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Abstract: Extremely large-scale multiple-input multiple-output (XL-MIMO) and Terahertz-band
communications (THz) are widely considered as key potential enabling technologies for sixth-
generation (6G) wireless networks to achieve their ambitious performance targets. Those advanced
technologies induce a paradigm shift in the electromagnetic characteristics, such as a significant
expansion of the near-field region, thereby redefining the 6G propagation model. The intrinsic dif-
ferences between near-field and far-field wave propagation models introduce new challenges for
near-field communications (NFC), particularly in accurately characterizing the underlying channel’s
properties. This article begins with an investigation into the complex phenomena induced by 6G
enabling technologies and distinctive electromagnetic regions. We then provide rigorous derivations of
ray-tracing channel models for two widely adopted antenna array architectures, explicitly accounting
for the unique propagation characteristics of radiating near-field regions, and also contrast them with
the ongoing 3GPP standardization efforts. We also conduct a systematic review of the channel models
used in recent progress in channel estimation, and align them with our presented models. Finally, we
offer an overview that addresses key challenges and highlights emerging opportunities for NFC within
the 6G paradigm.
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1. Introduction through transformative applications like extended

reality, holographic communications, and the
Sixth-generation (6G) networks promise to Metaverse [1-4]. These services impose stringent
reshape our interaction with the digital world requirements far beyond prior generations [5, 6],

as summarized in Table 1: a tenfold improvement
in spectral efficiency, peak data rates reaching
1 Tbps, massive connection density, ubiquitous
coverage, and sub-millisecond latency [7, 8].
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Table 1: Key Performance Indicators (KPIs) for 5G
versus 6G wireless networks

Table 2: Comparison between mMIMO and XL-MIMO
systems

A common driver for these targets is the
move toward extremely large antenna apertures
and higher frequency bands, which paves the
way for a fundamental shift in electromagnetic
characteristics [8, 9]. The emergence of XL-
MIMO and THz will consequently push wireless
communication systems to the near-field region,
requiring new propagation models beyond the
conventional far-field regime [4, 10].

1.1. XL-MIMO & THz

Multiple-input multiple-output (MIMO)
communication was introduced in 4G LTE
networks to enhance data rate capacity [11].
Since then, it has evolved into a cornerstone of
5G through massive MIMO (mMIMO), and is
advancing further in 6G with XL-MIMO to meet
its superior demands. Similar to the concept
of mMIMO, the basic idea of XL-MIMO is to
deploy a tremendous number of antennas in a
compact space, offering significant enhancements
in spectral efficiency and spatial resolution [12].
This scaling trend can be summarized in
Table 2, which highlights the key distinctions
between conventional mMIMO and emerging
XL-MIMO architectures.

Prior work on MIMO implementation has
primarily relied on spatially discrete antennas
(SPD), typically deployed with half-wavelength
spacing. In contrast, a more advanced
paradigm exploits meta-material technology to
embed an extremely dense array of infinitesimal
antennas across a continuous surface, a concept
referred to as continuous aperture MIMO

KPIs for network 5G 6G Metric mMIMO | XL-MIMO
Spectral efficiency | 0.1 kbps/Hz 1 kbps/Hz Number of antennas 64-256 1000+
Peak data rate 20 Gbps 1 Tbps Array aperture Moderate Large
Coverage 7% 90% Beam gain High Higher
Access density 1 user/m? 100 users/m> Precoding complexity High Higher
Latency 2 ms 0.5 ms Beam management Difficult | Very difficult
Power consumption High Higher

(CAP-MIMO). Although this novel antenna
can realize the near-optimal beamforming,
it also introduces substantial hardware and
computational complexity [12]. Hence, the
focus of this article is restricted to SPD-
based XL-MIMO implementations, typically
realized through extremely large antenna arrays
(ELAA), while CAP-MIMO is acknowledged as a
promising future direction.

Spanning the radio-frequency spectrum from
300 GHz to 10 THz, the THz band bridges the
gap between microwave and optical frequencies.
It complements millimeter wave (mmWave)
communication and visible light communication
by providing quasi-optical paths that offer both
Tbps-level data rate and robust behavior to
environmental factors like atmospheric turbulence
and fog [13].

Despite this potential, THz communication
faces two primary challenges. First, severe
propagation losses and power limitations
necessitate the integration of ELAA systems
to maintain short-range connectivity [13, 14].
Second, the significant computational burden at
the digital baseband requires innovative solutions.
However, the inherent sparsity of THz channels
allows for the effective use of compressed
sensing [13]. Furthermore, the transition to
high-frequency, large-scale antenna arrays
shifts many scenarios into the near-field region,
introducing different types of complexity, such as
spatial nonstationarity and beam splitting [15].
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1.2. 6G Empowers NFC

According to electromagnetic and antenna theory,
the field surrounding a base station is divided
into near-field (NF) and far-field (FF) regions,
with the boundary between them defined by the
Rayleigh distance [16, 17]. This distance is a value
proportional to the square of the antenna aperture
D and the carrier frequency f;, and is defined as

_2D* 2N’d’f.

R
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)

where c is the light speed and for a uniform linear
array with N + 1 antenna elements of inter-element
spacing d, the aperture is D = Nd.

From first-generation (1G) networks to 5G
mMIMO systems, the moderate apertures and
frequencies typically limited Rp to only a few
meters, making NF effects negligible. However,
the 6G paradigm, driven by the scaling of antenna
arrays and the shift toward higher frequency bands,
substantially extends this distance, putting NF
communication (NFC) under the spotlight [7-9].
In an experiment conducted in [18], an ELAA,
prototyped with 3,200 elements, achieved an NF
limit of 200 meters at 2.4 GHz, and thus would
place the majority of user devices within the
NF region.

Recent studies have revealed that 6G networks
can substantially benefit from the NF propagation.
Under the spherical wavefront assumption,
a free-space line-of-sight (LoS) channel can
achieve significantly enhanced spatial degrees of
freedom (DoF), as its channel matrix exhibits
higher rank compared to the rank-one counterpart
in the FF [19, 20]. Moreover, NF propagation
enhances multi-user accessibility by exploiting
spherical wavefronts to generate spatially focused
beams [21, 22], enabling simultaneous service
to users at different positions through location-
division multiple access (LDMA) [23-25]. The
key distinction between NF and FF propagation
lies in the wavefront representation.  This
difference not only alters the mathematical

structure of the channel but also transforms core
signal processing principles, i.e., particularly
beamforming, realized as the capability of
directing a signal toward a specific region
of interest rather than broadcasting it in all
directions [21].

Hence, the failure in capturing these unique
characteristics can lead to severe model
mismatches that undermine the potential of NFC
applied for signal processing tasks in 6G, such
as channel estimation, localization, and sensing.
Accurate NF channel models are therefore critical
as a reliable foundation to evaluate and unleash
the prospects of 6G-NFC.

