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Abstract—To support high throughput and massive connectiv-
ity, next-generation mobile networks are expected to utilize ex-
tremely large-scale antenna arrays. This would result in wireless
communications occurring in the near-field region. Leveraging
the unique channel characteristics of near-field propagation
presents both opportunities and challenges, hence we critically
appraise near-field communications (NFC). We commence by
determining the boundary that distinguishes NFC and con-
ventional far-field communications. Furthermore, some of the
key challenges of NFC, including its spherical wavefront-based
channel modeling and channel estimation, near-field beamfocus-
ing, hardware design as well as wireless sensing are covered
based on a comprehensive survey of existing progress. Two
case studies demonstrate the potential of NFC in improving the
spatial multiplexing gain and positioning accuracy in the near
field. Finally, a suite of open issues are identified for motivating
future research, such as dealing with spatial non-stationarity and
the potential of stacked intelligent metasurface-based transceiver
design.

I. INTRODUCTION

With the widespread deployment of fifth-generation (5G)
base stations (BSs), the exploration of new technologies for
sixth-generation (6G) mobile networks has begun. Recently,
the International Telecommunication Union Radiocommunica-
tion Sector (ITU-R) has defined six major usage scenarios for
6G with stringent requirements for fifteen diverse capabilities
including data rate, connection density, latency, reliability,
coverage, positioning, etc. To meet these ambitious goals, the
use of extremely large-scale antenna arrays (ELAAs) at the
BSs is envisioned as one of the promising solutions [1], [2].
Additionally, abundant bandwidth resources can be found at
higher carrier frequencies in the terahertz (THz) band [3].
Serendipity has it that these two technologies can benefit each
other. Explicitly, the sub-millimeter wavelength allows packing
an immense number of antenna elements (AEs) into a compact
implementation, while the ELAAs provide substantial array
gain to compensate for the severe path loss of the THz band.
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As the array apertures become large and operate at ex-
tremely high frequencies, the radiating near-field range will
considerably expand [3]. Specifically, the Rayleigh distance,
a commonly used metric to distinguish the near- and far-field
regions, is proportional to both the square of the array aperture
and to the radio frequency [2]. For instance, for a 1m × 1m
square array operating at 28 GHz, the Rayleigh distance
is up to 373 meters (m), essentially covering a microcell.
Hence, near-field communications (NFC) will become the
norm as ELAAs are incorporated into 6G mobile networks.
To accurately model the channel characteristics in NFC, the
general spherical wave-propagation model must be considered,
invalidating the uniform planar wave approximation utilized in
conventional far-field communication (FFC) systems [4].

Near-field propagation opens up appealing opportunities but
also presents unique challenges for communication system
design. Firstly, the existing channel estimation and transmis-
sion schemes based on the far-field assumption are no longer
applicable in NFC systems [5], [6]. Secondly, implementing
ELAAs is technically challenging due to the large number of
AEs and bandwidth involved [3]. On the other hand, leveraging
ELAAs has demonstrated the potential to focus the intended
signals toward a specific spatial point [5]. This focal selectivity
is capable of mitigating the interference among users even
when they have similar angles of incidence with respect to the
ELAA. Additionally, NFC is expected to improve the spatial
multiplexing gain of MIMO systems under line-of-sight (LoS)
propagation conditions [7].

In this article, we provide an overview of NFC1. Specif-
ically, we commence by outlining the essential distinctions
between NFC and FFC systems and identify their boundary.
We then discuss the key challenges in NFC system design and
review the recent technological advances in both channel mod-
eling and estimation, beamfocusing schemes, hardware design
as well as wireless sensing. Furthermore, our numerical results
highlight two promising applications of NFC: i) Increasing
the MIMO multiplexing gain under LoS conditions and ii)
Enhancing the positioning accuracy of wireless networks. Fi-
nally, we identify promising opportunities in NFC to motivate
future research.

II. CONTRASTING FFC AND NFC SYSTEMS

As illustrated in Fig. 1, the electromagnetic (EM) radiating
field surrounding an ELAA can be roughly divided into

1In this article, we exclusively consider systems having extremely large
arrays operating in the near field, which differ from extremely dense arrays
known as holographic MIMOs that model transceivers having near-continuous
surfaces [8].
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Fig. 1. Illustration of the far-field and near-field regions of an ELAA. The Fresnel distance and Rayleigh distance are determined by evaluating the phase
errors caused by the parabolic and linear approximations of the spherical wavefronts, respectively.

the far-field and near-field regions. In reality, the transition
between these two regions is gradual without a clear boundary.
Nevertheless, a commonly used rule-of-thumb to distinguish
the far- and near-field regions is the Rayleigh distance in
terms of phase discrepancy across the array, also known as
the Fraunhofer distance [2], [3].

