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Abstract—Extremely large-scale multiple-input multiple-
output (XL-MIMO) is believed to be a cornerstone of
sixth-generation (6G) wireless networks. XL-MIMO uses
more antennas to both achieve unprecedented spatial degrees
of freedom (DoFs) and exploit new electromagnetic (EM)
phenomena occurring in the radiative near-field. The near-field
effects provide the XL-MIMO array with depth perception,
enabling precise localization and spatially multiplexing jointly
in the angle and distance domains. This article delineates
the distinctions between near-field and far-field propagation,
highlighting the unique EM characteristics introduced by having
large antenna arrays. It thoroughly examines the challenges
these new near-field characteristics pose for user localization
and channel estimation and provides a comprehensive review of
new algorithms developed to address them. The article concludes
by identifying critical future research directions.

Index Terms—Radiative near-field, XL-MIMO, channel esti-
mation, user localization, 6G.

I. INTRODUCTION

As the fifth generation (5G) of wireless communication

networks is being deployed worldwide, the development of

the next sixth generation (6G) is steadily transitioning from a

visionary to an implementation stage. One of the cornerstone

technologies of 5G is the massive multiple-input multiple-

output (mMIMO) technology. This technology equips each

base station (BS) with around 64 antennas and uses them for

spatially multiplexing of tens of user equipments (UEs), which

significantly improves the spectral efficiency (SE) compared to

classical small-scale MIMO technology [1], [2]. However, with

the exponential growth of mobile user devices and their related

traffic, the network technology must support even more traffic

and new services with diverse and demanding requirements.

Consequently, the sixth-generation (6G) technology must be

developed to support traffic volumes at least 100 times higher

than those achievable in current networks. Since network

densification is commercially unattractive, each BS needs to

support more traffic, which calls for using a larger number

of antennas. Hence, the basic idea of the next-generation

MIMO technology revolves around deploying an extremely

large number of antennas, referred to as extremely large-

scale MIMO (XL-MIMO) [1], [2], [3] or extremely large

aperture arrays (ELAA). Both terms indicate that the area is
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large, compared to the wavelength, to significantly enhance

the spatial resolution and spatial degrees of freedom (DoF).

There is also the concept of holographic MIMO (also called

continuous-aperture MIMO) that squeezes in many antennas

by shrinking the antenna spacing, which does not lead to the

mentioned gains.

The UEs in current 5G systems are in the far-field of the

mMIMO array, which has also been the case in previous

network generations. However, the introduction of XL-MIMO

technology featuring an extremely large aperture area opens

the box to new electromagnetic (EM) characteristics that

are only noticeable in the radiative near-field. The Fraun-

hofer/Rayleigh distance is conventionally taken as the bound-

ary between the near-field and far-field [1], [3]. It is propor-

tional to the squared aperture length and inversely proportional

to the wavelength. In situations with physically larger arrays

or smaller wavelengths than in 5G, the Fraunhofer distance

can reach a kilometer, thereby making near-field propagation

the norm in XL-MIMO systems rather than the exception.

Importantly, we are not considering the reactive near-field

effects that only appear very close to the array, but only how

the radiated fields from a large array require long distances

before becoming far-field-like. The radiative near-field is also

called the Fresnel region.

The shift to near-field operation creates several new and

distinctive EM characteristics. The first one is the spherical

wave properties, which must be considered when analyzing

wireless channels. This contrasts far-field mMIMO systems,

where the EM fields can be approximated as plane waves

when reaching the UEs. The second one is the finite-depth

beamfocusing, which allows the XL-MIMO array to focus

signals on confined areas in both distance and angle, and

to localize UEs in both distance and angle. The locations

obtained through user localization can be leveraged to enhance

the accuracy or reduce the complexity of channel estimation.

Finally, there will be spatial non-stationary properties due to

near-field scattering and blockages. This implies that anten-

nas positioned at different spatial locations can exhibit very

distinctly different channel characteristics.

These EM characteristics are not theoretical curiosities but

an opportunity for enabling new features and more efficient al-

gorithms. The spherical curvature makes propagation channels

richer [2], leading to more well-conditioned MIMO channels.