1.3. Related Works

Channel modeling approaches are broadly
categorized into deterministic ray-tracing models
and stochastic geometry-based models [38, 39].
Unlike deterministic models, which require
precise knowledge of environmental geometry
and scattering propagation, stochastic approaches
rely on probabilistic distributions to characterize
propagation uncertainty [40]. This abstraction
may yield significant computational efficiency
and analytical tractability for general performance
analysis [41, 42]. However, developing statistical
channel models that accurately reflect the
NF regime remains an open challenge; the
difficulties lie in capturing complex environmental
dynamics, such as scattering and reflections,
while simultaneously exhibiting unique NF
traits like spherical wavefront and spatial
nonstationarity [15, 32]. Consequently, while
the ray-tracing approach introduces higher
computational complexity, it remains the most
reliable method for capturing intricate EM
phenomena. This high-fidelity modeling is
essential for the rigorous analysis and evaluation
of the 6G paradigm within the realm of NFC.
Hence, we will focus our efforts on ray-
tracing models with deterministic site-specific
assumptions.  Recent progress on NF has
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Table 3: Recent contributions on NF channel models for 6G systems

Category | Reference | Model | Key Contributions
. [26] 2023 - Present a comprehensive exploration of NFC versus FFC across four key paradigms, then highlight
Foundation . how spherical wavefront-based NFC distinguishes itself from conventional far-field FFC.
ls\;ll;'vey on [27] 2022 - Highlight the non-linear phase of spherical waves and derive near-field boundary, discuss key
) challenges and reveal potentials of NFC for 6G in enhancing capacity and accessibility.
THz (28] 2022 - Provide valuable insights of THz band propagation models, and identify the recent efforts to establish
models ) evaluation metrics for 6G applications along with THz.
6G GBSMs [29] 2022 G Propose a pervasive wireless channel modeling theory, and construct an unified statistical modeling
Foundation ) €O | framework that integrate important channel characteristics at different frequency bands and scenarios.
Present four XL-MIMO architectures from a hardware viewpoint, and discuss about the challenges
[30] -2023 Ray o . . . .
XL-MIMO and opportunities in channel modeling, performance analysis, and signal processing tasks.
schematics Present comprehensive channel models for general array geometries of XL-MIMO with an emphasis
[31]-2024 Ray . . Lo . o
on performance analysis, practical design issues, and promising directions for future work.
Provide a detailed overview of near-field channel models for SPD and CAP antenna arrays. A
[32] -2024 Ray . . . . . .
particular focus is placed on the spatial nonstationarity of near-field channels.
Near-field [33] 2024 R Present an accurate modeling of general near-field channel behaviors for both SPD and CAP antennas,
Channel ) ay covering MISO/MIMO configurations with ULA and UPA.
Models - - —
Present a comprehensive survey of recent advancements in NFC research efforts by examining the
[15] -2024 Both . S . . .
NF propagation properties, investigating NF channel in various types of models.
Present a cluster-based statistical channel model proposed for ISAC scenarios, and integrate the
[34]-2024 Geo o Lo . . . . .
existing communication channel models with sensing capability by using task-specific clusters.
Channel [35] -2024 R Propose a Hybrid ISAC channel model to effectively handle sensing and communication operation by
Mode.ls' of ) 4 | categorizing the environment into three distinct elements: targets, clusters, and interferences.
promising (36] -2024 R Propose a near-field channel modeling scheme for EIT grounded in electromagnetic scattering theory,
? arz((l;lgms ) Y | realized through the nonstationary Gaussian random fields and the field’s correlation function.
or [37] 2025 Both Conduct a comprehensive survey for six promising technologies enabling 6G, including ISAC, XL-
B 0 MIMO, THz, RISs, and SAIGNs, and address open issues in 6G channel research.

Ray = ray-tracing; Geo = geometry-based.

established a systematic framework progressing
from fundamental EM behaviors to propagation
models and applications in NFC, as summarized
in Table 3. The foundation surveys in [26, 27]
highlighted the impact of wavefront curvature,
and identify both potentials and hurdles of NFC.
The contribution of [28] lies in the precise
characteristics of THz propagation models, and
its related emerging topics along with THz, such
as Tbps communications and THz sensing [43, 44].
Based on a geometry-based stochastic model, [29]
developed a foundational theory that covers
channel characteristics and coverage scenarios in
the space-time-frequency domain [45]. However,
this framework lacks critical NF effects.

Recent literature characterizing the unique
contributions of the NF regime is further
summarized in Table 3. A systematic bridge across
various XL-MIMO architectures was presented
in [30], which also identified low-cost designs

essential for practical deployment [46, 47]. From
a different perspective, Lu ef al. [31] constructed
a framework for generally distributed antenna
arrays, emphasizing the dual impact of non-
uniform spherical waves (NUSW) and spatial
nonstationarity. Then, the survey, conducted
by Liu et al. in [32], addressed the NF
regime by focusing on spatial nonstationarity,
yet their statistical multi-path model fails to
account for the spherical wavefront’s contribution.
In the tutorial [33], Liu et al. established
an accurate NF model by exploiting new
wavefront curvature. Nevertheless, this tutorial
still lacks a consideration of the effects of
spatial nonstationarity. Finally, the comprehensive
survey presented in [15] investigates NF channels
from the perspective of deterministic, stochastic,
and electromagnetic information theory (EIT)
based models. However, their work primarily
focuses on reviewing the recent progress on
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channel models and identifying their limitations
and practical solutions to attain the evolving
demands of 6G in practice; but lacks the explicit
framework for near-field channel models in
particular cases.

The distinct characteristics of NF channels
have also been explored for key 6G technologies
and beyond, specifically integrated sensing
and communication (ISAC) and electromagnetic
information theory (EIT). Regarding ISAC, Zhang
et al. [34] proposed a stochastic channel model
that treats cluster contributions for communication
and sensing independently. In contrast, Liu et
al. [48] developed a shared-cluster framework,
where identical physical scattering environments
are utilized to characterize the joint propagation
of sensing and communication signals. Further
refining this, the hybrid ISAC channel model
introduced in [35] partitions the modeling
methodology into three distinct elements to handle

specific operational requirements more effectively.

Moving toward a rigorous analytical approach,
recent research has leveraged EIT to overcome

the limitations of traditional discrete models [49].

The work carried by Wan et al. [36] employed
nonstationary Gaussian random fields within an
EIT framework to characterize the NF channel

with precise evaluation of enhanced DoFs [50].

Finally, the comprehensive survey conducted by
Zhang et al. in [37] established specific modeling
requirements across six major 6G advancements
and also emphasized the difficulty of incorporating
complex NF effects into statistical models.

The primary limitation in the literature is the
absence of an explicit mathematical framework
that models physical channels for different array
types, propagation paths, and scattering scenarios

within compact and consistent formulations.

