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Abstract

In June 2025, Third Generation Partner Project (3GPP) is scheduled to officially launch its 6G
research project, marking the global evolution of 6G from a visionary stage toward a new phase
characterized by critical technological development, standardization, and practical applications. 6G
networks leverage larger antenna apertures and higher frequency bands (e.g., mid-bands, millimeter
waves, terahertz) to prioritize near-field characteristics. The integration of reconfigurable intelli-
gent surfaces (RIS), extremely large aperture arrays (ELAA), movable antennas (MA), and cell-free
architectures will expand near-field dominance, creating a quasi-ubiquitous near-field propagation
environment.

From the perspective of spatial resource utilization, while conventional far-field systems can
only separate signals in the angular domain, the transition toward near-field operation enhanc-
es the capacity to exploit the depth domain in future wireless systems. Near-field technology,
equipped with numerous antennas, has attracted increasing attention in 6G networks for its po-
tential to provide higher data rates through beam focusing, precise angular-depth localization and
sensing, as well as efficient wireless power transfer. Near-field research reveals a paradigm shift in
understanding propagation characteristics of electromagnetic waves. These waves can no longer be
simply regarded as plane waves but should be accurately modeled as spherical waves. This revised
modeling emphasizes the importance of previously overlooked electromagnetic phenomena in
system modeling and design. These phenomena include spatial non-stationarity, finite-depth beam
focusing, tri-polarization, and evanescent waves. Beyond conventional wave modeling, near-field
research unlocks access to novel wavefronts, such as non-diffracting beams (including self-healing
Bessel beams and curved Airy beams). Traditional communication algorithms, tailored for far-field
conditions, may underperform in 6G near-field environments, and model-agnostic algorithms might
not fully capitalize on these new characteristics.

This white paper reviews typical application scenarios for near-field technologies in future
wireless networks. It then delves into the fundamental electromagnetic principles underlying near-
field effects and their disruptive impact on communication systems, systematically elucidating the
constraints and enablers imposed on system architecture design—with a focus on the core metrics
of degrees of freedom and capacity. Recognizing that channel characterization is foundational
to communication system design, the paper provides a detailed discussion of near-field channel
research paradigms from both measurement and modeling perspectives, and further explores key
technologies such as channel estimation, beamforming, and codebook design. It prospectively
examines the collaborative innovation between near-field technologies and other fields, including
integrated sensing and communication, wireless power transfer, and physical layer security. At the
engineering practice level, the latest advances in 6G spectrum allocation, the implementation of
near-field propagation techniques, and network deployment strategies are highlighted. Addition-
ally, standardization impacts of near-field technologies for 6G are also provided. This white paper
aims to establish a unified cognitive framework for near-field technologies, bridging theoretical

advances with standardization efforts and engineering implementation.
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1 Introduction

As the commercialization of 5G wireless networks gains momentum, there is a growing empha-
sis on exploratory research into the upcoming 6G wireless networks. This era of technological ad-
vancement witnesses 6G networks being characterized by a more visionary and performance-driven
ethos compared to their predecessors. In June 2025, 3GPP will officially launch its 6G research pro-
ject, marking the global evolution of 6G from a visionary stage toward a new phase characterized

by critical technological development, standardization, and practical applications.

Traditional wireless networks, spanning from 1G to 5G, predominantly operate within a
spectrum below 6 GHz, often below 3 GHz. Due to the physical constraints on antenna arrays and
the proportional relationship between element spacing and wavelength, these spectrum bands
necessitate the use of relatively small numbers of antennas. Consequently, the combined effect of
these lower-dimensional antenna arrays and lower frequency bands confines the range of wireless
near-field communication (NFC) to mere meters or even centimeters, thereby shaping the design of
these systems around far-field assumptions.