For users in the far-field region, the EM wavefronts ar-
riving at the ELAA can be represented by the first-order
Taylor (linear) approximation of spherical wavefronts. All
AEs experience roughly equal path loss and angle of arrival
(AoA), leading to a uniform plane wave model. However,
the linear approximation results in non-negligible phase error
as the propagation distance decreases or the array aperture
increases. In this context, the Rayleigh distance is defined as
the minimum propagation distance at which the phase error
across the array w.r.t. a linear approximation is less than π/8,
as shown in Fig. 1. When the propagation distance is shorter
than the Rayleigh distance, the user falls into the ELAA’s
near-field region. Hence, the associated spherical wavefronts
must be considered for accurately characterizing the signal
characteristics’ variations across the ELAA [6]. Observe from
Fig. 1 that the near-field region can be further split into the
reactive and radiating near-field (Fresnel) regions separated
by the Fresnel distance. It is defined as the distance where
the phase error caused by the second-order Taylor (parabolic)
– rather than by the linear – approximation is less than
π/8 [5]. Within the reactive near-field region, evanescent
waves dominate and decay exponentially with distance. Since
the reactive near-field region is typically covered by a few
wavelengths, wireless communications mainly focus on the
radiating near-field region, referred to as the near-field in this
article for brevity.

In addition to using the phase discrepancy across the ELAA
to separate the far- and near-field regions, Lu and Zeng
[4] proposed the uniform-power distance (UPD) criterion to
determine the boundary (B) based on channel gain varia-
tions. Within the UPD, the channel gain variations across

the entire array are no longer negligible. Moreover, Cui et
al. [2] quantified the Rayleigh distance for reconfigurable
intelligent surface (RIS)-based communication systems. As a
further advance, Hu et al. [9] derived the Rayleigh distance
to determine the Fresnel region, taking into account the off-
boresight configuration to characterize the effects of signal
directions on the maximum phase differences.

Compared to the distance-agnostic far-field model that as-
sumes planar wavefronts based only on the AoA, the near-field
model accounts for spherical wavefronts across the ELAA,
which depend on both the propagation direction and distance.
This focal position awareness allows NFC to gain benefits in
three key aspects:

• Spatial Multiplexing: Near-field MIMO using ELAAs
exhibits substantial spatial multiplexing gains in LoS
propagation conditions. This is in sharp contrast to far-
field MIMO, which critically relies on rich scattering
environments.

• Multiple Access: Spherical wavefronts allow beams to
be focused in both angle and distance. This facilitates
supporting multiple users even for those in the same
angular direction relative to the ELAA.

• Wireless Sensing: Wider bandwidth and larger array
aperture can significantly improve the positioning perfor-
mance of 6G networks, potentially achieving centimeter-
level accuracy. This enhanced capability can better sup-
port sensing the velocity, orientation, and other geometric
information of targets of interest.

III. CHALLENGES AND RECENT ADVANCES IN NFC

In this section, we examine several key challenges in NFC
system design. We also discuss the latest advances in near-field
channel modeling and estimation as well as the developments
of beamfocusing schemes, hardware architectures, and wire-
less sensing.
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Fig. 2. (a) The spatial non-stationarity of the received signal strength, where we consider a ULA with an aperture of 2.74 m operating at 28 GHz with two
scattering clusters; (b) The angular-domain spread of near-field channels, where we consider three scatterers that are 3 m away from the ULA and have AoAs
of −30◦, 0, 30◦, respectively; (c) The beam-split effect, where we examine a wideband NFC system with a ULA of length 2.74 m.

