this approximation
leads to a phase discrepancy that increases when the
distance decreases. The distance between the center
of the BS array and the center of the user array is
defined as the classical Rayleigh distance when the
maximum phase difference between all BS’s and user
antennas reaches 7t/8. Therefore, if the propagation
distance is smaller than the Rayleigh distance, the
maximum phase difference will be greater than 7t/8,
at which point the far-field approximation becomes
inaccurate and the wave will arrive at the array as a
spherical wavefront, as shown in Fig. 6. By introduc-
ing a distance parameter 7, the phase of the spherical
wave can be characterized as a nonlinear function of
the antenna index, as

b = 27“ <\/7~2 + n2d? — 2ndrsing — 7‘) ,  (6)

where r denotes the distance from the reference
array element to the user, d denotes the spac-
ing between neighboring array elements, A denotes
the wavelength, and n denotes the antenna index.
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Fig. 6 Near-field spherical wave propagation

Cui and Dai (2024) demonstrated that distinguish-
ing between near and far fields using the classical
Rayleigh distance is not accurate when evaluating
transmission rates. Therefore, the concept of effec-
tive Rayleigh distance is proposed to more precisely
define the near-field range in terms of beamforming
gains.

In Huang J et al. (2017), Li JZ et al. (2018a),
Yuan ZQ et al. (2023a), and Zheng et al. (2023),
the authors investigated spherical wave character-
istics through channel measurement activities, and
confirmed the phenomenon of spherical wavefronts
by examining angular drift and delay drift from the
perspective of multipath. In the near-field region,
the phase of the spherical wave is accurately derived
based on physical geometry and is a nonlinear func-
tion of the antenna index. Information about the in-
cident angle and distance for each path between the
BS and the user is embedded in this nonlinear phase.
With the additional distance information from the
spherical wavefront, near-field beamforming can fo-
cus beam energy at specific locations, achieving en-
ergy focus in the angular and distance domains. Due
to this feature, near-field beamforming is also re-
ferred to as beam focusing.

3. Channel capacity

The term “favorable” was first defined as the
mutual orthogonality between user channels in Ngo
et al. (2013), and “favorable” propagation was fur-
ther studied theoretically in Ngo et al. (2014). As
the number of BS antennas increases, the channel
vectors between users and BS become very long
random vectors, and under “favorable” propagation
conditions, these channel vectors are orthogonal to
Currently, the XL-MIMO system has
the best capacity performance. We can also inter-

each other.

pret favorable propagation as a sufficiently complex
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scattering environment. However, in practical mo-
bile communication scenarios, capacity performance
can be affected by multiple factors.

One is the impact of the number of antennas and
array structure. In the measurement study by Gao
X et al. (2011), as the number of antennas grad-
ually increases to 128, the orthogonality between
users gradually increases. When the number of an-
tennas increases to 20, close to optimal performance
for two users can be achieved using a linear precoding
scheme. Gao X et al. (2015) compared the total sys-
tem capacity when the number of antennas at the BS
is 128 and the number of users is 4 or 16, separately.
When the number of users is 4, the total capacity is
very close to the i.i.d. channel and can reach 75%
even under adverse conditions. When the number of
users is 16, the total capacity of the system reaches
up to 90% of the i.i.d. channel and can reach only
50% under adverse conditions. This shows that the
more the number of antennas in the BS exceeds the
number of users, the better the performance of the
system will be.
ray can also affect the capacity performance. Gao X
et al. (2015) compared the channel capacity of the
uniform cylindrical array and ULA with the same
number of antennas. The results show that the ULA
with more dispersed antennas performs better than
the ULA. Under adverse conditions, using a ULA
can achieve 90% of the asymptotic capacity in the

The structure of the antenna ar-

ii.d. channel, whereas using uniform cylindrical ar-
rays can achieve only about 75%. Yang Y et al.
(2022) studied the impact of mutual coupling and
SnS on massive MIMO channel capacity, and pro-
posed a spatial non-stationary channel capacity cal-
culation method. The results obtained by the new
calculation method are much larger than those of the
traditional method. The verification through actual
measurement and simulation illustrates the correct-
ness of the formula.