Signal processing algorithms, particularly those
for channel estimation, depend heavily on accurate
underlying channel properties. Furthermore,
several channel estimation works [51-54]
typically treated the MIMO system as an
extension of the MISO case when serving

multiple users. This simplification prevents
them from capturing the coupling matrix, which
emerges only in explicit MIMO configurations.
While this coupling component is asymptotically
negligible in the FF, it becomes significant in
the NF and is precisely the reason why NF-LoS
channels can overcome the rank-one limitation
inherent to their FF counterparts. With the
presence of this coupling term, the channel
representation becomes more complicated, and
conventional FF approach fails to accommodate
this NF channel estimation. Therefore, their
assumption on multi-user employing a single
antenna will be exploited to effectively bypass the
contribution of the coupling matrix. Furthermore,
this approach will eventually undermine the
potential of NFC in 6G, since this coupling matrix
can exhibit the enhanced DoF of LoS channel
from its mathematical representation.

1.4. Contributions & Organization

Building upon these prior studies, this work
fills a critical gap by providing an explicit,
unified mathematical framework for ray-tracing
channel models that jointly characterize LoS and
NLoS scattering paths across MISO and MIMO
configurations under uniform linear and planar
arrays (ULA, UPA). First, the power of this
explicit model lies in its ability to enable efficient
algorithm design, for example, by leveraging
polar-domain sparsity, it can obtain accurate
channel state information (CSI) with significantly
reduced pilot overhead. Second, we provide a
systematic survey of channel estimation research
directions and examine their relationship with our
presented baseline model. The surveyed works are
categorized by algorithmic approaches, and their
complex EM extensions.

Motivated by these needs, the main
contributions of this article are summarized
as depicted in Figure 1. Firstly, we begin with
Section 2 by providing an overview of complex
phenomena induced by a large aperture array, and
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2. EM Properties for NFC

2.1 Complex effects induced by ELAA
2.2 Distance Boundaries & EM regions

'—{ 3. NF Ray-Tracing Channel Models }—x

3.1 Model Formulation
3.2 Relation to 6G Standards

olementary Materials ]

—
Supplementary Materials
U —

4. Channel Estimation

4.1 Parametric estimation-based methods
4.2 Sparsity-aware CS-based methods
4.3 Deep Learning-based methods

r—* 5. Challenges and Opportunities }—

5.1 Transition to near-field regime
5.2 Computational complexity
5.3 CAP-MIMO antennas and EIT
5.4 Localization and Sensing

Figure 1: Condense overview for article’s structure.

clarifying the unique EM regions. In Section 3,
we present the derived NF ray-tracing channel
models realized through summarized final
closed-form expressions, while the details will
be explored thoroughly in the Supplementary
material and further contrast these models with
the 3GPP standard framework. Based on those,
we provide a systematic overview of existing
NF channel estimation approaches in Section 4.
Finally, Section 5 offers a discussion to address
the challenges and opportunities for NFC within
the 6G paradigm.

Notation: Throughout this paper, scalars are
denoted by italic letters. Vectors and matrices
are denoted by bold-face lower- and upper-case
letters, respectively. The symbol j denotes the
imaginary unit, with /2 = —1. The operator
exp(-) represents the exponential function. For

a matrix A, [A],... AT, A*, AH, and ||A||r denote
the (m, n)-th entry, transpose, conjugate, conjugate
transpose, and Frobenius norm, respectively. Then,
C denotes the complex plane, and CM*V the space
of M X N complex matrices. For a vector a,
[a]; is the i-th entry and ||a]| its Euclidean norm.
In spherical and cylindrical coordinate systems,
position vectors are denoted by r - (r, 6, ¢) and
r - (1, 0), respectively. Finally, ® and © denote the
Kronecker and Hadamard products, respectively.

2. EM Properties for NFC

This section provides a brief overview of the
electromagnetic properties of NFC in 6G. We
first review the key physical phenomena induced
by the usage of ELAA and THz, and recent
progress to handle those. We then outline the
distance boundaries that partition the radiating
space into distinct regions, each accounts for the
unique phase and amplitude behavior. These
fundamentals provide the theoretical basis for the
channel models in subsequent sections.

2.1. Complex Effects Induced by ELAA
2.1.1. Spherical Propagation Wavefront

The integration of ELAA and THz frequencies
in 6G significantly expands the NF region,
necessitating a shift from traditional planar
wavefront modeling to a spherical wavefront
assumption. Under this paradigm, signal
amplitudes and angles (AoAs/AoDs) vary across
the antenna array, requiring EM traits to be
characterized by both distance and angle [27].
This relationship is formally expressed as

-2 1 —6?
(0. = —Tndo + ( — vt @)
= R (0) + ¢;,(6, 1),
1 —6?
g0, = L) _ )2 d 5 0 asr — oo.
r
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b. Spatial non-stationary with binary-masked VRs

Figure 2: Visibility regions of stationary and
nonstationary ELAA.

In this context, ¢ (6, r) captures the non-linear
phase variations unique to NF propagation.
Because this term depends jointly on distance and
angle, NF beamforming enables precise energy
focusing at a specific spatial location, unlocking a
new dimension of spatial multiplexing.

2.1.2. Spatial Nonstationarity and Visibility
Region

Spatial stationarity occurs when an antenna array
shares a uniform experience of UEs and scatterers,

resulting in identically distributed power, delay,
and phase across all elements. While this
assumption is only held for the moderate array
dimensions of prior generations, the advent of XL-
MIMO introduces spatial nonstationarity. To be
more specific, different segments of the array may
perceive distinct perspectives of the propagation
environment, leading to significant variations in
radiated characteristics [55-57].

In such nonstationary environments, clusters
and UEs are often visible only to specific
segments of the array, a concept defined as the
visibility region (VR) as depicted in Figure 2.
While the VR captures the majority of the
signal power, the remainder of the array is
effectively “invisible” due to rapid attenuation
over the massive aperture [55]. Consequently,
current research often models the channel as
approximately stationary within these VRs and
negligible outside them. Many works have
endeavored to address the spatial nonstationarity
for ELAA, a common implementation of this
model involves applying binary masks to the array,
effectively isolating the specific sub-arrays visible
to the clusters of interest [57].

2.1.3. Beam Splitting in Wideband systems

Beam splitting is a critical phenomenon in
wideband systems where beams at different
frequencies focus on distinct physical locations,
arising from the use of frequency-independent
analog phase shifters across a large bandwidth [26,
33]. Unlike FF beam splitting, which only affects
angular directions, NF beam splitting accounts for
both angle and distance domains [21, 58]. This
misalignment will cause a severe array gain loss,
since the focused energy for most subcarriers is
not aligned with the user’s actual location [27].
The primary solution for this is true-time delay
(TTD) modules between radio-frequency (RF)
chains and phase shifters, introducing additional
time-delay components to enable frequency-
dependent analog beamforming. However, the
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substantially higher power consumption of TTDs
necessitates a lightweight architectural design [33].
To address NF beam splitting, Cui et al. [59]
proposed a phase-delay focusing technique based
on piece-wise FF subarray partitions, which
then adopts FF-TTDs to compensate for the
remaining spherical phase variations across
subarrays. Despite posing challenges for data
transmission, beam splitting can be exploited for
NF rainbow beam training, which enables the
base station to search multiple spatial locations
simultaneously using different subcarriers, thereby
drastically reducing beam training overhead [60].