A. Near-Field Channel Modeling (CM)
Challenges: Due to the large antenna array (AA) aperture,

different AEs experience noticeably different propagation dis-
tances and angles relative to the scatterers/users, hence re-
sulting in distinct signal amplitude/phase variations across the
entire ELAA. Additionally, practical communication scenarios
generally involve multipath scattering environments, which
are much more complex in NFC for several reasons. Firstly,
as shown in Fig. 2(a), some scatterers/users are far away
from the ELAA, while others are within its near-field region;
Secondly, the large array aperture means that its subarrays may
observe distinct environments having different obstacles and
scatterer clusters. Thirdly, for ultra-wideband communications,
low-frequency components having smaller Rayleigh distance
may operate in the far-field, while high frequencies are in the
near-field. These unique channel characteristics imply that the
received signal power may vary dramatically across the array,
as illustrated in Fig. 2(a). An appropriate statistical model
should accurately characterize both the spatial non-stationarity
and near-field effects [2].

Advances: To simultaneously account for both the angular
and distance information, Cui and Dai [6] proposed a polar-
domain representation of the near-field channels. They utilized
the Fresnel approximation of the near-field channel to design
the Cartesian-to-polar transform matrix. Further, they theoret-
ically demonstrated that only the non-uniform sampling along
the distance dimension can achieve the minimum similarity
among codewords in the transmit precoding (TPC) dictionary.
Moreover, by explicitly modeling the physical size of each
AE, Lu and Zeng [4] put forward a generic NFC channel
model that took into account the variations of signal phase,
amplitude, and projected aperture across the ELAA caused
by different AoAs and propagation distances. Given this NFC

model, they obtained a closed-form expression of the received
signal-to-noise ratio (SNR) relying on the optimal single-user
maximum ratio transmission (MRT), which reveals saturating
SNR gains upon increasing the AA aperture. Recently, Liu et
al. [3] developed a general model for accurately capturing the
free-space path loss and the signal loss caused by the effective
array aperture and polarization mismatch due to the angular
variations across the ELAA.

B. Near-Field Channel Estimation (CE)
Challenges: Employing ELAAs for creating focal beams

crucially depends on having accurate near-field channel state
information (CSI), which is much more complex to obtain due
to the huge number of AEs involved in ELAA systems. While
channel sparsity due to the limited number of propagation
paths at THz frequencies lends itself to compressed sensing
(CS)-based channel estimation, the selection of dictionaries is
particularly critical. Specifically, the classic Fourier dictionary
[6] provides a satisfactory sparse representation of far-field
channels in the angle domain, as shown in Fig. 2(b). Nev-
ertheless, for NFC scenarios, the channel response depends
on both the AoA and propagation distance. Observe from
Fig. 2(b) that a single near-field path component spans across
multiple codewords in the Fourier dictionary. This inevitably
degrades the performance of existing CS-based channel esti-
mation techniques that rely on angular sparsity. As a result,
an appropriate TPC codebook and CS algorithm design is
required for accurately estimating the near-field channels at
a low pilot overhead.

Advances: In [6], Cui and Dai demonstrated the sparsity of
near-field channels in terms of polar – rather than Cartesian
– coordinates. Based on this, they utilized the popular si-
multaneous orthogonal matching pursuit and the simultaneous
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Fig. 3. Four types of hardware architectures for implementing ELAAs.

iterative gridless weighted algorithms to estimate the near-
field channels for on-grid and off-grid scenarios, respectively.
In the off-grid case, the channel parameters such as path
gains, angles, and distances are directly estimated. They
validated that in the near-field regions, these polar-domain
channel estimation schemes achieve enhanced mean square
error (MSE) performance compared to existing approaches.
Motivated by the low-dimensional characteristic of parametric
channel estimation, Dardari et al. [10] developed a single-
anchor localization technique for mobile users in the near-
field regime of a RIS. They proposed two practical signaling
and positioning methods considering the orthogonal frequency
division multiplexing (OFDM) downlink. Near-field propa-
gation enhances the robustness of localization even when
stochastic obstructions occur between the RIS and the user.
Additionally, Elbir et al. [1] conceived channel estimation for
ultra-wideband systems for counteracting the beam-split effect.
Specifically, a sparse Bayesian learning (SBL) technique was
developed for joint channel and beam-split estimation. The
LoS-dominated nature of the THz channel was leveraged for
reducing the computational complexity.