However, the transition to 6G networks is marked by the adoption of larger antenna apertures
and higher frequency bands, such as new mid-frequency, millimeter-wave (mmWave), and terahertz
bands, which accentuate near-field characteristics[1][2], as shown in Table 1.1. The integration of
emerging technologies such as Reconfigurable Intelligent Surface (RIS)[11[3][4], extremely large ap-
erture arrays (ELAA)[5], movable antenna (MA)[6], and cell-free networks[7] is expected to amplify
the prevalence of the near-field scenario in future wireless networks. Consequently, this shift chal-
lenges traditional far-field plane wave assumptions and underscores the need to rethink strategies
for spatial resource utilization[8]. While conventional systems have effectively exploited far-field
spatial resources, the exploration and utilization of near-field spatial resources in 6G networks
promise to introduce novel physical dimensions to wireless communication systems [9]. This shift

towards near-field regions in 6G networks catalyzes a new wave of research in near-field technology

paradigms.
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Harnessing near-field effects holds the promise of facilitating the realization of a broader
spectrum of application scenarios and key performance indicators outlined in IMT-2030. This white

paper explores potential application scenarios based on near-field technology, as shown in Fig. 1.1.
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Fig. 1.1 Near-field Application Scenarios

Through meticulous examination of both theoretical foundations and technological advance-
ments, we have crafted a preliminary framework for near-field technology, as illustrated in Fig. 1.2.
Our discourse commences with an exploration of the definition of near-field in electromagnetic
theory, tracing the origins of near-field electromagnetic effects and their ramifications on existing
communication systems. Drawing upon an extensive body of literature, this article provides an en-
compassing synthesis of near-field effects on communication system design and performance, with
particular emphasis on degrees of freedom and communication capacity.

A nuanced comprehension of near-field channel characteristics and models is pivotal for
communication system design and evaluation. Thus, our article underscores the imperative for
exhaustive channel measurements and precise channel characterization. Furthermore, we delve into
near-field transmission technologies, encompassing facets such as channel estimation, beamform-
ing, codebook design, beam training, multiple access technology, system architecture, deployment
considerations, and implications for standardization. Then, we explore the convergence of near-field
technology with other domains, including positioning, wireless power transfer (WPT), physical layer
security, orbital angular momentum-based near-field, Al-driven communications, and near-field
on-chip wireless communications. Additionally, we highlight progress in both engineering and
standardization, covering the primary 6G spectrum allocation, enabling technologies for near-field

propagation, and network deployment strategies.
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Fig. 1.2 Framework of Near-field Technology

Despite notable advancements in the research on near-field propagation characteristics, a
dearth of literature offers a systematic synthesis of near-field technology. Therefore, this article
endeavors to bridge this gap by furnishing an all-encompassing summary of near-field technology's
application scenarios, fundamental theories, channel measurement and modeling methodologies,
transmission technologies, and integration with allied fields. This white paper aims to establish a
unified cognitive framework for near-field technologies, bridging theoretical advances with stand-

ardization efforts and engineering implementation.
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2 Near-field Application Scenarios

In November 2023, the International Telecommunication Union's 5D Working Group on Wire-
less Communications (ITU-R WP5D) released a framework and overall goal proposal for the develop-
ment of IMT towards 2030 and beyond, proposing typical 6G scenarios and capability indicator sys-
tems, as shown in Fig. 2.1 [10][11]. 6G scenarios include immersive communication, ultra-large-scale
connections, extremely high reliability and low latency, artificial intelligence and communication,
integration of perception and communication, ubiquitous connections, etc. The key 6G capability
indicators include 9 enhanced 5G capabilities and 6 new capability dimensions, including peak data
rate, user experienced data rate, spectrum efficiency, regional traffic, connection density, mobility,
latency, reliability, security privacy elasticity, coverage, sensing related indicators, Al-applicable in-
dicators, sustainability and positioning [12]. 6G is expected to continue the efforts of 5G-Advanced
in terms of continuously enhancing connection experiences for mobile users and enabling more

vertical industries [13].
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Fig. 2.1 IMT-2030 application scenarios and key capability indicators [10].