The other impacts on the XL-MIMO channel
capacity are environment and frequency. In Gao X
et al. (2015), to study the multi-user performance
of XL-MIMO systems under three different propa-
gation conditions, researchers let four users be close
to each other in a LoS environment, separated from
each other in a LoS environment, and close to each
other in an NLoS environment. The channel capac-
ity results of the three cases show that in the NLoS
environment, because the signal experiences more
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reflection and scattering, the orthogonality between
users is stronger than that in the LoS environment,
so the channel capacity is also higher. In the NLoS
environment, using the uniform cylindrical array and
ULA can achieve more than 90% of the asymptotic
capacity of the i.i.d. channel. In the LoS environ-
ment, using the uniform cylindrical array and ULA
can achieve 75% and 90% of the asymptotic value, re-
spectively. Increasing the distance between users can
also improve orthogonality. In a LoS environment, if
users are kept far away from each other, performance
close to asymptotic capacity can be achieved. Zhang
JH et al. (2018) measured the channel capacity of
XL-MIMO at 3.5 GHz and 6 GHz in UMa, UMi, and
outdoor-to-indoor (O2I) scenarios. The results show
that because the wavelength of 6 GHz is smaller, the
signal experiences more reflections and the angles are
more dispersed. Hence, the capacity performance is
better than 3.5 GHz under the same receiving signal-
to-noise ratio (SNR). The same SNR is set here to
illustrate that under the same conditions, the 6 GHz
channel can provide a higher channel capacity than
the 3.5 GHz channel. However, in the actual evalu-
ation, the propagation loss and transmission power
of the communication system also need to be consid-
ered, as shown in Fig. 7. As the number of antennas
increases, the capacity in the O2I scenario is rela-
tively stable as shown in Fig. 7a, whereas in UMi
and UMa scenarios, more MPCs can be captured,
resulting in an increase in the channel capacity.

4. Channel hardening

As the scale of the antenna array increases, the
orthogonality between users will be enhanced. In
a single-input-single-output (SISO) communication
system, a signal is transmitted from a single antenna
and captured at the receiving antenna as a sum of
constructive or destructive echoes. This results in
potentially unstable SNR depending on the richness
In an XL-MIMO
communication system, with appropriate precoding,
small-scale multipath fading is averaged over multi-
ple transmit and receive antennas. This produces a
strong reduction in received power fluctuations, so
the channel gain becomes deterministic. This effect
is called channel hardening. The term channel hard-
ening was first introduced in Hochwald et al. (2004).
In Ngo and Larsson (2017), a formal definition of
channel hardening was given based on channel power

of the scattering environment.
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Fig. 7 Capacity CDF for XL-MIMO of 3.5 GHz and
6 GHz in different scenarios: (a) O2I; (b) UMi (CDF:
cumulative distribution function; O2I: outdoor-to-
indoor; UMi: urban microcell). Reprinted from
Zhang JH et al. (2018), Copyright 2018, with per-
mission from IEEE

fluctuations: propagation offers channel hardening if
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where gy, is the channel vector, assuming that the
system has M antennas at the BS and K single-
antenna users. At this time, the total capacity of the
system does not depend on small-scale fading. Sys-
tem scheduling, power allocation, and interference

B1,asM = 00,k =1,2,....K, (7)

management can be performed on large-scale fading
time scales instead of small-scale fading time scales.
As a result, the overhead of these system designs is
significantly reduced. Another important advantage
is that if there is channel hardening, we do not need
instantaneous channel state information (CSI) at the
Rx to detect the sending signal. The Rx requires only
statistical information on channel gain. This reduces
the resources required by channel estimates.
However, the above results are all based on opti-
mistic assumptions about the i.i.d. channel and will
be affected by the antenna and environmental fac-
tors in actual communications. Some evaluations of
channel hardening were performed based on channel
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measurements. In Martinez et al. (2016, 2018), the
effects of channel hardening in the spatial domain
were studied based on two measurement campaigns
at 5.8 GHz. As shown in Fig. 8a, the degree of chan-
nel hardening is better under NLoS conditions than
that under LoS conditions. This is because the sig-
nal experiences more severe scattering under NLoS
conditions. The measurement results under indoor
LoS conditions show that when the number of an-
tennas is the same, the larger the array aperture,
the more apparent the channel hardening effect, as
shown in Fig. 8b. Willhammar et al. (2018, 2020)
performed a detailed analysis of the channel harden-
ing phenomenon in indoor and outdoor scenarios in
the 3.7 GHz band in the time and frequency domains.
The results indicate that interactions between the
array and the environment, including antenna polar-
ization and orientation, will affect the degree of chan-
nel hardening. In addition, user movement changes
the propagation environment and also affects chan-
nel hardening.

2.3.3 Summary

In this subsection, we first introduce the reasons
for the SnS phenomena in XL-MIMO and demon-
strate the existence of SnS through some existing
XL-MIMO channel measurement campaigns. This
subsection lists some results of the statistical distri-
butions of the channel parameters, which can help
in the accurate characterization of the SnS phenom-
ena. Then we describe the reasons for the emergence
of the near-field effect, list several channel measure-
ment campaigns in which near-field spherical wave
properties have been observed, and analyze the ben-
efits and drawbacks associated with spherical waves.