The finite-depth beamfocusing enables spatial multiplexing

of users with similar angular characteristics but different
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distances. It also enables a single array to perform accurate

user localization [4]; while far-field mMIMO enables angle

estimation, XL-MIMO also enables distance estimation. This

capability is both useful for user localization (and sensing) and

for aiding channel estimation. This is aligned with the general

trend of integrated sensing and communication (ISAC).

To capitalize on these new capabilities, we need to develop

new near-field user localization and channel estimation algo-

rithms customized to the new near-field EM characteristics, as

well as associated hardware impairments. This article provides

an overview of this topic. We describe the fundamental near-

field properties and comprehensively review recent near-field

user localization and channel estimation schemes, and describe

their benefits through numerical examples. Finally, we identify

several future research directions for near-field XL-MIMO

systems, paving the way for further advancements in this

emerging research area.

II. FUNDAMENTAL CHARACTERISTICS OF NEAR-FIELD

XL-MIMO SYSTEMS

In this section, we present three new fundamental EM

characteristics of near-field XL-MIMO systems. Notably, these

characteristics delineate the main disparities between far-field

and near-field communication, concurrently presenting novel

challenges and opportunities within near-field XL-MIMO sys-

tems.

A. Spherical Wave Properties

For conventional far-field mMIMO systems, the EM field

is often accurately approximated as a plane wave [1]-[3].

Under this approximation, the amplitudes and angles of ar-

rival/departure (AoA/AoD) of the transmitted/received signals

across all antenna elements are considered identical. In con-

trast, near-field XL-MIMO systems necessitate more complex

modeling, employing spherical wave assumptions to capture

curved phase and amplitude variations across the antenna

elements [1]-[3]. In such systems, the AoA/AoD and distances

between the transmitter and the receiver antennas would vary

across the entire array. Thus, channel modeling must account

for both angle and distance information to describe the EM

characteristics accurately.

B. Finite-Depth Beamfocusing

In the far-field, the beam can be steered towards a spe-

cific angle through beamforming techniques, as shown in the

middle part of Fig. 1. In contrast, the extra distance infor-

mation inherent in near-field spherical wavefronts facilitates

beamforming to focus the beam at a precise position. This

focusing is characterized by the energy being concentrated at a

particular point, with a finite focus area behind it, in both angle

and depth. This is known as finite-depth beamfocusing [2] and

is shown in the middle figure of Fig. 1. While far-field users

must be widely spaced in angle to avoid strong interference,

finite-depth beamfocusing allows BSs to serve multiple near-

field users at the same angle simultaneously but at different

Finite depth Infinite depth

Far-fieldRadiative near-field
Rayleigh

distanceReactive near-field
Fresnel

distance

Evanescent waves 

and radiated waves
Spherical waves Planar waves

Near-field finite-depth beamfocusing

Near-field beam split Far-field beam squint

In the far field, if the phase shifters-based hybrid analog-digital beamforming architectures 

are employed, the focus points of beams with different frequencies experience an angle 

shift. Conversely, in the near field, the focus points of beams with different frequencies 

are subject to shifts in both angle and depth.

In the far-field, the wavefronts are almost planar, while in the radiative near-field, the 

wavefronts exhibit significant spherical curvature. In addition, in the reactive near-field, the 

EM waves are modeled by evanescent waves and radiated waves. Since the EM 

components is concentrated in the surroundings of the BS, the impacts due to reactive near-

field are negligible and near-field in this paper refers to the radiating near-field.

Through beamforming, near-field spherical wavefronts produce a finite beam depth near 

the focal point. In contrast, far-field planar wavefronts result in an infinite beam depth.

Far-field infinite-depth beamforming

Fig. 1. The EM characteristics comparison of near-field and far-field, where
the widely adopted boundary is the Fraunhofer/Rayleigh distance. The central
carrier frequency is 100 GHz. We set the number of BS antennas for near-
field and far-field scenarios to 512 and 128, respectively.

distances. This capability is a key advantage in near-field

communication, enabling more efficient and effective use of

the spectrum and spatial resources.