C. Near-Field Beamfocusing (BF)

Challenges: As mentioned earlier, by leveraging spherical
wavefronts near-field beamfocusing concentrates the radiated
energy towards a specific focal point, which requires accurate
tuning of the TPC weights associated with each AE and data
stream. Additionally, to enable a cost-efficient implementation,
the popular hybrid architecture using analog phase shifters
is widely adopted. However, in wideband NFC systems, the
hybrid architecture applies the same phase shifts across the
operating frequency band. This results in the detrimental
“beam-split” phenomenon where the beams generated by

the analog beamformer diverge at different subcarrier fre-
quencies, as shown in Fig. 2(c). Explicitly, beam-split lim-
its the effective bandwidth in ELAA systems and severely
degrades the received signal energy at the intended focal
points. Integrating time-delay architectures with phase shifters
can realize frequency-selective beamfocusing at the cost of
extra implementation complexity and power consumption.
Therefore, developing efficient signal processing techniques
for mitigating the beam-split effect at affordable hardware
costs presents significant challenges for designing ELAAs.

Advances: Next, we will review the latest technological
advances in near-field beamfocusing, covering point-to-point,
multiuser, and wideband systems.

• Point-to-Point Scenario (P2P): Based on electromagnetic
theory, Dardari [7] analyzed the optimal communication
modes in NFC systems and derived closed-form expres-
sions for both the link gain and spatial DoF. He demon-
strated that upon using a large intelligent surface (LIS),
the available DoF can be higher than 1 even in strong LoS
conditions, resulting in a significant increase in spatial
multiplexing gain. This is in contrast to conventional
MIMO-FFC systems that can only provide beamforming
gain in LoS conditions. Recently, Hu et al. [9] proved
that the optimal 3D near-field beamfocusing can be
decomposed into a 2D far-field beamformer and a one-
dimensional (1D) near-field beamfocuser in the Fresnel
region. The former is used to compensate for phase
variations caused by off-boresight configuration, while
the latter compensates for the remaining phase variations
due to distance differences across the LIS elements. Such
a two-phase beamfocusing design significantly reduces
the TPC codebook size because a pair of small codebooks
facilitate the creation of a large composite codebook by
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TABLE I

A SURVEY OF RECENT ADVANCES IN NEAR-FIELD COMMUNICATIONS.

Characteristics Ref. Array Channel Main contributions

B

Phase
[2] UPA LoS Determined the Rayleigh distance for MIMO and RIS-assisted communication systems.

[9] UPA LoS Analyzed the Rayleigh distance considering the off-boresight setup.

Amplitude [4] ULA/UPA LoS Defined the UPD concerning the signal amplitude variations across the ELAA.

DoF ⋆ ULA LoS Analyzed the impact of different propagation distances on the spatial DoF.

CM

[3] ULA/UPA Multipath Proposed an NFC channel model considering effective aperture and polarization mismatch.

[4] ULA/UPA LoS Proposed an NFC model to characterize the phase/amplitude variations and aperture loss.

[6] ULA Multipath Proposed a polar coordinate representation of the near-field channels.

CE
[1] ULA Multipath Put forward an SBL-based approach for jointly estimating the THz channel and beam-split.

[6] ULA Multipath Estimated the near-field channels by exploiting the channel sparsity in the polar domain.

BF

P2P
[9] UPA LoS Proposed a “2D + 1D” near-field beamfocusing design to compensate for phase variations.

[7] Continuous LoS Derived analytical expressions for the link gain and spatial DoFs based on electromagnetism.

MU
[5] UPA LoS Evaluated the beamfocusing ability of fully digital, hybrid, and DMA architectures.

[11] ULA/UPA Multipath Proposed LDMA to simultaneously serve multiple users in the near-field region.

WB [12] CPA LoS Proposed a spatial chirp-based beamfocusing approach to mitigate the beam-split effect.

HA
[5] UPA LoS Proposed a DMA architecture with densely-spaced meta-atoms to realize ELAAs.

[13] UPA Multipath Proposed an SIM-based transceiver architecture to accomplish TPC in the wave domain.

WS
[14] Arbitrary array LoS Introduced a modified polar representation to unify the near- and far-localization of a source.

[10] UPA Multipath Leveraged a single anchor and a RIS to probe the localization of mobile users.

hierarchically combining their codewords. They may also
be backward compatible with the existing 5G new radio
(NR) protocol.

• Multiuser Scenario (MU): To examine the beamfocus-
ing capability of ELAAs, Zhang et al. [5] investigated
the MIMO-NFC downlink employing both fully dig-
ital arrays, hybrid analog/digital arrays, and dynamic
metasurface antennas (DMAs). They demonstrated that
the beamfocusing technique substantially improved the
achievable sum rate of the MIMO-NFC networks. In
[11], Wu and Dai proposed location division multiple
access (LDMA) leveraging the focusing capability of
near-field beams to serve multiple users located at dif-
ferent positions without significant interference. They
proved that near-field beamfocusing vectors tend to be
asymptotically orthogonal in the distance domain as the
size of ELAA increases. Hybrid precoding was utilized
to focus signals on specific locations with minimum
leakage, thus substantially improving spectrum efficiency.