Channel measurements show that the channel
capacity of the XL-MIMO system is affected by the
number of elements and structure of the array, the
propagation environment, and the signal frequency.
Favorable propagation conditions are not always
achieved in actual communications. The channel
conditions that are favorable for XL-MIMO are wor-
thy of in-depth study. Similar to channel capacity,
channel hardening is affected by antenna and envi-
ronmental factors. To maximize empirical channel
hardening, one needs to find strategies to deal with
array power imbalances and design XL-MIMO sys-
tems that can best exploit the diversity of the con-
sidered environment.
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Fig. 8 Variation in mean channel vector energy of
LoS/NLoS when increasing the number of BS anten-
nas in outdoor scenarios (a) and variation in mean
channel vector energy of different arrays when in-
creasing the number of BS antennas in the indoor
LoS scenario (b) (BS: base station; LoS: line of sight;
NLoS: non-line of sight). Reprinted from Martinez
et al. (2016), Copyright 2016, with permission from
IEEE. References to color refer to the online version
of this figure

3 XL-MIMO channel modeling

The assumption of planar wave and spatial sta-
tionarity is normally used in the 3GPP 38.901 chan-
nel model for 5G (3GPP, 2018). However, these as-
sumptions are validated in XL-MIMO systems. The
expanded array size results in the Fraunhofer dis-
tance being violated in a real deployment scenario.
In this case, the user equipment (UE) or scatterer
is most likely to be in the near field of the BS, so
the more general spherical wave model should be
considered for channel modeling. There are three
main channel modeling methods, including statisti-
cal channel modeling, deterministic channel model-
ing, and hybrid channel modeling (Table 4). Next,
the challenges and progress of three XL-MIMO chan-
nel modeling methods will be introduced.
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3.1 Statistical channel modeling
3.1.1 Challenges

Statistical channel modeling describes the chan-
nel in a specific type of environment rather than a
specific location, captures the statistical behavior of
the wireless channel in different scenarios, and mod-
els the wireless channel with the help of the statistical
distribution of channel parameters. The traditional
statistical models assume spatial stationarity, but
XL-MIMO channels exhibit SnS characteristics, and
the statistical distribution of SnS characteristics of
different antenna array types is different, so describ-
ing the statistical distribution is a challenge to be
faced.

3.1.2 Progress

At present, there has been some research on
statistical modeling methods for XL-MIMO. In
Lopez and Wang (2018), the second-order approx-
imate channel models of spherical wavefronts (i.e.,
parabolic wavefronts) for XL-MIMO channels were
established in spatial and temporal domains to ef-
fectively simulate the near-field effects. In Zheng
et al. (2023), the general 3D non-stationary GBSM
for XL-MIMO communication systems was proposed
in 6G communication. As the important method
for MIMO channel modeling, the COST 2100 chan-
nel model is a geometric stochastic one based on
the framework of the earlier COST 259 model. The
COST 259 channel model is the first one based on
geometric statistics to consider multi-antenna BSs
(Molisch et al., 2006). The COST 2100 model is a
cluster-level GBSM for the MIMO system, which is
the first to use the concept of VR to simulate SnS
along the antenna array (Liu LF et al., 2012). The
cluster can be viewed only through the antenna ele-
ment located in the corresponding VR. However, due
to the planar wave hypothesis, the modeling preci-
sion of SnS characteristics is limited in the COST
2100 model. Based on the VR concept, the GBSM
with different frequency bands and scenarios was
used to represent SnS and near-field effects for XL-
MIMO (Li JZ et al., 2019b). However, the validity
of these models may need to be further verified by
measurements in real scenarios. The statistical char-
acteristic parameters are inconsistent with the mea-
surement, so it is difficult to extract the statistical
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Table 4 XL-MIMO channel modeling methods and models

Modeling method Model Channel characteristic Reference
KBSM SnS, spherical wave Wu et al., 2015
WM SnS, spherical wave Zhai et al., 2016
COST 2100 SnS Gao X et al., 2013
GBSM Spatial consistency Ademaj et al., 2019
GBSM SnS, spherical wave Gao TY et al., 2023
Statistical modeling GBSM SnS, spherical wave Yuan ZQ et al., 2023b

GBSM SnS

Li JZ et al., 2019a

GBSM SnS, spherical wave Jing et al., 2023
GBSM SnS, spherical wave Lopez et al., 2022
GBSM SnS, spherical wave Wu et al., 2014
COST 2100 SnS Liu LF et al., 2012
T . RT SnS, spherical wave Yuan ZQ et al., 2024
Deterministic modeling RT PL, etc. Yao et al., 2017
Hybrid modeling RT/GBSM SnS Zhang JH et al., 2024a