When future networks use phase shifters (PSs) that apply

the same phase shift to all subcarriers, it results in the beam

squint effects when using wide bandwidth (relative to the

carrier frequency). In traditional far-field mMIMO scenarios,

this leads to a small angular shift of the beam, resulting in

a minor loss of beamforming gain, as shown in the bottom

figure of Fig. 1. By contrast, in the near-field where the beam

is both narrower and has a finite depth, the beam’s focus

area can be shifted entirely in both angle and depth [3], as

shown in the bottom part of Fig. 1. This is a more severe

phenomenon called the beam split effect. As a remedy, true-

time-delay (TTD) units could be implemented to introduce

frequency-dependent phase shifts, effectively mitigating beam

split effects but at an increased hardware cost [3].
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C. Spatial Non-Stationary Properties

In conventional far-field mMIMO systems, the antenna array

aperture of the BS is relatively modest, leading to the average

amplitude being spatially stationary among the antennas in the

array, even if they vary randomly due to small-scale fading.

Conversely, in near-field XL-MIMO systems, due to near-field

scatterers and line-of-sight (LoS) blockages, the physically

large array aperture leads to spatial non-stationary channel

characteristics [1]. This phenomenon arises because objects of

finite size within the propagation environment may no longer

function as complete diffuse scatterers for the XL-MIMO

array. The visibility region (VR) concept is widely adopted to

characterize these properties [1] and captures which antennas

have a LoS path to the scatterer or the UE. This property

might result in the width and depth of the beam becoming

wider, leading to a decrease in the actual resolution and spatial

multiplexing ability of XL-MIMO systems [1]. An extreme but

vivid example is when only a few antennas are visible to the

near-field users of the entire array, the working area changes

from near-field to far-field, and the beam changes from finite

to infinite depth.

III. NEAR-FIELD USER LOCALIZATION AND CHANNEL

ESTIMATION

The new EM characteristics introduce several new chal-

lenges and opportunities to near-field user localization and

channel estimation. In this section, we first delve into the key

challenges that the three new near-field EM characteristics

bring to near-field user localization and channel estimation.

Subsequently, we will discuss how to address these challenges

based on recent works. We focus on elucidating the new

opportunities posed by these new near-field properties on user

localization and channel estimation and exploring strategies

to leverage these properties to design more effective user

localization and channel estimation algorithms.

A. Near-Field User Localization

1) Challenges: In the near-field, the unique spherical wave

properties allow EM waves to contain both angle and distance

information. This enables signals to be precisely focused on

specific locations through beamforming, creating opportunities

for a single BS to localize a user fully. By contrast, traditional

localization algorithms designed for far-field scenarios rely

on joint efforts by multiple BSs. For instance, these algo-

rithms typically estimate a user’s location based on the delay

or AoA from multiple BSs. These traditional methods are

inefficient in the near-field because they do not effectively

utilize the spherical wave characteristics. Therefore, there is

a need to develop new user localization algorithms tailored

to spherical wave properties. Additionally, the spatial non-

stationary natures of near-field channels necessitate further

innovation in localization algorithm design. In spatial non-

stationary channels, the increased beam depth of near-field

beams reduces their beamfocusing precision, and the multiple

paths make localization more complex. Thus, decoupling these

channels or designing more efficient algorithms to extract

user information effectively under such conditions is crucial.

Moreover, employing hybrid beamforming transceivers in XL-

MIMO systems might lead to lower costs and energy con-

sumption, but the beam split effects inherent in these systems

must be addressed. However, if we can manage this frequency-

dependent offset, we can potentially search for multiple user

locations within a single beam sweeping, offering a new

avenue for improving user localization.

2) Recent advances: Recently, several works have delved

into the performance bounds for user localization in XL-

MIMO systems [5], [6]. In [5], the authors developed an

accurate near-field channel model based on the EM propa-

gation model without approximations. In [6], leveraging the

uniform spherical wave model, the authors derived closed-

form expressions for the CRBs for both angle and distance

estimation in the near-field XL-MIMO radar mode and phased

array radar mode, respectively. The authors [6] proved that

the CRB of the angle approaches a limit that depends on

the antenna spacing as the array aperture increases and that

the CRB of the distance is finite in the near field, unlike in

the far field where it is infinite. These analyses collectively

demonstrate the enormous potential of near-field XL-MIMO

systems in improving user localization accuracy.