To meet the spectral efficiency requirements of IMT-2030, it is necessary to further explore
the application potential of higher frequency bands and larger-scale arrays. Concurrently, the ultra
large-scale-arrays in higher frequency bands will bring near-field effects. The so-called near-field
effect refers to the situation where, under certain distance conditions, the assumption of electro-
magnetic waves as plane wavefront in the far-field no longer holds and needs to be modeled as
spherical wavefront. The spherical wavefront carries not only angle information, but also depth
information. Electromagnetic beam focusing occurs concurrently in both the angular and depth
domains, forming near-field beam focusing [14]. By utilizing the near-field effect, more application
scenarios and key performance indicators of IMT-2030 can be better achieved, such as integrated
sensing and communication (ISAC), positioning, security, mobility, etc. This section will explain the

application scenarios of near field based on the above analysis.

2.1 Near-field in Different Frequency Bands

The expansion of bandwidth and the increase of antennas will bring greater capacity and
higher spectral efficiency to wireless communication systems. Typical 2G, 3G, 4G, and 5G commu-
nication systems use bandwidths of 0.2 MHz, 5 MHz, 20 MHz, and 100 MHz, respectively, and larger
bandwidths will be required for 6G in the future.
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In May 2023, China's Ministry of Industry and Information Technology (MIIT) issued a new ver-
sion of the Regulations of the People's Republic of China on the Division of Radio Frequencies (MIIT
Decree No. 62), which is the first in the world to use all or part of the bandwidth of the 6425-7125
MHz frequency band, totaling 700 MHz, for the 5G-A/6G system [15]. In December of the same year,
the International Telecommunication Union (ITU) held the World Radiocommunication Conference
2023 (WRC-23) in Dubai, UAE, and completed a new round of revisions to the Radio Rules, newly
dividing 6G spectrum resources in the mid-band of 6425-7125 MHz with a total of 700 MHz of
bandwidth for most of the countries in the world [16]. In December 2023, the international stand-
ardization organization, 3GPP, held its Edinburgh, UK meeting, in which the first projects for Rel-19,
the second version of the 5G-Advanced standard, including eight areas such as channel modeling
studies for the new 7-24 GHz spectrum are established [17]. As reported in study of 6G mid band
frequency by Nokia, a new spectrum ranges: 4.400-4.800 GHz, 7.125-8.400 GHz and 14.800-15.350
GHz are potentially available for 6G, subject to further study in the WRC-27 cycle [18]. The report
also highlights about a US spectrum pipeline outside the WRC process concerning the lower 3 GHz
band (3.100-3.450 GHz), which is being considered for shared use with military radar, and the 12.7
GHz band (12.700-13.250 GHz), which will be exclusively used for licensed mobile broadband.
Compared to the sub-6 GHz low-frequency band, which is widely used in 5G, and the high-fre-
quency bands, such as millimeter wave and terahertz, which may be used in 6G in the future, the
mid-frequency band, which combines the advantages of both coverage and capacity, is of great val-
ue for the wide-area high-capacity coverage of 6G, and it is expected to be one of the fundamental

frequency bands for 6G, as shown in Fig. 2.2.
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Fig. 2.2 Full spectrum of high, medium and low bands for the future 6G
In the future, 6G high, medium, and low frequency bands are likely to face near-field commu-
nication. 6G Technologies, a research report published by the 6G Alliance in June 2022, also clearly
points out the necessity of researching near-field in 6G high, medium, and low frequency bands
[18].

2.1.1 High Frequency Band Transmission

mmWave and terahertz (THz) wireless communication can utilize large available bandwidth

to improve data transmission rates, making it one of the key technologies for the next generation
of communication systems [19][20][21]. In order to compensate for the path loss of high-frequency
transmission, base stations (BS) operating on these frequency bands will be equipped with large-
scale antenna arrays. The application of large-scale antenna arrays will increase the possibility that
the users in high-frequency communication falling into the near-field region, while traditional

wireless systems typically operating in the far-field range. Under millimeter wave and terahertz
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conditions, the near-fielddistance of relatively small antennas/surfaces can also reach several tens of
meters. For example, the near-field distance of a uniform linear array with 128 antennas working at
300 GHz would be 65 meters, which covers a relatively large area. Namely, the far-field plane wave
assumption on electromagnetic fields is no longer applicable at actual communications distances.
Thus, a near-field model of spherical waves should be used. The management of spherical wave-
front can be transformed into flexible beamforming ability. For example, utilizing the spherical
wavefront can focus the electromagnetic waves into a spot rather than traditional beam steering
under far-field condition, which is referred as the concept of beam focusing in recent literature[22].