GBSM: geometry-based stochastic model; KBSM: Kronecker-based stochastic model; PL: path loss; RT: ray tracing; SnS: spatial

non-stationarity; WM: Weichselberger model

parameters required by GBSM. It can be seen that
the current XL-MIMO channel modeling based on
statistics still lacks the validation and analysis of
measurement data in typical communication scenar-
ios. A pervasive channel model for diverse frequency
bands and scenarios in 6G was presented in Wang CX
et al. (2022). Yuan Y et al. (2022) and Wang J et al.
(2023) proposed channel models for ultra-massive
MIMO antenna arrays operating at the THz band.
The angle-domain sparsity property of the beam-
domain channel model (BDCM) can be observed,
which helps reduce the complexity of the GBSM and
improve mathematical tractability. The power leak-
age of the BDCM caused by the spherical wavefront
and VR has been thoroughly analyzed. Lai et al.
(2023) transformed a massive MIMO model from
the antenna domain to the beam domain through
specific algorithms to obtain a novel BDCM. In He
YB et al. (2023), to reduce the model complexity
and improve the mathematical tractability, a novel
BDCM was proposed based on the transformation of
the corresponding GBSM from the array domain to
the beam domain for maritime communications.
Considering that the characterization and ex-
planations of SnS have not been adequate in existing
statistical channel modeling, the XL-MIMO channel
modeling framework was proposed based on captur-
ing and observing of multipath propagation mech-
anisms (i.e., LoS, reflection, and diffraction) (Yuan
ZQ et al., 2023a), as shown in Fig. 9. Compared with
the traditional statistical channel modeling, only one

additional SnS parameter was added to the proposed
framework, which was required for low-complexity
implementation. The channeling framework is real-
istic, of low complexity, and accurate, which is of
great value for the development of massive MIMO
systems. In Yuan ZQ et al. (2023a), there were K
SnS spherical propagation paths between the Tx ar-
ray and Rx. The E-MIMO channel at frequency f
can be modeled as a superposition of CFRs of the K
paths on the array, which is the Fourier transform of
CIR and expressed as

H™(f) =S o A(f) - H(f), (8)

where H®S(f) comprises M complex values, i.e.,
Hs"s(f) € CM*1 f € [fy, fu] is the frequency
within the designed range, and ® represents the ele-
mentwise product operation. H(f) € CE*! denotes
CFRs at f of the K paths at the reference point.

H(f)= [ale—j%fn , 0526—.1'271.7”727 . aKe_.]?nfTK]T,

(9)

where o, and 7, (k= 1,2,..., K) represent the com-
plex amplitude and propagation delay of the k"
path, respectively. ()T denotes the transpose oper-
ation. A(f) € CM*X is the array manifold matrix.
The manifold projected on the m™ antenna element

by the k*" path, ie., A’s (m,k)th entry apm, i, can

be represented by the transfer difference of the m™
element with respect to the reference point:
d o] = el
(1) = Lm0 )

= e
[kl ’
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where c is the light speed, ||| represents the Eu-
clidean norm of the argument, and dj denotes the
vector pointing from the reference point to the first
scattering source of the k*" path propagation route.

To meet the 3GPP standardization requirement
of the 6G channel model, a simulation framework
based on 3GPP has been proposed based on the XL-
MIMO channel model (Gao TY et al., 2023; Yuan
ZQ et al., 2023a). In Fig. 10, the steps marked in
black are the steps defined in the standard model and
can be found in 3GPP TR 38.901. The steps marked
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Fig. 9 Spherical propagation with spatial non-
stationarity (SnS) characteristics in the near-field re-
gion. Three cases that contribute to SnS propagation,
line of sight (LoS) blockage, incomplete reflection, and
diffraction, were illustrated in Yuan ZQ et al. (2023a).
Reprinted from Yuan ZQ et al. (2023a), Copyright
2023, with permission from IEEE
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in red are extended in the NF-SnS framework. Steps
marked in black (steps 1-9 and 13) are the steps
defined in the standard model and can be found in
3GPP TR 38.901, and steps marked in red (steps
10-12) are extended steps of the NF-SnS framework.
Steps 10-12 are used to obtain S, calculate A, and
generate channel coefficients with near field (NF) and
SnS characteristics. The BS is configured with a
ULA of K array elements and the user terminal (UT)
is configured with a single antenna. Configurations
of BS and UT can be easily extended to a UPA,
uniform circular array, or other configurations.

3.1.3 Summary

The current GBSM model makes it difficult to
characterize the near-field and SnS characteristics of
XL-MIMO. Although the GBSM model has evolved
in the existing research, most statistical models dif-
fer greatly from the 3GPP standard model, and
it is difficult to develop the near-field simulation
process under the existing 3GPP simulation frame-
work. To solve the problem, a feasible 3GPP simula-
tion framework is proposed, but a lot of measurement
work needs to be carried out in the real communica-
tion environment to extract the model parameters.
The complexity of the statistical channel model is
low, but it needs a highly reliable channel measure-
ment platform that can measure XL-MIMO channel
characteristics.