From the perspective of EM propagation and near-field

scattering, we next discuss existing user localization algo-

rithms, i.e., LoS propagation and mix LoS and non-line-of-

sight (NLoS) propagation. In addition, we provide a detailed

comparison between recent advances in user localization of

XL-MIMO systems in Table I.

• LoS Propagation

In the near-field, spherical wave properties and finite-depth

beamfocusing enable beam training to determine the user’s

location and angle jointly. However, performing a binary

search over potential user areas results in significant beam

sweeping overhead. A simple solution to this problem is to

use a hierarchical search approach. In the first stage, far-field

beamforming technology is employed to scan and determine

the user’s angle. In the second stage, based on the obtained

angle estimation, near-field beamfocusing technology is used

to determine the user’s distance. Another solution builds on

the hierarchical search by utilizing the beam split effect. TTDs

can be used to compensate for beam split effects and control

the degree of angle and depth shifts for the beam split [3],

[7]. Specifically, the focus points of the lowest and highest

frequency beams can be directed toward the desired angle

and distance (i.e., the desired location), indirectly controlling

the focus points of beams at other frequencies to cover the

desired angle and distance range. By leveraging the fact that

users at different locations receive maximum power at different

subcarriers, a low-overhead beam sweeping user localization

scheme can be obtained [7].

• Mixed LoS and NLoS Propagation

In mixed LoS and NLoS scenarios, several classic algo-

rithms can still be employed to estimate the user’s angle and

distance from the received signal, such as the multiple signal

classification (MUSIC) algorithm and the maximum likelihood

estimation (MLE) algorithm. However, when these traditional
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TABLE I
FEATURES OF THE USER LOCALIZATION SCHEMES DEVELOPED FOR THE XL-MIMO SYSTEMS.

Category Algorithms Algorithm characteristics Remark

LoS

Propagation

Beam training

Utilizing spherical wave characteristics and

finite-depth beam focusing, location

estimation can be achieved using array gain

as an indicator.

The use of hierarchical methods, or

employing an approach that estimates angle

first followed by distance, can effectively

reduce costs.

Beam

split-assisted

beam training

Exploiting the beam split effect to reduce the

cost of beam training.

Utilizing TTD hardware architectures to

generate frequency-dependent phase shifts,

effectively controlling the degree of the

beam-splitting effect.

Mixed LoS

and NLoS

Propagation

MUSIC, MLE

Utilizing spherical wave characteristics and

employ low-complexity one-dimensional

searches to estimate the user’s angle and

distance continuously.

Decoupling angle and distance to avoid

time-consuming binary search.

DNOMP

Estimating multi-path parameters and

deriving user location estimation based on

the geometric properties of the paths.

Integrating user localization into the channel

estimation process not only reduces

additional signal overhead but also enhances

the accuracy of both estimations.

methods are applied to near-field systems, modifications are

necessary to account for the near-field characteristics and to

avoid time-consuming two-dimensional (2D) searches. For

instance, in the downlink, the angle can be estimated using

the MUSIC algorithm. Subsequently, the distance can be

determined through a one-dimensional (1D) distance search

with the MLE algorithm [8]. The angle and distance estimation

can be achieved in the uplink through two consecutive 1D

MUSIC algorithms based on the echo signal. It is important

to note that both uplink and downlink localization algorithms

continuously estimate the user’s angle and distance using low-

complexity 1D searches. This approach effectively avoids the

complex 2D searches required to apply traditional localization

algorithms directly.

Notably, an opportunity for near-field communication is to

absorb the idea of ISAC, which integrates localization into the

channel estimation process. This approach enhances the accu-

racy of user localization and channel estimation and reduces

the additional overhead typically required for user localization

in XL-MIMO systems [9]. Specifically, channel estimation al-

gorithms (a damped Newtonized orthogonal matching pursuit

(DNOMP) algorithm) can initially estimate the parameters of

the LoS and NLoS paths [9]. The user’s location and the

complete channel can be determined from these parameters.

By leveraging the geometric relationship between the user’s

location and multiple paths, the accuracy and reliability of

user localization can be significantly enhanced.

B. Near-Field Channel Estimation

1) Challenges: Accurate channel estimation is essential

for efficiently using all the antennas in XL-MIMO systems.

However, as shown in Fig. 2, the three new features mentioned

above introduce several challenges, which are discussed as

follows.