2.1.4. Hybrid FF/NF Scenario

Hybrid-field communications, also referred to as
cross-field, describes a scenario where users and
scatterers are distributed across both the NF and
FF regions relative to an ELAA [26, 59]. This
mixed propagation regime arises in 6G ELAA
systems because the larger aperture expands the
NF region, making it impractical to assume that all
users operate under a single propagation model.

The coexistence of both regimes introduces
significant challenges for all signal processing
tasks, including channel estimation [53, 61]
and beam training [62, 63], since conventional
methods designed for pure FF or pure NF fail
to capture the mixed characteristics [64]. From
a hardware perspective, hybrid FF/NF (HFN)
architectures have been proposed to address these
challenges. Such designs dynamically partition
the ELAA into small subarrays to serve delay-
sensitive FF users with low complexity, while
using the larger aperture to support high data-rate
NF users [33].

2.1.5. Multi-Polarization and Mutual Coupling

With the advent of ELAA, several works
have revisited EM polarization, which was
previously omitted for simplicity in conventional
mMIMO. Multi-polarization in NFC, particularly

the naturally arising tri-polarization effect, can
significantly increase system capacity within a
specific range [15, 65]. Exploiting this additional
polarization axis enables higher data rates and
improved spectral efficiency [15].

The dense packing of numerous antenna
elements with sub-wavelength spacing introduces
mutual coupling effects that impact both system
design and performance evaluation. This
coupling refers to the dependence of the induced
voltage of each element on surrounding elements,
which can significantly degrade the signal-to-
interference-plus-noise ratio and reduce channel
capacity [32]. Several studies address mutual
coupling in communication models. The
authors in [66] investigated mutual coupling in
graphene-based THz antenna arrays, opening
research directions for mitigation through material
science. Meanwhile, [67] focused on optimizing
communication systems under mutual coupling
by developing algorithms that achieve the
best possible performance given the inherent
coupling constraints.

2.2. Distance Boundaries and EM Regions

The transition from FF to NF propagation
is governed by multiple distance boundaries,
each capturing distinct EM characteristics. As
summarized in Table 4, three wave models, i.e.,
uniform planar wave (UPW), uniform spherical
wave (USW), and non-uniform spherical wave
(NUSW), describe how a signal propagates in a
physical channel, which is modelled differently
in those regions. These models are distinguished
by two key metrics, i.e., the Rayleigh distance,
which governs phase behavior, and the uniform-
power distance (UPD), which governs amplitude
variations. This section delineates the key distance
boundaries that define the NF region. For the
sake of analytical depth, the detailed mathematical
derivations of these metrics for particular systems
are explored in the Supplementary Material.

For brevity, the linear phase in Table 4 implies
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Table 4: EM characteristics of different field regions

Field region Near-field Far-field
Categories NUSW | USW UPW
Linear phase X X v
Uniform power X v v

that it can be decomposed into a linear function of
the antenna index through Taylor expansion, while
the uniform amplitude indicates that all antenna
elements are assumed to receive similar signal
power levels.

2.2.1. Rayleigh Distance

The Rayleigh distance, also known as the
Fraunhofer distance, is defined as the maximum
distance at which the phase discrepancy between
spherical and planar wavefronts does not exceed
/8. This phase error arises from the second-
order Taylor expansion term, while the first-
order term accounts for the approximated FF
phase. When the communication distance exceeds
the Rayleigh distance, the UE is considered to
be in the FF region operating under the planar
wavefront assumption.

2.2.2. Fresnel Distance

In the radiated NF region, EM propagation follows
a spherical wavefront. The Fresnel distance
separates this region from the reactive NF, which
is characterized by evanescent waves that decay
exponentially with distance. The reactive region is
typically negligible in practical communications
scenarios, even with ELAA deployments [52].

2.2.3. Effective Rayleigh Distance

The classical Rayleigh distance is derived solely
from phase error considerations. = However,
the work in [68] demonstrated that this
metric overestimates the practical field boundary.
While the classical Rp is approximately 98 m,

beamforming gain only degrades noticeably below
30m. Accordingly, the authors introduced the
effective Rayleigh distance, which establishes a
non-uniform NF boundary based on beamforming
gain degradation. This metric is always smaller
than the classical Rp and enables an alternative
model for wideband beamforming based on their
proposed piece-wise FF approximation [59].

2.2.4. Uniform-Power Distance

As shown in Table 4, Rp only addresses phase
errors while assuming uniform amplitude across
the array. The uniform-power distance (UPD)
defines the boundary beyond which amplitude
differences across antenna elements become
negligible. UPD is determined by the minimum
distance at which the power ratio between the
weakest and strongest signal exceeds a given
threshold [12]. Beyond UPD, all receiver
antenna elements experience nearly identical
signal amplitudes. This distance typically lies
between the Fresnel and Rayleigh distances.

2.2.5. Advanced MIMO Rayleigh Distance

The nonlinear propagation phase, captured by
the second-order Taylor expansion, introduces
complex coupling components in MIMO
configurations. Consequently, the LoS channel
cannot always be modeled as a simple product
of NF response vectors at the transmitter and
receiver, as is done for NLoS channels, unless the
UE lies beyond the advanced MIMO Rayleigh
distance (MIMO-ARD) boundary [52]. Beyond
this distance, coupling components can be safely
neglected when modeling the LoS channel. This
observation is critical, as it enables unified NLoS
frameworks for multipath channels even in the
presence of a LoS path, thereby simplifying the
overall channel representation.
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3. NF  Ray-Tracing Channel

Models

This section presents the derived NF channel ray-
tracing models for uniform linear and planar arrays
(ULA, UPA). Detailed step-by-step derivations are
provided in the Supplementary Material, while
the final expressions are summarized in Table 5.
We then present the relation of these models to
emerging 6G standardization efforts.

3.1. Model Formulation

In the multiple-input single-output (MISO)
setup, the receiver is equipped with a single
antenna while the transmitter employs either
a ULA or UPA; conversely, the MIMO
configuration assumes parallel-aligned arrays
at both communication ends, enabling full
exploitation of spatial multiplexing gains. For
ULA-based systems, antenna elements are
uniformly spaced along one dimension, while UPA
configurations extend this arrangement to two
dimensions on the xz-plane, with array response
vectors separable along the x- and z-axes. The
MIMO system layouts are depicted in Figure 3,
while the MISO configuration can be visualized
as a special case by simplifying the receiver to a
single antenna, denoted by the subscript 7. The
terms in Table 5 are described in Table 6, which
employs cylindrical and spherical coordinates for
2D-ULA and 3D-UPA, respectively.