General parameters
Step 1: Step 2: Step 3: Step 4:
Set scenario, layout, [— Assi_g_n propagation | (calculate pa.th loss 1 Calculate LSP
and antenna condition (NLoS/LoS) (DS/AS/KISF)
Small-scale parameters
Step 9: Steps 7 and 8: Step 6: Step 5:
Generate XPRs and Generate arrival & Generate cluster  |e— p o
Generate delays
random phases departure angles powers
Coefficient generation
Step 10: Step 11: Step 12: Step 13:
Generate SnS Generate Generate NF-SnS ~ |—» Apply pathloss
matrix S manifold matrix A channel coefficient and shadowing

Fig. 10 Flowchart of the NF-SnS framework (NF: near field; SnS: spatial non-stationarity). Reprinted from
Gao TY et al. (2023), Copyright 2023, with permission from IEEE. References to color refer to the online

version of this figure



1642

3.2 Deterministic channel modeling
3.2.1 Challenges

Compared with statistical channel modeling,
deterministic channel modeling can accurately cap-
ture electromagnetic wave propagation characteris-
tics, which depends on the propagation environment
of the study scenario, the dielectric parameters of
the material, and the detailed geometric information
of the spatial position of the transceiver antenna. In
addition, there are many challenges for determinis-
tic channel modeling. First, it is difficult to obtain
the material electromagnetic medium parameters re-
quired for deterministic modeling. Second, the accu-
racy of channel data obtained by simulation depends
on the high-precision communication scenario model.
Finally, as the number of XL-MIMO array elements
increases, the complexity increases exponentially.

3.2.2 Progress

There are several different types of determinis-
tic modeling methods. The METIS project (Yuan
ZQ et al., 2024) proposed a massive MIMO channel
model based on ray tracing (RT) technology, which
can characterize SnS properties. No matter the size
of massive MIMO arrays, the RT method can accu-
rately capture channel characteristics, which makes
it a promising channel modeling method for massive
MIMO systems (Wang CW et al., 2016; Tamaddon-
dar and Noori, 2019). However, only a few works
have implemented RT to characterize channels with
XL-MIMO configurations. The reason is that the
arrays on the Tx and Rx sides are usually obtained
by strong simulation of each Tx and Rx antenna pair
in RT. The computational complexity is particularly
challenging for massive MIMO systems because it in-
creases linearly with the number of array elements.
At present, the map-based model is proposed to im-
plement the RT method, which can effectively re-
duce the computational complexity by simplifying
the geometry and electromagnetic description of the
environment and restricting the sequence of inter-
actions between the rays and objects (Yao et al.,
2017). The model may have poor accuracy in pre-
dicting the channel at specific locations, but it is
fully capable of simulating the non-stationarity and
transition of XL-MIMO. However, the high compu-
tational complexity and lack of detailed digital maps
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and material databases make the deterministic mod-
eling method less applicable in some scenarios with
complex environments. It can be seen that the SnS
characteristics and spherical waves of XL-MIMO can
be well characterized by RT simulation. The trajec-
tory of MPCs across the array elements is almost
the same between the RT results and the measure-
Specifically, three strong MPCs are
marked in numbers. Good agreement is achieved
among the measurement and RT simulated paths in
terms of power, angle, and delay (Zhang JH et al.,
2024a). Note that the standard geometry based
stochastic channel modeling approaches would fail
to model such near-field and SnS effects. It can be
seen that deterministic modeling has advantages in
capturing the SnS properties of XL-MIMO. Yuan
ZQ et al. (2024) aimed at accurate and efficient RT
simulations for XL-MIMO systems, with a proposed
coarse-refinement strategy capable of capturing NF
and SnS, as shown in Fig. 11. The channel is sim-
ulated using RT on a few sparsely located array el-
ements and then interpolated onto other elements
using spherical/astigmatic-wave approximation and
the uniform theory of diffraction, thus significantly

ment results.

reducing simulation complexity while maintaining
accuracy. The coarse-refinement method achieves
around 99.5% modeling accuracy and 94.3% acceler-
ation efficiency compared to the brute-force method
for all three measurement scenarios (one LoS and
two obstructed-line of sights (OLoSs)).

3.2.3 Summary

For XL-MIMO channel characterization, the
deterministic modeling method has high precision.
However, due to the large number of antenna ele-
ments, simulations require geometric tracking of in-
teraction points for each pair of antenna elements,
resulting in high complexity. In the literature, some
solutions to reduce complexity have been proposed,
but there is no optimal criterion for judgment. In
addition, the lack of knowledge of EM properties
and the computational complexity hinder the use of
the XL-MIMO deterministic modeling method.