• Strongly rank-deficient channel spatial correlation

matrix. Due to an extremely large number of antennas,

the channel spatial correlation matrix is challenging to

obtain and exhibits strong rank deficiency characteristics,

especially when the antenna spacing is less than half

a wavelength [1], [2]. This makes traditional minimum

mean-squared error (MMSE) schemes impractical for

near-field XL-MIMO systems since we cannot afford to

estimate the correlation matrices.

• Non-sparse in the angle domain. In near-field scenarios,

each codeword in the codebook must correspond to a

spherical wave, associated with both an angle and a

distance [1], [3]. Hence, near-field channels are no longer

sparse in the angle domain, necessitating much larger

codebooks for effective channel estimation.

• Structural sparsity. The spatial non-stationary charac-

teristics also introduce new sparsity patterns [10], [11].

Specifically, instead of all antennas in the BS serving

specific users, only the antennas within the VR of each

user are active, resulting in sparsity in the antenna domain

[11]. Moreover, channels within the same VR exhibit

common sparsity patterns. This new form of sparsity

provides a foundation for designing advanced channel

estimation algorithms.

• Damaged structural sparsity. In addition, considering

the hybrid beamforming transceivers, when the number

of radio-frequency (RF) chains in the BS is less than the

dimension of the received signals, the received signals are

a mixture of signals from all antennas. This disrupts the

sparsity in the antenna domain [10], posing additional

challenges for channel estimation schemes. The issue

becomes larger in wideband scenarios due to the beam

split effect [12].
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(2) Challenges in near-field channel estimation
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Fig. 2. The several new challenges introduced by the three new features of radiative near-field propagation.

2) Recent advances: Some recent works have been devoted

to addressing the challenges. In this part, we will introduce

three categories of XL-MIMO channel estimation schemes

from the perspective of utilizing the characteristics of XL-

MIMO systems.

• Spherical Wave-Driven Schemes

Traditional model-agnostic estimation schemes, such as

the least-squares (LS) method, remain applicable to near-

field communication but do not exploit the special near-field

characteristics. On the other hand, the MMSE scheme is

seldom adopted in XL-MIMO systems due to the complexity

involved in obtaining the spatial correlation matrix for each

mobile UE. Building on the concept of utilizing the spatial

correlation matrix to minimize MSE as in MMSE, the authors

in [2] proposed a reduced-subspace LS (RS-LS) scheme. This

method leverages user-independent spatial correlation proper-

ties resulting from the array geometry and general propagation

environment characteristics. The RS-LS scheme outperforms

the LS scheme, which also does not require user-specific

statistical information while achieving performance close to

that of MMSE but with significantly lower complexity.

In situations where the number of transmit antennas is

large but the channel is known to contain a small number

of dominant paths, the pilot overhead can be reduced using
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TABLE II
FEATURES OF THE CHANNEL ESTIMATION SCHEMES DEVELOPED THE XL-MIMO SYSTEMS.

Category Algorithms Algorithm characteristics Remark

Spherical

wave-driven

schemes

RS-LS

Exploit the spatial correlations resulting

from the array geometry and general

propagation environment characteristics.

Utilize a reduced-rank subspace of the spatial

correlation matrix to reduce complexity and

achieve performance close to MMSE.

P-SOMP,

P-SIGW

Exploit the polar-domain sparsity of

near-field channels.

Prove the sufficient sparsity of near-field

channels in the polar domain.

on-grid SGP,

off-grid SGP

Further develop the sparsity of near-field

channels with lower complexity.

Exploit an alternating minimization approach

to refine channel estimates.

DPSS-based

scheme

Utilize the DPSS-based codebook to

replace traditional DFT-based and spherical

wave-based codebooks for the CS-based

channel estimation.

Reduce dictionary size by 88% by utilizing

the inherent orthogonality between the

channel’s feature vectors, compared to the

DFT and spherical wave-based dictionaries.

Spatial non-

stationary-

driven

schemes

Turbo-OAMP

Utilize the LBP instead of the non-linear

MMSE module in the traditional OAMP

algorithm to more effectively exploit

structured sparsity.

Utilize three layers of Markov chains to model

the structured sparsity for spatial

non-stationary properties.