The LoS path represents a direct transmitter-
receiver link characterized by spherical wavefront
propagation without any obstacles blocking the
path, and provides much higher signal strength
compared to the reflected path. Whereas NLoS
path captures reflected components via scatterers,
modeled as cascaded LoS segments, i.e., from the
transmitter to the scatterer, and from the scatterer
to the receiver. Specifically, the scatterer can be
viewed as a single-antenna relay, where the first
segment forms a MISO channel and the second
forms a SIMO channel.

Compared to the FF-MISO channel, the
structural formulation remains similar across
both array types. However, the key distinctions
in NF modeling lie in the construction of its
fundamental components: the complex gain
matrix S, and the array response vector a(ry, Sg).
The array response vector captures the relative
phase differences across array elements with
respect to a reference point. Under the spherical
wavefront assumption, this vector inherently
incorporates both angle and distance information,
extending beyond the angle-only dependence of
its FF counterpart. Meanwhile, the complex gain
matrix accounts for three multiplicative factors
governing channel power: free-space path loss
following the conventional inverse-square law,
effective aperture loss, and polarization loss. The
latter two are governed by EM principles centered
on angular alignment mismatch. In the FF,
these differences remain nearly identical across
all array elements; hence, they are normally
omitted. However, as the distance decreases, these
variations become increasingly pronounced.

The enhanced DoFs in NF-MIMO LoS channels
arise from the coupling matrix H° introduced
by spherical wavefront propagation. In the
FF region, this matrix reduces to an all-ones
matrix, reflecting the planar wavefront intuition
where all antenna pairs experience identical
relative phase relationships. Consequently, the
FF-LoS channel matrix is rank-one and able to
decompose into a product of two independent
vectors, which is similar to NLoS channel
formulation. In contrast, spherical wavefront in
NF region introduces a non-trivial coupling matrix
H¢ where each element depends jointly on both
transmit and receive antenna indices, preventing
factorization into separate transmit and receive
components. Due to the rank deficiency of the
FF channel via the directed path, MIMO can
only enable spatial multiplexing by using multiple
reflected paths realized through a rich scattering
environment [33]. Hence, this coupling matrix is
therefore not merely a mathematical component
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Table 5: Summary of NF channel models for different configurations

Array | System | Path | Formula Model
viso S HLS, = [B] 0af (o, so)] ULALSS
LA NLoS | HNS , = 32 [87, 0 al, ,(iso)| i ULANIS
vinio |08 HLSS = B. 0 (af | (ro.s0))(al, A (r0.50)) ©HC | ULAYR,
NLoS | HY{5S,, = X, B, © (agLA(rO’f"))(azJ—LA(f" ’ SO))T ULARivo
MISO LoS | HigSp, = [B] @ alp, (v, Soo)] UPAWiiso
Upn NLoS | NS, = 3% [B7, 0 al) (B so0)]| i UPAISo
o S HLS,, = B, © (a5, (roo. s00)) (s (Foo, S00)) © HE | UPARR
NLoS | HNS, = 3l 8., 0 (aR,, (ro. £))(afp (E. SO))T UPANLS.

Table 6: The descriptors of the channel model notations

Description Expression
Number of scatterers L-1

The index of NLoS path [=1,...,L
Reference antenna of Tx-ULA so - (0,0)
Reference antenna of Rx-ULA ro - (1,60)
I-th scatter in 2D space £ (7,0)
Reference antenna of Tx-UPA Soo - (0,0,0)
Reference antenna of Rx-UPA roo - (1,6, 9)
[-th scatter in 3D space # - (71,0, )
Complex gain matrices B.
Near-field array response vector | a(ro,So)
Channel coupling components H¢

but its contribution of enhanced spatial DoF in LoS
channel is essential for accurate capacity analysis
and the multiplexing potential of 6G system within
the realm of FC.

3.2. Relation to 6G Standards

The most recent standard for describing wireless
channel models applicable to beyond-5G and
6G systems is 3GPP TR 38.901 version 19.2.0
(Release 19) [69]. This document establishes
geometry-based stochastic models (GBSMs) for
frequencies from 0.5 to 100 GHz. Crucially,

this approach is fundamentally measurement-
based. The underlying statistical distributions
are rigorously extracted from extensive empirical
channel sounding campaigns.

In the GBSM framework, the channel is
represented as a superposition of multiple
propagation paths. Each path is characterized by
random variables whose empirical distributions
depend on specific deployment scenarios, such
as urban macrocell, urban microcell, suburban,
and indoor environments. Key parameters
include angles of departure (AoD), angles of
arrival (AoA), path delays, shadowing, path
loss, and cluster-wise power distributions. The
stochastic modeling ensures that each realization
of the channel is statistically consistent with the
targeted propagation environment, while retaining
a geometric interpretation through the spatial
locations of Tx, Rx, and scatterers.

Mathematically, the NF-MIMO channel in
3GPP GBSM can be expressed at the element
level. Specifically, let H,,, denote the (m,n)-
th entry of the MIMO channel matrix H €
CNeXNT - \where m € {1,...,Ng} and n €
{1,...,Ny} index the receive and transmit
antenna elements respectively (consistent with
ak and aUL A/UPA) According to 3GPP

ULA/UPA
TR 38.901 [69], this entry is generated by
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Figure 3: The layouts of the MIMO system.

summing over N clusters, each comprising M

sub-paths:
al VU Vi O
H,,, ZZ rxm \/_EJ(D”‘ ejCI)ZZ
(m,n)
FIX e]‘plk ’
3)

where P; is the power of the /-th cluster (analogous
to IB*,1|2 in our model), Fix,, and F, are the
antenna field patterns at the m-th receive and

n-th transmit elements, <I)() € {vv,vh, hv, hh}
are random initial phases for each polarization
branch, where v and & denote vertical and
horizontal polarizations, respectively, and « is
the cross-polarization power ratio (XPR). Table 7
summarizes the key similarities and differences
between the ray-tracing channel models derived
in this work and the 3GPP GBSM framework.
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Table 7: Comparison between the NF ray-tracing models and 3GPP TR 38.901 GBSM

13

Aspect

Presented Models

3GPP TR 38.901 GBSM

Channel matrix assembly

H formed directly via outer product
ofa®anda”, elementwise-weighted
by B, and H¢

H,,, assembled element-by-element from
Eq. (3); no compact matrix factorization
assumed

Path structure

LoS: single direct path; NLoS:
L cascaded LoS segments via
scatterers £; = (7}, )

Unified cluster-subpath model; LoS added
as deterministic component on top of Ny
stochastic clusters