3.3 Hybrid channel modeling

3.3.1 Challenges

The deterministic channel modeling method
sacrifices time and computational resources to
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Fig. 11 Analysis of the simulation complexity (cor-
responding to acceleration efficiency) and accuracy of
the coarse-refinement method of deterministic chan-
nel modeling. For the brute-force method, we de-
note the group size as “0/0” since RT simulations are
performed for each element (i.e., one element in a
group). Reprinted from Yuan ZQ et al. (2024), Copy-
right 2024, with permission from IEEE. References to
color refer to the online version of this figure

improve modeling accuracy, while the statistical
channel modeling method reduces the computational
complexity of the model at the cost of accuracy.
Therefore, there is a tendency to study XL-MIMO
hybrid channel modeling methods by combining the
advantages of two or more channel modeling meth-
ods. However, some challenges exist, including the
basic modeling principles and methods, how these
channel modeling methods are specifically combined,
and the balance between complexity and precision.
Therefore, to capture the new characteristics of the
XL-MIMO channel, low complexity and high ac-
curacy are important challenges for hybrid channel
modeling.

3.3.2 Progress

For hybrid channel modeling, there is some
work involved in XL-MIMO modeling. By applying
the finite-difference time-domain (FDTD) method to
only a small part of the RT-FDTD hybrid technol-
ogy, the accuracy of the entire modeling environ-
ment can be maintained while the calculation time
is improved, and the remaining work is completed by
RT simulation (Reynaud et al., 2006). This hybrid
method is suitable for mmWave and THz channels.
In Chen Y et al. (2021), a semi-deterministic channel
model was established for a 140 GHz indoor channel
using a hybrid modeling method, in which the von
Mises distribution was used to generate the arrival
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angles of inter- and intra-cluster multipaths. It can
be seen that the hybrid modeling method combining
statistical and deterministic modeling is expected to
reduce the complexity of the model because only the
dominant path has RT characteristics. However, at
present, the hybrid channel modeling method has
not been proved to be good for XL-MIMO channel
modeling, which belongs to one of the future research
directions.

Fig. 12 shows a hybrid modeling method based
on measurement calibration for XL-MIMO. Based on
the measurements, the material’s EM properties are
adjusted in RT simulation to reach the best agree-
ment in terms of power and delay for the dominant
propagation paths (Zhang JH et al., 2024a). In the
beginning, the RT simulation outputs the results cor-
responding to the initial EM parameters, which are
compared with the measurement data. If the results
of the power and delay parameters for the dominant
paths match (to minimize the root mean square er-
ror), the simulation results are outputted. If the
results do not match, the relative permittivity and
conductivity of the materials are updated and the
simulation results are outputted again. This oper-
ation is repeated until the best agreement between
the simulation and measurement results is achieved.
The maximum differences of AoA, azimuth of depar-
ture (AoD), delay, and power gain of the dominant
paths are —1.8°, —1.5°, 0.7 ns, and —0.7 dB, respec-
tively, while the minimum differences come from the
first path, up to —1.7°, 0.3°, —0.1 ns, and 0 dB, re-
spectively (Zhang JH et al., 2024a). In conclusion,
the hybrid modeling method can achieve a better
trade-off between precision and complexity.

3.3.3 Summary

At present, there is no unified definition of
hybrid channel modeling methods for XL-MIMO.
There is a tendency to study hybrid modeling meth-
ods by combining the advantages of two or more
channel modeling methods, but they are rarely used
for XL-MIMO channel modeling. Although some
work has been conducted to realize channel mod-
eling of XL-MIMO by modifying EM parameters
through actual measurement and combining deter-
ministic modeling ideas, the accuracy and complex-
ity of the hybrid method that can capture new fea-
tures of XL-MIMO channels need to be considered.



1644 Tang et al. / Front Inform Technol Electron Eng 2024 25(12):1627-1650

Scenario
modeling

Propagation
channel G

Material's

electromagnetic T‘

properties

Geometric propagation

path finding and Ray tracing channel
electromagnetic parameters
calculation

Measuremen

system

Set\ Transmitter and

O
receiver setting Zo\ No
&
A
Channel Ray tracing

measurement data Match?

:>" simulation data ’

Ja

[ Output channel parameters and electromagnetic parameters]

Fig. 12 Flowchart of measurement-calibrated hybrid
(2024a), Copyright 2024, with permission from IEEE

4 Open issues in XL-MIMO channel
measurement, characterization, and
modeling

Though there has been a certain amount of re-
search on XL-MIMO channel measurement, charac-
terization, and modeling, some issues have not been
adequately resolved. In this section we discuss some
important open issues in these fields to provide a
reference for future XL-MIMO channel research.