• Wideband Scenario (WB): In [12], Myers and Heath eval-
uated the ability of a phased-array-based circular planar
array (CPA) to focus a beam in wideband NFC with the
receiver located at the AA’s boresight. They determined
the array size, propagation distance, and bandwidth that
resulted in a non-negligible beam-split. To make the
beamfocuser more robust against near-field beam-split,
a frequency-modulated continuous waveform (FMCW)
chirp sequence was designed along the transmit array’s
dimension to control phase shifts. They demonstrated

that the beams generated achieve approximately constant
beamforming gain over a wide bandwidth. In [1], Elbir
et al. addressed the beam-split effect by modeling it as
an array perturbation.

D. Hardware Architecture (HA)
Challenges: Designing hardware architectures for effi-

ciently implementing ELAAs that operate at high frequencies
is challenging for several reasons. Firstly, the efficiency of a
power amplifier typically decreases as its bandwidth increases.
Secondly, as the number of active AEs becomes extremely
large, fully digital architectures (see Fig. 3(a)) that assign each
AE a dedicated RF chain become prohibitively expensive and
power-thirsty [15]. Thirdly, the computational complexity of
beamfocusing increases accordingly. To address these issues,
a popular cost-efficient option is the hybrid architecture that
relies on a limited number of RF chains harnessed for low-
dimensional digital beamforming, followed by a set of low-
cost analog phase shifters, as shown in Fig. 3(b). However,
due to the limited resolution of the phase shifters, the hybrid
beamformer suffers from i) reduced beamfocusing gain; ii)
inability of having multiple focal points; and iii) beam-split ef-
fects due to the inherent frequency-flat profile of phase shifters.
Additionally, the power consumption of a large number of
phase shifters is still considerable. Therefore, it is crucial to
design cost- and power-efficient hardware architectures that
are suitable for both ELAAs and high operating frequencies.

Advances: Recently, advanced metasurface technology has
been developed for the programmable amelioration of EM
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Fig. 4. Point-to-point MIMO-NFC under the LoS propagation: (a) The system layout; (b) The spatial DoFs versus the propagation distance; (c) The spatial
DoFs versus the array aperture.

behavior by ELAAs at a low cost and power consumption (see
Fig. 3(c)). In [5], the DMA architecture was fabricated using
multiple microstrips, each containing many subwavelength-
spaced radiating metamaterial elements. The frequency re-
sponse of each element may be externally adjusted by varying
its local electrical properties. However, the tuning precision of
the metasurface structure was still constrained by the discrete
components. To further simplify the structure, the authors of
[13] proposed an intriguing stacked intelligent metasurfaces
(SIM)-based transceiver architecture for ELAA, where the
digital TPC was eliminated. As shown in Fig. 3(d), SIM is
capable of forming a MIMO TPC and a receiver combiner, as
the EM waves propagate through it. The revolutionary SIM
technology offers at least three benefits. Firstly, SIM has the
potential of approaching the performance of the digital TPC
by mimicking a neural network architecture using physical
metasurfaces. Secondly and most remarkably, the forward
propagation within the SIM occurs at the speed of light, which
significantly reduces signal processing latency. Thirdly, each
spatial stream is radiated and recovered independently at the
corresponding transmit and receive ports, inherently reducing
the number of RF chains and signal processing complexity.

E. Wireless Sensing (WS)

Challenges: Harnessing near-field effects has the potential
to enable more robust and accurate wireless sensing, which,
however, presents some major technical challenges. Firstly,
signal reception in the near field is sensitive to both small
distance variations and imperfections such as station location
errors. Secondly, the near-field wireless environment is much
more complex and dynamic, contaminated by interference,
clutter, background noise, and multipath propagation, which
perturb the parameter estimates for the intended target [10].
Thirdly, near-field positioning generally relies on accurately
aligning and fusing data from multiple sensors, which re-
quires powerful onboard computational resources for real-
time signal processing [14]. Therefore, it is critical to design
robust yet efficient algorithms for confidently distinguishing
the desired signal from clutter and background noise in near-
field sensing. Additionally, fusing sensor data with different

types and station location error calibration accounting for near-
field wavefront characteristics becomes significant.