G-P-SOMP,

G-P-SIGW

Firstly, transform a spatial non-stationary

channel into several spatial stationary

subchannels, and then perform channel

estimation on each subchannel.

Exploit the GTBC to construct correlations for

subchannels to achieve the ability to identify

spatial non-stationary information.

Finite-depth

beamfocusing-

driven

schemes

BPD-based

scheme

First calculate the support set offset at

different frequencies and then exploit

frequency-independent polar-domain

codebooks to recover the channel.

NBA-OMP,

NBA-OMP-FL

Directly employ frequency-dependent

polar-domain codebooks for channel

recovery.

Exploit the prior known offsets of the support

sets in the angle and distance domains at

different frequencies to compensate for

the impact of beam split effects.

compression sensing (CS)-based algorithms. The core of clas-

sical algorithms lies in leveraging the sparsity in the angle

domain under the assumption of plane waves. However, if

traditional Fourier codebooks are used to transform near-field

channels into the angle domain, the energy of each near-

field path will be spread across multiple angular bins [3]. To

address this issue, the authors in [3] proposed a larger polar-

domain codebook that simultaneously considers distances and

angles, allowing both near-field and far-field paths to exhibit

sparsity in the polar domain. Leveraging this polar-domain

sparsity, a polar-domain simultaneous orthogonal matching

pursuit (P-SOMP) scheme and a polar-domain simultaneous

iterative gridless weighted (P-SIGW) scheme was introduced

to estimate channels containing a small number of spherical

wave paths [3]. Similarly, the authors in [13] explored the

sparsity of near-field channels in the polar domain and its

application in channel estimation. Specifically, both on-grid

and off-grid stochastic gradient pursuit (SGP)-based schemes

were proposed for hybrid far- and near-field (cross-field)

communications. These algorithms demonstrate the effective-

ness of polar-domain CS algorithms in near-field channel

estimation.

Interestingly, user localization can significantly enhance

channel estimation performance in near-field XL-MIMO

systems. By utilizing eigenvalue decomposition of near-

field channels, a novel discrete prolate spheroidal sequences

(DPSS)-based codebook was derived [14]. This codebook’s

primary advantage is its compact size, resulting from the

inherent orthogonality between the feature vectors of the

channel. However, a notable disadvantage is that the codebook

depends on the user’s location coordinates. Building on this,

a sensing-enhanced channel estimation method has emerged

[14]. This method first estimates the user’s location using a

time reversal algorithm. The location estimation is then used

to generate the DPSS-based codebook. Finally, the channel

is recovered using a CS-based algorithm. Notably, due to the

orthogonality of the channel’s feature vectors, the size of the

DPSS-based codebook is smaller than that of the polar-domain

codebook while achieving higher channel estimation accuracy.

• Spatial Non-Stationary-Driven Schemes

Estimation algorithms developed for spatially stationary

channels can perform badly if the channel features significant

spatial non-stationary. Effectively capturing and utilizing the

structural sparsity caused by these non-stationary charac-

teristics is crucial for designing efficient near-field channel

estimation algorithms. One promising method involves using

a Bayesian factor graph based on hidden Markov model

(HMM) priors to capture the structural sparsity in the antenna-
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delay domain under spatial non-stationary conditions [11].

Specifically, the VR and delay domain clustering are modeled

using three layers of Markov chains. Subsequently, a turbo or-

thogonal approximate message passing (Turbo-OAMP) frame-

work is introduced to estimate the non-stationary channel

parameters [11]. Compared to traditional OAMP, this approach

incorporates loopy belief propagation to achieve approximate

Bayesian inference, enabling a deeper utilization of spatial

non-stationary characteristics.

Another challenge posed by spatial non-stationary charac-

teristics arises when using a hybrid beamforming transceiver.

Different paths from a user will traverse different VRs, and

all these signals converge at the BS, causing VR coupling.

Additionally, the received signal at each RF chain is a compos-

ite of the signals from all antennas, further compounding the

coupling of sparse characteristics. To address this, a group time

block code (GTBC)-based method can be employed to create

correlations in the time domain, enabling the identification of

spatial non-stationary characteristics within the coupled signal

[10]. This approach transforms a spatially non-stationary chan-

nel into several spatially stationary subchannels. Subsequently,

CS-based algorithms, such as the P-SOMP and P-SIGW, can

be utilized to estimate these spatially stationary subchannels.