4.1 Cost- and time-efficient channel sounder

A channel sounder is a prerequisite for record-
ing raw channel data, which is crucial in channel
characterization and modeling. Usually, the chan-
nel sounder should have high resolution in the time,
spatial, or frequency domain to accurately sample
raw channel data (Ferreira et al., 2015). Consider-
ing that the hybrid beamforming (HBF) technique
could generate a narrow beam in XL-MIMO com-
munication systems, an XL-MIMO channel sounder
should have a spatial resolution as the beamwidth to
at least satisfy the need for system performance eval-
uation. However, as the number of antenna elements
at the BS increases to hundreds, even thousands, it
is highly costly or time-consuming. For the channel
sounder built with RAAs, the amplifier, switch unit,
and antenna array are costly, especially in mmWave
and THz bands. A MIMO channel sounder with over
100 antenna Tx elements may cost hundreds of thou-
sands or millions of dollars. For the channel sounder
built with VAAs, an antenna element or antenna

channel modeling. Reprinted from Zhang JH et al.

sub-array is moved in the spatial domain to produce
a large-scale and VAA (Zhang JH et al., 2018). In
each measurement position, hundreds of movements
are needed to capture XL-MIMO channel character-
istics, which may take hours. This brings a seri-
ous challenge to the stationarity assumption during
channel measurements, and a time-variant channel
cannot be measured by using this kind of method.
Thus, a new kind of channel sounder that can be
built in a cost-efficient way and be operated in a
time-effective way should be proposed in the future.

4.2 Non-stationarity in spatial, frequency,
and time domains

Wide sense stationary uncorrelated scattering
(WSSUS) is a fundamental assumption in wireless
channel modeling, especially in MIMO channel mod-
eling (Molisch, 2005). Channel stationarity means
that the statistical properties of the channel remain
constant. With this assumption, statistical methods
can be used to describe channel behavior. However,
this assumption is more likely to be violated in prac-
tical XL-MIMO channels. In the spatial domain,
channels viewed from different antenna elements may
show different properties, which was discussed in the
previous sections. Furthermore, as the position of
BS or UE changes, scatterers and obstacles in the
propagation environment between the BS and the
UE would correspondingly vary and induce changes
in statistical properties. In the frequency domain,
statistical properties show frequency dependency as
presented in 3GPP TR 38.901. For example, the
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mean value of DS linearly decreases with the in-
crease of the frequency. Furthermore, as the fre-
quency increases, the power gain is more likely to
concentrate in a few multipaths, which makes the
channel sparse (Liu XM et al., 2023). Correspond-
ingly, the number of clusters may decrease, and the
cluster structure may change. Currently, some fre-
quency bands have attracted wide attention and re-
search, such as mid-band (Miao et al., 2023; Zhang
JH et al., 2024b). Specifically, with deploying XL-
MIMO in new spectrums (7-24 GHz, THz bands),
a large frequency span will result in an apparent
variance of statistical properties (Zhang JH et al.,
2024b). In the time domain, time-varying channels
feature significant Doppler spread in addition to DS.
Thus, when scatterers in the propagation environ-
ment or UEs are mobile, statistical properties also
show non-stationarity in the time domain. In gen-
eral, non-stationarity in the spatial, frequency, and
time domains in XL-MIMO channels should be fur-
ther investigated and characterized.

4.3 New channel characteristics arising from
combination with other technologies

To obtain better capabilities, XL-MIMO is ex-
pected to combine other enabling technologies, e.g.,
RIS and ISAC. Subsequently, new channel charac-
teristics arise and should be considered in channel
modeling. For example, RIS can be densely deployed
to enhance the coverage capability in key regions at
a low cost (Sang et al., 2024). If the RIS is close
to the UE, the RIS-UE link may be in the near-
field range while the BS-RIS link may be in the
far-field range, which induces a hybrid-field charac-
teristic. Also, RIS radiation pattern characteristics
should be described in channel models. Furthermore,
ISAC is one of six new usage scenarios defined in
ITU-R M.2160 (ITU-R, 2023); it integrates percep-
tion and communication systems to improve the ef-
ficiency of hardware, spectrum, time, and energy.
Also, the high-resolution capability of XL-MIMO
systems in the spatial domain can significantly in-
tensify the sensing accuracy. However, this combi-
nation would bring new channel characteristics, e.g.,
the radar cross-section (RCS) and sharing clusters
between the sensing channel and the communication
channel (Liu YM et al., 2024). RCS is the key pa-
rameter to describe the target in the sensing channel.
Because it is related to the incidence angle of sens-

ing signals, the spherical-wave effect in the near-field
region may make the RCS vary across the antenna
array. Moreover, although there are sharing clus-
ters that can create simplification when simultane-
ously modeling sensing and communication channels,
other non-shared clusters may have different VR and
bring essential needs for modeling the sensing chan-
nel and the communication channel separately.