Beam focusing can support multiple orthogonal links even at similar angles.

The ability to focus beams in large-scale multiple input multiple output (MIMO) systems largely
depends on the signal processing capability of the antenna array, with different processing capa-
bilities in different architectures. The most flexible solution for a given radiation element array is
full-digital architecture, where each antenna element is connected to a dedicated radio frequency
(RF) chain. Under this architecture, the transceiver can simultaneously control infinite beams in
multiple directions, greatly improving spatial flexibility. However, when deploying large-scale arrays
in 5G and more advanced communication systems, implementing full-digital architectures becomes
extremely challenging due to increased costs and power consumption. To alleviate this, large-scale
MIMO communications adopt a hybrid analog-digital architecture. This hybrid architecture com-
bines low dimensional digital processing and high-dimensional analog precoding, typically achieved
through phase shifter interconnections, resulting in fewer RF links than antenna components.
Another emerging technology for effectively implementing large-scale arrays is dynamic meta-sur-
face antennas, which can programmatically control the transmit/receive beam patterns, provide
advanced analog signal processing capabilities, and naturally achieve frequency chain reduction
without the use of dedicated analog circuits. This also densifies antenna components, thereby im-
proving focusing performance. Reference[23] explores multi-user communications in near-field uti-
lizing various antenna architectures, including all digital arrays, hybrid architectures based on phase

shifters, and dynamic meta-surface antennas, as well as the impact on downlink multi-user systems
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Fig. 2.3 Multi user near-field communication with beams pointing to each user (a)
towards each user in three-dimensional space; (b) beam steering in far-field, leads to interference
between users at the same angle; (c) beam focusing in near-field, with minimal interference[23]

In addition, new types of wavefronts become available beyond spherical waves when operat-
ing in the near field[24]. By wavefront, we refer to the imaginary surface representing all points in a

wave that are in the same phase at a given time. Among others, the use of Bessel beams has been
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recentlyproposed[25][26]. Bessel beams are no-diverging beams that focus the signal along a line. To
generate an ideal Bessel beam, one would need an infinite aperture (i.e., an infinite lens or antenna
array or reflect-array). When using a finite aperture, the Bessel beam only exist until a maximum
distance delimited in the near-field. Focusing the power along a line, instead than on a point, can
drastically reduce the amount of channel state information (CSI) to ensure the reliable transmission
of information. Moreover, Bessel beams are self-healing, i.e., even when they are partially blocked,
the signal is regenerated to the original level after the obstacle [27][28]. This can be leveraged to
overcome blockage, which is one of the main problems for high-frequency systems. Another type of

non-conventional wavefronts that can be generated in the near field are Airy beams [29]. These are

circumvent obstacles (See Fig. 2.4).
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Fig. 2.4 Non-diffracting beams to circumvent obstacles a) Illustration of a
Bessel beam, focusing a long a line in the near field; b) Phase distribution of a Bessel beam; c) Bessel
beam regeneration after an obstacle; d) Phase distribution of an Airy beam; e) A curving Airy beam.
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Traditionally, Bessel beams and Airy beams have been generated at optical frequencies and
utilizing different types of lenses. For example, axicons are utilized to generate Bessel beams.
Nevertheless, these wavefronts can be generated utilizing arrays, reflect-arrays and meta-surfac-
es[30] with a large number of elements[31][32] at least phase control per element. Operating with
new types of wavefronts drastically changes many well-known concepts [33], including the study
of interference across different type of beams, CSI estimation, joint ultrabroadband waveform and

wavefront design [31], and even physical layer security[34].
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2.1.2 Mid Frequency Band Transmission