• Finite-Depth Beamfocusing-Driven Schemes

There are two solutions to address the challenges posed

by finite-depth beamfocusing, particularly the support set

shift caused by beam split effects. One solution is to esti-

mate subcarriers of different frequencies independently. This

approach involves performing channel estimation based on

frequency-specific codebooks tailored to each frequency with

CS algorithms. While effective, this method is highly complex.

An alternative solution is calculating the degree of support

set offset of a specific frequency relative to the center car-

rier frequency based on the beam split effect. According to

the mutual coherence of near-field array response vectors

at different frequencies, the sparse support sets in both the

angle and distance domains grow linearly with the subcarrier

frequency, a phenomenon known as the bilinear pattern [15].

Building on this, a support set offset matrix can be constructed

with all angle and distance samples at different frequencies.

This matrix corrects the support set offset caused by beam

split effects when using polar-domain codebooks to recover

channels at different frequencies. The bilinear pattern detection

(BPD)-based CS algorithm effectively compensates for the

impact of beam split on channel estimation, significantly

improving estimation accuracy [15]. The authors in [12]

applied this same approach to propose a near-field beam-

split-aware orthogonal matching pursuit (NBA-OMP) scheme,

further combining it with federated learning (FL) to reduce

computational complexity.

To sum up, a detailed comparison of the recent channel

estimation schemes is presented in TABLE II.

IV. CASE STUDIES

In this section, we introduce near-field user localization

and channel estimation designs for XL-MIMO systems. We

propose specific solutions that have not been addressed in

previous works.

Algorithm design

System model

Stage II: The ConvNeXt moduleStage I: The CBS module Stage II: The ConvNeXt moduleStage I: The CBS module Stage II: The ConvNeXt moduleStage I: The CBS module

We consider a user localization scenario where the BS employed N=512 TTDs and N=512 

PSs. The channel model is based on the near-field array response vector. We assume that the 

LoS  propagation is predominant. The central carrier frequency is 100 GHz. The bandwidth is 

6 GHz. The number of the subcarriers is 2048. Moreover, the spatial non-stationary properties 

are considered in the channel modeling.

Numerical results
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We design a two-stage user localization scheme. In the first stage, the CBS-based scheme in 

[7] is exploited to perform the rough estimation. Subsequently, the ConvNeXt module is 

employed to exploit the near-field characteristics more deeper. Utilizing its expansive 

perceptual field of view afforded by large convolutional kernels, the proposed scheme could 

generate high-precision user position estimations.          

RMSE for angle estimation. RMSE for distance estimation.

Fig. 3. User localization in wideband XL-MIMO systems with analog
beamforming transceivers, where the BS is equipped with a uniform linear
array (ULA) to serve four users.

A. Near-Field User Localization

In user localization, we consider a scenario incorporating

spherical wave characteristics, spatial non-stationary proper-

ties, and beam split effects, as depicted in Fig. 3. For the

root mean square error (RMSE) performance comparison of

various localization schemes, we include the controllable beam

split (CBS)-based scheme from [7]. Specifically, the CBS

is evaluated in an ideal, noise-free environment (denoted as

CBS-ideal), assuming that the users’ angles are known during

the distance estimation stage. The proposed deep learning

(DL)-based scheme aims to employ a convolutional neural

network model (ConvNeXt), utilizing its expansive percep-

tual field of view afforded by large convolutional kernels,

to learn noise characteristics and the connections and map-

pings between the rough estimation information and different

subcarriers. The first observation is that the non-stationary

characteristics impact distance estimation accuracy more than

angle estimation accuracy. This is because the non-stationary

nature of space increases the depth of the near-field beam,
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We consider a channel estimation scenario where the channel model is based 

on the near-field array response vector. We assume that there are a LoS path 

and 2 NLoS path. The central carrier frequency is 28 GHz. The bandwidth is 

3 GHz. The number of the subcarriers is 128. Moreover, the spatial non-

stationary properties are considered.

X-axis

Y-axis

User

BS with ULA

User k

User 2

User 1

NMSE performance comparison.