4.4 Antenna-independent channel characteri-
zation and modeling

A radio channel model is used to describe the
wave propagation between Tx and Rx, in which the
antenna pattern and propagation phenomena (e.g.,
specular reflections and diffuse scattering) are char-
acterized. To make the radio channel model suitable
for any type of antenna, antenna-independent mod-
eling should be guaranteed, which allows antenna
de-embedding and embedding (Landmann, 2008).
However, XL-MIMO brings challenges to getting this
guarantee. First, the 3D radiation patterns of prac-
tical antenna arrays are required when using high-
resolution channel parameter extraction algorithms
(Fleury et al., 2002). As the number of antenna
elements increases to hundreds, it is costly and time-
consuming to measure the 3D radiation patterns in
an anechoic chamber. In addition, there are very
few anechoic chambers that can measure 3D radia-
tion patterns in THz bands. Second, visibility re-
gions of scatterers at the BS depend on the shape
of antenna arrays. For example, a UPA would see
different visibility regions compared to an (omni-
directional array) ODA in the same propagation en-
vironment. Correspondingly, channel measurements
with different kinds of antenna arrays may obtain dif-
ferent channel statistical properties. Third, current
propagation channel models normally assume that
the antennas used at the BS and UE are isotropic
point sources that radiate power in all directions.
Practical antenna effects on channel properties are
not described. Though the radio pattern of antenna
arrays is embedded in the radio channel model, it
is necessary to further decouple channel statistical
properties and antennas.

4.5 Intelligent channel modeling

Except in combining XL-MIMO with new en-
abling technologies, e.g., RIS and ISAC, XL-MIMO
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would be deployed in various scenarios, e.g., the In-
dustrial Internet of Things (IIoT) and space—air—
ground-integrated network (SAGIN). Predictably,
there would be a consistent growth in the num-
ber of antenna elements, frequency, and scenarios
(Zhang JH et al., 2023). Motivated by this growth,
XL-MIMO channel modeling would experience un-
precedented growth in complexity. Channel model-
ing can be divided into deterministic and stochastic
approaches. Though multipaths are generated effi-
ciently based on channel statistical properties, the
simulation complexity would have an exponential
growth as the number of antenna elements increases.
Also, new channel characteristics mean that XI-
MIMO channel modeling faces unprecedented chal-
lenges, which may not be dealt with by current chan-
nel modeling methods. In addition, Al and data
mining technologies have rapidly evolved and can be
a powerful tool inducing complexity in channel mod-
eling. Zhang JH (2016) proposed a cluster-nuclei-
based channel model that uses data mining technolo-
gies to characterize core clusters. This model has low
complexity and a limited number of cluster-nuclei,
and the cluster-nuclei are physically mapped to real
propagation objects. However, this physical map-
ping is complex and not easy to obtain. Generally,
intelligent channel modeling is a promising research
direction, but it is in its infancy, and more power-
ful neural networks or learning algorithms should be
proposed and applied.

5 Conclusions

XL-MIMO channel research is crucial for the de-
velopment, standardization, and application of XL-
MIMO technologies. In this paper, the challenges
and recent progress of XL-MIMO channel measure-
ment, characterization, and modeling are discussed
In terms of XL-MIMO channel measure-
ment, compared with using an RAA, using a VAA is

in detail.

simple to operate, low in cost, and more commonly
used. However, this method takes a long time to ac-
quire a round of data, so it is difficult to cope with
the highly dynamic application scenarios of 6G.

As for XL-MIMO channel characterization, SnS,
spherical wave, and channel capacity in XL-MIMO
channels have been investigated based on channel
measurements. Some characterization methods have
also been proposed to model these characteristics.
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However, more realistic and low-complexity methods
are needed to accurately describe them.

Regarding XL-MIMO channel modeling, faced
with the need for 3GPP standardization of chan-
nel models, statistical channel modeling methods
lack statistical analysis based on measurement data,
whereas deterministic channel modeling and hybrid
channel modeling methods need to fully consider the
balance between complexity and precision.

Finally, some open issues in XL-MIMO chan-
nel measurement, characterization, and modeling are
presented, including cost-effective and time-efficient
channel sounders, non-stationarity in spatial, fre-
quency, and time domains, new channel character-
istics arising from a combination with other tech-
nologies, and intelligent channel modeling. These
can give some insights into future XL-MIMO chan-
nel research.
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