Advances: In [14], Wang and Ho introduced a modified
polar representation to locate sources having arbitrary posi-
tions. An iterative maximum likelihood estimator was derived
based on AoA measurements. The estimator behaves stably
and outputs the position and the DOA for near-field and far-
field sources, respectively. Moreover, [10] leveraged a single
anchor node to localize mobile users in the near-field region
of a RIS. Two practical signaling and positioning algorithms
were proposed based on a wideband downlink scenario. It was
demonstrated that the localization accuracy depends on the
operating frequency, bandwidth, as well as overhead.

The recent technological advances in NFC are summarized
in Table I in a nutshell. Note that the appropriate array design
is crucial for accurately estimating the target’s location. For
example, a uniform linear array (ULA) may only estimate the
location of a target on the ground, while a uniform planar
array (UPA) could return its 3D coordinates. Additionally, the
LoS channel and multipath propagation depend on the specific
scattering surroundings. Regardless of the specific scattering
environment or the array architecture used, the spherical wave
propagation model accurately characterizes the response of
each near-field scatterer/user/target across the ELAA.

IV. CASE STUDIES

In this section, we present two case studies for demonstrat-
ing the potential of NFC in improving the spatial DoF and
enhancing positioning performance.

A. Improved Spatial Multiplexing Gain

We first validate the DoF increase in near-field point-to-
point MIMO channels under LoS propagation conditions. The
specific AA layout is shown in Fig. 4(a). Both the transmitter
(TX) and receiver (RX) are equipped with a ULA, having half-
wavelength spacing between AEs. The system operates at a
carrier frequency of 300 GHz. The RX has 16 antennas, cor-
responding to an aperture of 0.75 cm. In our simulations, we
consider both on-boresight and off-boresight configurations,
where the RX is located at angles of 0, π/6, and π/3 from
the normal direction of the TX array.
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Fig. 5. Contrasting near-field and far-field positioning performance.

Fig. 4(b) shows the effects of propagation distance on
the spatial DoF. An ELAA having 1, 024 antennas span-
ning A = 0.51 m is deployed at the TX. The DoFs are
computed allowing only for 1% total energy loss. Observe
from Fig. 4(b) that the spatial DoFs increase from 1 to
8 as the propagation distance decreases from 30 m to 0.5
m. Thanks to the higher DoFs, the near-field distance-aware
channel can simultaneously transmit multiple data streams
using appropriate MIMO TPC, giving rise to a significant
increase in channel capacity. For off-boresight setups, Fig. 4(b)
shows that a shorter propagation distance is required to get an
improved DoF, as the elevation angle increases. Additionally,
in the setup considered, the Rayleigh distance is 538 m, while
the rank boost occurs at d = 21.3 m. Therefore, new distance
criteria based on changes in essential spatial DoF have to be
developed. Moreover, Fig. 4(c) shows the DoF versus the array
aperture A. The propagation distance is set to d = 0.7 m. In
conventional MIMO systems having an AA aperture smaller
than 2 cm, the DoF is 1 under LoS conditions, providing
only beamforming gain. As the AA aperture increases, the
DoF substantially improves. For the ELAA larger than 0.9
m, the spatial DoF is larger than 8 for all setups considered.
Again, non-parallel Tx-Rx arrangements yield achievable DoF
lower than that obtained by parallel ULAs, obeying the optimal
geometric configuration [7].

B. Enhanced Positioning Accuracy

Next, we evaluate the performance of positioning for a
single user in the near-field region, at a carrier frequency of
300 GHz. Specifically, we examine a setup with four access
points (APs) located at (3, 0) m, (6, 3) m, (3, 6) m, (0, 3) m.
Each AP is equipped with a ULA lined up with the coordinate
axes, with half-wavelength AE spacing. The least squares (LS)
estimator is employed to calculate the user’s position based on
the time-of-arrival (ToA) measurements of the signals received
at the four APs. Each measurement error has a variance of 15
dB m2. We run 10,000 independent experiments to study the
circular error probability (CEP), which is defined as the radius
of a circle centered on the estimated position’s mean, where
half of the location estimates fall within the circle.

We first consider the case where four ULAs are each
equipped with 64 AEs, corresponding to a length of 3 cm.