Numerical results

We propose a comprehensive channel estimation framework. Initially, the 

received pilot signals are transformed into a sparse matrix. Next, the multiple 

residual dense networks (MRDN) is employed to learn the noise level of the 

signals. Utilizing residual learning, the estimated channel in the sparse 

domain is obtained. Finally, sparse recovery techniques are applied to derive 

the estimated channel.

Fig. 4. Channel estimation in wideband XL-MIMO systems, where the BS
is equipped with a uniform linear array (ULA) to serve multiple users.

leading to lower resolution for distance estimation. Notably,

while angle estimation can utilize far-field beams, distance

estimation relies solely on near-field beams. Additionally, by

performing channel estimation under ideal conditions, we have

demonstrated the potential for a single BS to estimate user

locations in near-field systems independently. Furthermore, we

achieved centimeter-level user localization by employing DL

techniques even in noisy environments.

B. Near-Field Channel Estimation

As shown in Fig. 4, we consider a channel estimation sce-

nario where multiple UEs send orthogonal uplink pilots. The

first notable finding is that in wideband XL-MIMO scenarios,

the BPD-based scheme in [15], which accounts for support

set offset correction, outperforms the P-SOMP scheme in [3].

Additionally, we observe that spatial non-stationary charac-

teristics significantly impact the normalized MSE (NMSE) of

both BPD and P-SOMP. This is because these schemes rely

on polar-domain codebooks without considering spatial non-

stationary effects. More importantly, the polar-domain MRDN-

based scheme achieves the highest NMSE performance. By

leveraging techniques such as DL, residual learning, sparse

transformation, and multi-scale feature extraction, the MRDN-

based scheme effectively mitigates the effects of beam split

and spatial non-stationary characteristics, resulting in the most

accurate channel estimation.

V. FUTURE DIRECTIONS

A. Refined Electromagnetic Models

The near-field channel models commonly used for analytical

and algorithmic development are simplifications assuming far-

field propagation between any pair of transmit and receive

antennas, but noticeable non-planar phase variation across

different antennas in an array. More precise models can be

developed to capture e.g., amplitude variations and mutual

coupling within an array. Coupling between the transmitter

and receiver can also occur in some situations because the

reactive near-field also grows with the array dimensions and

carrier frequency. It remains to be determined how detailed

models are needed for algorithmic design and for accurate

performance analysis, respectively. An industry-standard for

near-field channel simulation must be developed, based on

measurements, ray-tracing, and analytical formulas. Machine

learning methods can possibly be used to find the most

prominent features to model in real near-field channels.

B. Hardware Distortion

The wireless channel between a transmitter and receiver is

not only determined by wave propagation but the transceiver

hardware and array geometry are intrinsic parts. The afore-

mentioned algorithms exploit the near-field-specific channel

characteristics under the assumption that the hardware is ideal

and array geometry is known. None of these conditions can be

ensured in practice. Firstly, the array response vector function

can differ from its theoretical expression due to mismatches

in the antenna locations, non-uniform antenna properties,

etc. Moreover, non-linear amplification, imperfect filters, and

phase noise can degrade the algorithmic performance. We

envision that future algorithmic development, possibly with

trainable parameters, can mitigate these issues and exploit its

characteristics to enable new features—as was the case when

the beam split effect was addressed.
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C. Electromagnetic Information Theory

The main motivation for XL-MIMO is to manage more

data traffic than in current networks. Hence, the performance

metric is the capacity obtained by combining electromagnetic

channel modeling with information-theoretic methodologies.

The maximum spatial DoFs that a planar XL-MIMO array

can handle have been characterized as π · Area/wavelength2,

but this is only a first-order capacity approximation describing

how many non-zero singular values a channel matrix can have.

Future research must determine what array configurations give

the highest average capacity for a given user population,

thereby shaping individual singular values. It is particularly

important to study the interplay between array shape, propa-

gation environment, and capacity in the upper mid-band, which

will play a central role in 6G.

VI. CONCLUSIONS

When XL-MIMO technology is used in future networks,

the algorithms for localization and channel estimation can be

refined to capture the three distinctive near-field properties:

spherical waves, beamfocusing, and spatial non-stationarity.

This article has summarized the related challenges and recent

advances, and highlighted three esential research directions for

future work.
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