In September 2020, 3GPP completed the approval of the 6 GHz licensed frequency band, initi-
ated the standardization of mid frequency band RF. Then, 3GPP successfully completed the stand-
ardization of the 6425-7125 MHz licensed frequency band in September 2022. Subsequently in
December 2023, 3GPP further listed channel modeling in the 7-24 GHz mid frequency band as one
of the earliest standard topics in the second standard version of 5G-Advance, continuing promoting
the standardization process of the mid frequency band. At the same time, in May 2023, the Ministry
of Industry and Information Technology of China issued a new version of the "Regulations on the
Classification of Radio Frequency in the People's Republic of China', which clearly divides the 6 GHz
mid frequency band for 5G/6G mobile communication systems. The 6 GHz frequency band has a
continuous large bandwidth of 1200 MHz, which has lower propagation path loss and stronger cov-
erage ability compared to the high-frequency band. It has both coverage and capacity advantages
and can be used for wide area high-capacity coverage in 6G communication. Therefore, the mid
frequency spectrum resources will become one of the important alternative frequency bands for 6G
communication.

Compared to the sub-6 GHz frequency band of 5G communication, the increase in communi-
cation frequency leads to weaker coverage due to large propagation losses in materials and smaller
antennas in mid frequency centimeter wave communication. In order to compensate for the high
path loss during the propagation of intermediate frequency signals, the antenna size of interme-
diate frequency BSs needs to be further increased. With the increase of communication frequency
band and BS antenna array aperture, the near-field range of intermediate frequency communication
will also be significantly expanded. Taking the 7 GHz communication system and BS with 1.6-me-
ter antenna array as an example, its near-field range exceeds 100 meters. In the formal project of
the 3GPP intermediate frequency channel modeling standard, near-field characteristics and spatial
non-stationary characteristics are considered as new characteristics of mid frequency channels, be-
coming important considerations for improving the 3GPP channel model [17]. Therefore, near-field

spherical wave communication will become an important scenario for mid frequency transmission.

Due to the shorter wavelength of mid frequency centimeter waves and the further increase
in antenna size, mid frequency system is more likely to form high-resolution narrow spatial beams,
therefore achieving higher spatial degrees of freedom. Typical application scenarios for this band in-
clude single user multi-stream or higher-order multi-user multiplexing scenarios. The modeling and
measurement of near-field spherical wave channels in the mid frequency range will provide a chan-
nel model foundation for mid frequency communication. The near-field spherical wave propagation
model is expected to provide additional single user transmission spatial freedom. The focusing

characteristics of near-field spherical waves can also be used for high-order multi-user multiplexing
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Fig. 2.5 An illustration for near field communication feature For users located in
the near field region, spherical wavefronts are utilized for communication compared to plane
wavefronts in the far field region.[35]

2.1.3 Low Frequency Band Transmission

The low frequency band (FR1, Sub-6GHz) defines the baseline coverage range of cellular
networks. While expanding to higher frequency bands, 6G will also fully utilize the advantages of
FR1 frequency band for wide coverage and deep penetration to improve spectrum efficiency and
break through bandwidth bottlenecks. Large scale MIMO can be used in the low frequency range to
improve the spectral and energy efficiency of 6G systems while ensuring wide coverage.

If traditional large-scale MIMO is deployed in the low frequency range, it will face limitations
on antenna size due to tower or BS deployment. Modular or distributed large-scale MIMO, as well
as meta-surface antennas, are expected to overcome size limitations and reduce the requirement
of half wavelength distance between antenna units through compact antenna arrays. On the other
hand, traditional cell-based deployment strategies pose challenges such as feasibility, processing,
and architectural complexity. Therefore, large-scale MIMO in the low frequency range may adopt
multi panel, multi transceiver nodes, non-cellular, and irregular large-scale distributed network
deployment. In this scenario, further research is needed on distributed deployment strategies, the
potential demand for new channel models from non-uniform antenna panels, large antenna arrays,
and near-field effects when users may approach access points. Also, research that focuses on ex-
ploring efficient reference signal designs, channel acquisition frameworks for far-field and near-field
channels, further evaluating the potential of artificial intelligence in channel acquisition would be

valuable.