Phase term

a’ -alt-H., , derived from [Ir,, — &+

Identical two-hop distance |[r,, — 4] +

fully specified; B, encodes path loss,
aperture loss, polarization loss

[|8; — syl [[#1% — sull per sub-path: same physical
principle
Channel parameters Deterministic: positions T, s,, #; | Stochastic: £, AoD, AoA, P;, shadow

fading drawn from environment-specific
distributions

Gain / polarization

Scalar mismatch factor in §g,:

_ pPL aper pol
[ﬁ*]m,n = Pmn " Pmn 'ﬁm,n

Full 22 polarization matrix with XPR «
and random phases ®""/""/"/hh per Eq. (3)

Spatial non-stationarity

PB. assumes uniform visibility across

Partially modeled in Release 18/19 via

all elements

visibility regions and cluster birth/death
processes

Environment specificity
tables

Geometry-driven only; no scenario

Urban macrocell, urban microcell,
suburban, and indoor environments, etc.
via standardized parameter tables

4. Channel Estimation

The previous section provided a summary
of NF channel models for both MISO and
MIMO (parallel-aligned) systems under ULA
and UPA configurations. The transition to the
NF regime not only increases computational
burden due to spherical wavefront curvature but
also introduces additional obstacles for accurate
channel estimation. In this section, we present
a systematic overview of existing NF channel
estimation approaches, categorized into three main
groups as shown in Table 8.

Compared to the baseline models derived
earlier, the works reviewed here often incorporate
additional features such as: spatial nonstationarity
(SnS), hybrid-field propagation (HF), and multi-
carrier usage (MC), which our framework can
be readily extended to accommodate them.
Specifically, SnS channels can be modeled by
applying a binary mask to delineate visibility
regions; hybrid-field scenarios typically arise from

NLoS reflected paths where scatterers may be
positioned in both NF and FF regions, and multi-
carrier systems are employed to mitigate frequency
selectivity in wideband communications.

4.1. Parametric Estimation-based Methods

Parametric estimator appears as an appealing
approach for recovering the NF-LoS channel by
estimating the UE position and substituting it into
the channel model. A common choice for this
approach is based on a two-stage multiple signal
classification (MUSIC) approach [94], where
the DoA of the UE can be firstly estimated,
then the derivation of distance is obtained via
conventional estimators, such as least-squares
(LS) in [70], or minimum mean square error
(MMSE) in [71]. The work in [72] further reduced
complexity by decoupling these parameters for
sequential estimation. Capturing the correlated
feature on sequential pilot measurements, [73]
exploited long short-term memory (LSTM) to
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Table 8: Summary of NF channel estimation methods

Category ‘ Ref. ‘ System ‘ Array ‘ Path ‘ Features | Algorithms Model
Parametric Estimation-based Methods
MUSIC [70] | MISO UPA LoS LS-based two-stage UPAk,}’ISSO
method [71] | MISO | UPA LoS MMSE-based two-stage UPALSS,
[72] | MISO | UPA | LoS Low-complexity SADCE UPAYs0
DL-based | [73] | MIMO | UPA | LoS D-STiCE based on LSTM UPASo
Sparsity-Aware CS-based Methods
[511 | MISO | ULA | NLoS MC P-SOMP & P-SIGW ULAN:S
Matching | [55] | MISO | ULA | NLoS | SnS & MC | GP-SOMP & GP-SIGW ULANGSS
Pursuit [74] | MISO | ULA | LoS SnS P-OMP & List-Type CE ULA S
[52] | MIMO | ULA | Mixed LoS & NLoS estimator ULAM}’%j
[75] | MISO | ULA | NLoS MC Adaptive JSBL-CE ULANGSS
Bayesian | [76] | MISO | ULA | NLoS | HF & MC | Hybrid-field JSBL ULANGSS
method | [77] | MISO | ULA | NLoS HF Augmented hybrid-field SBL | ULAS
[78] | MISO | UPA | NLoS SnS MAP for joint VRs and CE | ULANLSS
Hybrid [53] | MISO | ULA | NLoS HF Dual-domain codebook ULANSS
field [79] | MISO | ULA | NLoS HF SGP-based two-stage ULANSS
[61] | MIMO | ULA | Mixed HF Block-sparsity codebook ULAM}’;}%
Beam [80] | MISO | ULA | NLoS MC Carrier-dependent codebook | ULAN.SY
splitting [81] | MISO ULA | NLoS MC BPD-based estimator ULA%&S)
2D & 3D | [57] | MISO | ULA | NLoS SnS Scatter-wise & VR-wise ULAN:S
codebook | [82] | MISO | UPA | NLoS TDP-decomposed sparisty UPAN oS
Advanced | [83] | MISO | ULA | LoS DL-OMP ULANSS
codebook | [84] | MIMO | ULA | Mixed DPSS-based codebook ULAk,ﬁfwo
Deep Learning-based Methods

[85] | MISO | ULA | NLoS SDL-LISTA ULAN:S
Deep [86] | MISO | ULA | NLoS Sparse low-ADC unfodling | ULANSS
Unfolding | [87] | MISO | ULA | NLoS MC AMP-SBL unfolding ULAS
[88] | MISO | UPA | NLoS | SnS & MC | Unfolded PGD UPANSS
[89] | MISO | ULA | NLoS Light-weight XLCNet ULAN:S
o [54] | MISO | ULA | NLoS HF RACNN ULANSS
];B‘_’ﬁ(‘filsnyg [90] | MISO | UPA | NLoS HF FPN-OAMP UPANLS
channel | 1911 | MISO | ULA | NLoS P-MRDN estimator ULAN-SS
[92] | MISO | ULA | NLoS | HF & MC | GDM-based estimator ULANS
[93] | MIMO | ULA | Mixed GAN-based estimator ULAMRed

further improve estimation result with reduced 4.2. Sparsity-Aware CS-based Methods
pilot overhead.
methods operating in continuous space achieve Exploiting the inherent sparsity of NF channels

high accuracy, this method generally incurs

significant computational cost [95].

However, while parametric

in the polar domain, combined with beam
focusing, compressed sensing (CS) still remains
an effective estimation scheme with reduced pilot
overhead. However, the transition to the NF
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regime necessitates a fundamental redesign of the
sparsifying dictionary, referred to as a codebook
in this literature, and the intensive computation
of baseband processing induced by spherical
wavefront effects continues to hinder practical
deployment of NFC for 6G systems [96]. Based
on the type of sparsifying codebook employed,
existing NF channel estimation works can be
categorized as follows.