Fig. 5(a) shows the distributions of the estimated user position
obtained by employing the LS method. The circle in the figure
is centered at the actual user location of (3, 3) m. The CEP
in Fig. 5(a) was found to be 96.5 cm. When increasing the
number of antennas to 1024 for each AP, corresponding to an
aperture of 0.51 m, the user enters the near-field region of all
arrays. As shown in Fig. 5(b), the CEP using the LS estimator
in the near-field is reduced to 24.2 cm, outperforming its far-
field counterpart by approximately 72.3 cm. Further increasing
the size of the AAs would result in even better positioning
accuracy.

In addition to these typical examples we already discussed,
NFC can also enhance both physical-layer security (PLS) and
multi-user communication scenarios by taking advantage of
the distance-aware spherical wavefronts [2], [3], which provide
significant research opportunities.

V. FUTURE DIRECTIONS

Despite its great potential, designing and implementing NFC
still requires future innovations in some important issues,
which provides rich opportunities for future research. This
section identifies some potential research directions.

A. Performance Evaluation

It is crucial to evaluate the performance limit in the near-
field regions in terms of various target objectives, e.g., the
spatial DoF. Since the near-field behavior varies for the on-
axis and off-axis configurations, further evaluation of both
the angular and distance dependency is also required. The
orientation of AAs also has a non-negligible effect on the
near-field communication and sensing performance. Hence,
developing an analytical DoF expression vs. the propagation
distance and relative array placement is of significance for
guiding practical NFC system design.

B. Spatial and Frequency Non-Stationarity

Modeling spatial non-stationarity remains an open chal-
lenge, especially in complex NFC propagation environments.
The variations in polarization and effective aperture across
large AAs must be taken into account in the statistical NFC
models. Again, the large array aperture implies that different
subarrays of the ELAA may observe different scattering en-
vironments, resulting in spatial selectivity. How to leverage
this spatial non-stationarity to design effective transmission
schemes warrants further study. Additionally, the bandwidth
available in the wideband THz systems will be affected by
the propagation conditions due to the significant molecular
absorption. The LoS signal quality may degrade more rapidly
over long distances at higher frequencies. Therefore, adaptive
resource allocation becomes crucial, allocating higher power
to lower frequencies.

C. SIM-Based Architecture

While SIMs are indeed capable of beamfocusing in the wave
domain [13], their performance in wideband NFC systems is



DRAFT 8

yet to be examined. A notable point is that the multilayer struc-
ture of SIM has a frequency-selective profile, which provides
a new design DoF for optimizing wideband beamfocusing. Fi-
nally, the power consumption of compensating for the energy
losses of propagating through multiple metasurfaces and those
caused by conventional digital components has to be compared
at the system level. A mathematically tractable and physically
consistent model is urgently needed for characterizing the
near-field propagation in SIM scenarios.

D. Fine-Granularity Sensing

Upon tapping into wider bandwidth and larger AAs, NFC
is expected to provide more advanced perception capabilities,
allowing for detecting fine-granularity geometric features of
objects. For instance, subtle gestures can be discerned by
detecting the Doppler shifts. Moreover, the millimeter-level
positioning precision enables applications such as holographic
imaging and 3D mapping. While NFC promises accurate
sensing capacities over wireless networks, there are still major
technical challenges that have to be addressed, such as devel-
oping unified protocols and waveform designs.

E. Machine Learning Based Solution

The ever-changing wireless channel and practical hardware
imperfections routinely degrade the performance of NFC in
the face of uncertainty, which are difficult to address by
conventional techniques. Thankfully, advanced machine learn-
ing techniques show great promise in modeling the hostile
nonlinear and model-free processes involved. This can help to
tackle various challenges such as hybrid near/far-field channel
estimation, beamfocusing design, as well as resource alloca-
tion. In addition, deep learning techniques also show potential
in enhancing beam training in ELAA systems through efficient
codebook design and determining the optimal codeword.

VI. CONCLUSIONS

This article provided an overview of the potential and
challenges of designing NFC systems. We discussed the key
characteristics of NFC relying on spherical wavefronts and
highlighted its difference w.r.t. conventional FFC. Addition-
ally, we identified some key technical challenges for NFC
system design and reviewed recent advances in near-field
channel modeling and estimation, beamfocusing schemes, and
hardware architectures. Two case studies demonstrated the
potential of NFC. Finally, we pointed out some directions for
future development of NFC.
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