2.2 Ultra Large Aperture Enabled Near-field

2.2.1 RIS Enabled Near-field

RIS is considered as one of the key potential technologies in 6G, consisting of a large number

of low-cost reconfigurable units [36]. Deploying RIS in wireless networks can effectively adjust the
wireless channel between transmitters and receivers, thereby improving communication quality
and coverage range, as already demonstrated by field trials [37]. One of the typical applications of
RIS technology is to obtain sufficient beamforming gain through hundreds or even thousands of
components for coverage blinding in millimeter wave and terahertz communications. The larger RIS
array and higher operating frequency further expand the near-field area of RIS assisted communi-
cation links [38]. RIS is typically used to establish a direct connection channel between transmitters/
receivers. In the far-field region, the rank of the channel is usually small, which restricts the spatial

multiplexing gain of the channel. On the other hand, due to the nonlinear changes in signal ampli-
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tude and phase caused by spherical waves, near-field channels have better rank conditions, which
can effectivelyimprove the multiplexing gain and spatial freedom of the system [39]. When users
are located in the radiation near-field region, even if multiple users are at the same radiation angle,
different near-field codebooks can be configured on the intelligent meta-surface to reduce co-chan-
nel interference through beam focusing, supporting multiple coexisting orthogonal links to achieve
space division multiple access [40], as shown in Fig. 2.6. Similarly, the degrees of freedom provided
by the spherical wavefront and the near-field radiation wave carrying both angle and distance in-
formation further enhances the accuracy of wireless positioning services and perception, as shown
in Fig. 2.7 . On the other hand, this also means that the spatial non-stationarity of the channel is

intensified, which will bring challenges to channel estimation, codebook design, beam training
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Fig. 2.7 Near field positioning model[41]
2.2.2 ELAA Enabled Near-field

ELAA is essential to the candidate technologies for 6G such as Extremely Large-Scale MIMO
(XL-MIMO). Compared to 5G massive MIMO, ELAA for 6G not only means a sharp increase in the
number of antennas but also results in a fundamental change of the electromagnetic (EM) char-

acteristics. With the significant increase of the antenna number and carrier frequency in future 6G
systems, the near-field region of ELAA will expand by orders of magnitude. The two commonly used
ELAA architectures are co-located and distributed ELAAs, as shown in Fig. 2.8 (a) and (b). The anten-
na elements of co-located ELAA are typically separated by half wavelength, and its physical dimen-
sion is limited by the continuous platform [42]. By contrast, distributed ELAA is an architecture that

antennas are widely distributed over a vast geographical region with multiple separated sites,which
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are interconnected by the backhaul/fronthaul links, so as to perform joint signal processing. How-
ever, distributed ELAA, e.g., cell-free ELAA, usually requires the sophisticated site coordination and
high backhaul/fronthaul capacity.

In order to complement for existing ELAA architectures, the works [43][44] propose a novel
modular ELAA architecture. As illustrated in Fig. 2.8(c), the antenna elements of modular ELAA
are regularly mounted on a shared platform in a modular manner. Each module is comprised of a
moderate/flexible number of array antennas with the inter-element distance typically in the order
of the signal wavelength, while different modules are separated by the relatively large inter-mod-
ule distance, so as to enable conformal capability with the deployment structure in practice. For
example, the modular ELAA with interlaced modules can be embedded into the discontinuous
wall spaced by windows, like facade circumstances of shopping malls, factories or office buildings.
Compared to co-located ELAA with the same number of antenna elements, modular ELAA not only
has the characteristic of flexible deployment, but also a higher spatial resolution due to the larger
physical dimension. However, since the inter-module distance is much larger than half wavelength,
modular ELAA will lead to the undesired grating lobes. On the other hand, different from the dis-
tributed ELAA architecture, modular ELAA typically performs joint signal processing, without having
to exchange or coordinate sophisticated inter-site information, which may ease the requirement of
synchronization and reduce hardware cost associated with the backhaul/fronthaul links for distrib-
uted ELAA.