4.2.1. Coherence-based Polar Codebook

The polar-domain codebook introduced in [51],
constructed by thresholding coherence values
to establish a sparse representation for NF
channels, has become a widely adopted choice
for CS-based approaches. Building on this
foundation, the authors proposed two-stage
estimators realized through a codebook-based
on-grid solution followed by an off-grid stage
using maximum likelihood principle. Extending
this work to address spatial nonstationarity,
Chen et al. [55] introduced group time block
coding (GTBC) to deal with scattering path
variations, whereas Zhang et al. [74] focused
on LoS path modeling, accommodating both
known and unknown VR subarray partitions. For
mixed propagation environments, Lu et al. [52]
developed a unified framework accommodating
both LoS and multipath models through MIMO-
ARD measurements.

Building on sparse Bayesian learning (SBL),
the adaptive JSBL-CE in [75] first obtained
coarse angle estimates, then iteratively refines
distances to improve accuracy without increasing
codebook overhead. Extended to hybrid-field
scenarios, Wang et al. [76] introduced Hybrid
JSBL with a global sparse prior, while Djelouat
et al. [77] augmented the SBL objective with
two regularization terms. Parallel to these, Xu
et al. [78] proposed a MAP framework with
variational Bayesian inference (VBI) by three sub-
modules: channel estimation, VR detection, and
gradient-based grid update.

4.2.2. Application-tailored Codebook

Recognizing that NF channels may exhibit sparsity
across multiple domains, several works have
developed hybrid codebook designs. Extended
to the hybrid-field scenario combining NF and
FF components, Wei et al. [53] proposed a
dual-codebook combining DFT and polar-domain
codebooks to exploit the sparsity characteristics
of hybrid channels. Building on that foundation,
Lei et al. [61] proposed two stochastic gradient
pursuit (SGP)-based schemes employing a two-
stage estimator. From another perspective, [79]
proposed a block sparse representation of hybrid
field channel based on a unitary matrix, which
effectively mitigates coherence-related issues.

To mitigate the beam-split effect in NF-OFDM
channels, subcarrier-dependent codebooks that
explicitly account for both angular and distance
deviations have been proposed in [80]. An
alternative approach based on bilinear pattern
detection (BPD) is introduced in [81] to accurately
recover wideband XL-MIMO channels. This
method is motivated by the observation that
the NF beam-split effect exhibits a bilinear
pattern, revealing a linear frequency-dependence
in the sparse support sets of both the angle and
distance domains.

4.2.3. Other Codebooks on Polar Domain

Addressing the nonstationary nature from both
scatterer and subarray perspectives, Han et al. [57]
proposed localizing scatterers and identifying
their unique mapping to VRs, exploiting the
resulting sparsity across the two-dimensional
spatial domain. For UPA configurations, Guo
et al. [82] focused on mitigating energy spread
by introducing triple-parameter decomposition
(TPD), which handles azimuth angle, elevation
angle, and distance in their own sparse domains,
and presented an efficient scheme robust to cluster
size and distance variations [97].

A fundamental challenge of conventional
polar-domain codebooks is high coherence
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between columns, which degrades CS recovery
performance. To address this bottleneck, Zhang
et al. [83] proposed an alternative codebook
that parameterizes distance through angular
information, realized via a dictionary learning
orthogonal matching pursuit (DL-OMP) algorithm
for NF-LoS channel estimation. Exploiting
eigenvalue decomposition (EVD), Liu et al. [84]
introduced a discrete prolate spheroidal sequences
(DPSS)-based codebook that overcomes the
coherence bottleneck through inherent column-
wise orthogonality, yielding significant codebook
size reduction and enhanced computational
efficiency over conventional polar designs.

4.3. Deep Learning-based Methods

To attain the goal of Al-native 6G, considerable
research efforts have focused on embedding
dynamic learning frameworks into complex
signal processing tasks via model-based deep
learning [98]. Compared to two approaches
above, this learning-aided approach offers
distinct advantages in computational efficiency
and convergence rate, but requires an offline
training stage.

4.3.1. Deep Unfolding-based Methods

A pivotal advancement in model-based deep
learning came with the introduction of deep
unfolding. Leveraging the iterative structure of
the ‘iterative shrinkage thresholding algorithm’
(ISTA) [99], Gregor and LeCun [100] introduced
this concept through learned ISTA (LISTA),
a neural architecture that learns algorithm
parameters from data to achieve fast sparse code
approximations, with initial applications in image
denoising and inpainting. Building upon this
LISTA framework, Zhang et al. [85] proposed
SDL-LISTA (sparsifying dictionary learning
LISTA) for NF channel estimation, enhancing
performance by formulating the sparsifying
dictionary itself as a learnable neural layer
embedded within the unfolded architecture.

The deep unfolding paradigm has since been
extended to address specific challenges in 6G
channel estimation. For systems employing low-
resolution analog-to-digital converters to mitigate
power consumption and hardware complexity,
Ly et al. [86] developed an efficient on-
grid estimator further refined through deep
unfolding. To mitigate beam-split effects, Gao
et al. [87] proposed a deep unfolding scheme
that integrates learning dynamics with an iterative
solution of sparse Bayesian learning (SBL).
Extending this direction, Zheng et al. [88]
introduced an unfolded projected gradient descent
(PGD) method incorporating monotonic descent
constraints across layers and a primal-dual training
procedure for MAP-based channel estimation.

4.3.2. Denoising-based Methods

By reshaping channel representations as 2D
matrices, convolutional neural networks have been
leveraged to capture spatial features and effectively
denoise channel images [101]. Building on this
concept, Gao et al. [89] first obtain a coarse LS-
based solution as a noisy image, and propose
XLCNet for denoising, then further develop a
lightweight version through weight pruning and
quantization to reduce complexity and model size.
Extending this direction, Lam et al. [54] introduce
a residual attention convolutional neural network
(RACNN) that enhances feature extraction during
denoising, achieving improved performance for
hybrid-field channel estimation.

Building on the fixed point network (FPN)
framework, Yu et al. [90] proposed a contractive
mapping architecture combining orthogonal
approximate message passing (OAMP) with CNN-
based nonlinear estimators enhanced by residual
connections. Meanwhile, Lei ef al. [91] addressed
the energy spread effect in polar-domain channel
estimation through a multiple residual dense
network (P-MRDN), building upon MRDN-based
angular domain schemes [102].

Most recently, generative models have opened
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new frontiers for channel estimation. Jin et
al. [92] proposed a generative diffusion model
(GDM) conditioned on side information to
refine coarse estimates from CS-based algorithms,
while Ye et al. [93] employed an IE-Pix2pix
framework with adversarial loss to govern training
in a conditional generative adversarial network
(CGAN) for enhanced estimation accuracy.

5. Challenges and Opportunities

5.1. Transition to NF Regime

Challenges: Accurately exhibiting the NF-EM
characteristics of 6G systems presents significant
modeling challenges due to the breakdown of
traditional FF assumptions. The primary difficulty
arises from the transition to a spherical wavefront
model, where the EM phase is a nonlinear
function of the antenna index, requiring the
integration of both angle and propagation distance
for precise characterization. This complexity
is further exacerbated by spatial nonstationarity,
a phenomenon where the massive aperture
of ELAA results in different array segments
perceiving unique VRs and experiencing non-
uniform path losses.

Opportunities:  NFC transforms the 6G
landscape by evolving traditional space division
multiple access (SDMA) into LDMA. By
exploiting the distance domain, LDMA utilizes
precise beamfocusing to serve multiple users at the
same angle but varying ranges, a capability further
enhanced by NOMA for massive connectivity [23].
Beyond access schemes, the spherical wavefront
curvature offers enhanced DoFs in the rank
of LoS MIMO channels, enabling high-rate
spatial multiplexing even in scattering-sparse
environments [103]. Furthermore, the distance-
dependent phase encoding allows for centimeter-
level localization and sensing from single anchor
nodes, while the spatial selectivity of focused
energy provides a robust layer of physical layer
security against eavesdropping [104]. To validate

the practical feasibility of these potentials, recent
studies have introduced early hardware testbeds.
For instance, scalable prototypes for mid-band XL-
MIMO systems have been developed to evaluate
practical NF performance [105]. Furthermore,
extensive channel sounding campaigns using
ELAA prototypes have physically captured NF
propagation characteristics [106], while other
experimental setups have successfully validated
NF beamfocusing capabilities in real-world
scenarios [107].

5.2. Computational Complexity

Challenges: High dimensionality measurements
of ELAs render traditional estimation techniques
impractical due to excessive pilot overhead [60].
Transitioning from 1D angular to 2D polar-domain
processing drastically increases codebook size
and baseband computational load [51]. This
complexity extends to 3D beam training, requiring
highly efficient protocols to navigate the expanded
search space [15, 32]. Furthermore, spatial
nonstationarity and beam-split effects demand
complicated frequency-dependent algorithms to
compensate for severe array gain loss [26].
Opportunities: ~ Overcoming these issues
demands advanced architectural and algorithmic
solutions. The AoSA architecture mitigates
this burden through subarray-level processing,
reducing circuit devices and simplifying
baseband-to-RF operations [14]. More radically,
stacked intelligent metasurfaces (SIM) enable
wave-domain precoding and combining; signal
propagation through physical layers at the speed
of light dramatically reduces both latency and
digital base-band complexity [108]. Model-based
deep learning, such as deep unfolding, addresses
the huge computational burden of NF XL-MIMO
processing by embedding domain knowledge
of unique EM traits directly into a theoretical
optimizer with the aid of learning framework [98].
This approach may achieve high-accuracy
estimation with significantly lower training
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overhead and pilot requirements than conventional
data-driven methods.

5.3. CAP-MIMO Antennas and EIT

Challenges: CAP-MIMO antennas, also referred
to as holographic MIMO, will eventually
push traditional communication models to their
limits through near-continuous surfaces. This
transition replaces tractable matrix operations
with complex integral calculations, creating
prohibitive computational burdens for real-
time processing [109, 110]. Conventional
channel estimation methods fail because discrete
measurements are incompatible with continuous
apertures [111]. Furthermore, extreme antenna
density introduces mutual coupling, thermal noise,
and radiation inefficiency [15, 32]. Finally, EIT
is still in its early stages; translating its complex
physics into practical, low-complexity hardware
designs remains a major problem, especially
when accounting for power saturation in large
surfaces [112].

Opportunities: Despite their own challenges,
CAP-MIMO and EIT form a perfect duality. CAP-
MIMO will offer nearly infinite spatial degrees of
freedom through optimized current distributions
and enable extreme spatial multiplexing and depth-
domain exploitation via schemes like LDMA [26,
33]. This is when EIT becomes apparent, since
it provides a consistent framework grounded in
Maxwell’s equations. It replaces discrete matrix
models with bounded linear operators by Green’s
functions, which accurately capture NF spherical
wavefronts, tri-polarization, and evanescent waves
phenomena that the FF assumption omitted [36].
Together, they bridge the gap between physics
and communication, leading to future networks
that are simultaneously physically consistent and
tractable [112].

5.4. Localization and Sensing

Challenges: ISAC has been pointed out as one
of the key usage scenarios of the 6G cellular
network [5, 113]. As most existing localization
algorithms were developed for the FF model,
achieving the targeted sub-10 cm localization
accuracy in the NF remains challenging. The
spherical wave property increases the model
complexity and necessitates the study of efficient
localization algorithms, especially when low
latency is required [114]. The popular deployment
of hybrid beamforming transceivers amplifies the
coupling effect between VRs and the beam-split
effect [115], making the sensing task more difficult
as the sparsity structure is damaged. User mobility
creates additional difficulty for NF-ISAC systems,
since high-speed targets induce non-uniform
Doppler shifts across ELAAs and invalidate
conventional FFT-based velocity estimation. This
effect produces highly coupled signal structures
that are naturally represented by complex high-
order tensors spanning spatial, temporal, and
frequency dimensions [116].

Opportunities: Fortunately, the NF
characteristics also provide several opportunities
to enhance sensing accuracy. The spherical
wave propagation and beamfocusing capability
enable high-resolution localization in both the
angle and range domains. In addition, spatial
nonstationarity across ELAAs allows passive
sensing through channel blockages and channel
variations [114]. By properly controlling the
focal points induced by the beam-split effect, the
system can achieve accurate user localization with
reduced training overhead [58]. A cross-shaped
antenna architecture can further exploit these
properties. This architecture is a planar antenna
configuration composed of two orthogonal
linear arrays (LAs) intersecting at their centers,
forming a cross-shaped structure [117, 118].
This geometry enables the decoupled estimation
of spatial parameters along the two array
branches and therefore reduces the computational
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complexity of localization algorithms [119-121],
especially when co-prime LAs are used. The UCA
structure also provides additional spatial degrees
of freedom and facilitates automatic parameter
pairing during the localization process.

6. Conclusions

This article has established a comprehensive
overview of near-field communications for 6G
systems, with three main thrusts. We began
by examining the fundamental electromagnetic
properties induced by ELAA and THz deployment
and clarified the distance boundaries that partition
the radiating space into distinct regions with
unique phase and amplitude characteristics.
Building on this foundation, we have presented
an overview of ray-tracing channel models for
both uniform linear and planar arrays, with
detailed and rigorous derivations provided in the
Supplementary Material and final expressions
summarized in tabular form.

We have contrasted the presented deterministic
ray-tracing models with the standardized
framework by highlighting the key similarities
and differences between them. We have also
provided a systematic review of existing near-field
channel estimation techniques, categorized into
parametric, sparsity-aware CS-based, and deep
learning-based methods.

Finally, we have identified critical challenges
and emerging opportunities, such as: NF
transition, computational complexity, CAP-
MIMO and EIT integration, and localization
and sensing, which align future research and
underscore the prospects of NF propagation in
the 6G paradigm.
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