Uniform sparse ELAA is array architecture where the inter-element spacing is larger than
half-wavelength, as illustrated in Fig. 2.8 (d), which is a special case of modular ELAA. In general,
uniform sparse ELAA results in a narrower main lobe due to the higher spatial resolution, which
can provide a significant interference suppression gain in scenarios with densely located users [45].
Similar to modular ELAA, uniform sparse ELAA gives rise to the undesired grating lobes, due to the
inter-element spacing much larger than half wavelength.

It is worth mentioning that the above four array architectures are suitable for different ap-
plication scenarios. For example, co-located, modular and uniform sparse ELAAs can all be used
to support cellular hotspot communications, while modular and uniform sparse ELAAs achieve a
higher transmission rate in scenarios with densely located users. Besides, distributed ELAA is able
to provide a better communication service for geographically widely distributed users. Thus, the

above four architectures complement each other, and the choice of appropriate ELAA architecture

(a) co-located ELAA (b) Distributed ELAA
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(c) Modular ELAA (d) Uniform sparse ELAA
Fig. 2.8 Different architectures of ELAA [42]

2.2.3 Cell-Free Enabled Near-field

Unlike the classic cellular communication architecture, the Cell-Free communication architec-
ture achieves a user centered communication paradigm by deploying a large number of access
nodes in a distributed manner, effectively overcoming inter cell interference, avoiding communi-
cation interruptions, and further improving the performance of next-generation 6G mobile com-
munication. Based on the Cell-Free communication architecture, the equivalent array aperture is
significantly expanded due to the distributed deployment of multiple arrays, and the near-field
spherical wave effect is more significant. Meanwhile, due to the denser distribution of access nodes
and shorter communication distances, users will have a higher probability of being in the near-field
range. In addition, due to the collaborative nature of non-cellular communication architectures,
users may be served simultaneously by multiple access nodes with different antenna sizes and
distances, which may be located in the far-field or near-field range of different nodes, facing more
complex mixed far-field and near-field communication scenarios. Therefore, cellular free near-field
communication will be one of the important application scenarios for future 6G.

The modeling of near-field spherical wave channels can provide a model foundation for cellu-
lar free communication systems. Due to its significant near-field spherical wave effect, considering
the near-field spherical wave property can further improve the optimization accuracy of access
nodes in cellular free architectures. At the same time, beamforming methods that are compatible
with near-field spherical waves and far-field plane waves, efficient far-field cellular free communica-
tion channel estimation, and beam training schemes can better adapt to near-field communication

scenarios, further improving the performance of cellular free communication systems.

2.2.4 MA Enabled Near-Field Communication and Sensing

Movable antenna (MA) technology has recently been introduced in wireless communication
systems to control the movement of antennas at the Tx/Rx for improving wireless channel condi-
tions and communication performance [6]. There are various practical methods that can be used

to enable antenna movement, such as mechanical motors, microelectromechanical system (MEMS),
liquid/fluid antennas, deployable structures, etc [46]. Due to their flexible movement capability, MAs
can fully exploit the wireless channel spatial variation. For example, they can significantly enhance
the spatial diversity performance, in terms of receiver signal power improvement and interference
mitigation, as compared to conventional fixed antennas [47][49]. Besides, for multi-MA aided MIMO
and/or multiuser communication systems, the channel matrices can be reshaped by antenna posi-

tion optimization to increase the spatial multiplexing gain and thus the wireless channel capacity
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[50][51].In addition, the exploiting of 3D position and 3D rotation can achieve the highest degrees
of freedom (DoFs) in antenna movement for enhancing wireless communication performance,
which renders the design of six-dimensional movable antenna (6DMA) systems [52][54]. Moreover,
by integrating multiple MAs into an array, more flexible beamforming can be realized by jointly
designing the array geometry and beamforming vector [55][56]. Since the effective array aperture
scales with the size of the antenna moving region, enlarging the antenna moving region expands

the near-field region of the Tx/Rx for communication as well as sensing [57][59], as shown in Fig. 2.9.
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Fig. 2.9 MA for near-field communications and sensing

Different from the ELAA which requires an extremely large number of antenna elements and
RF frontends, the number of MAs is moderate and can be kept constant even with the increasing
moving region size. Thus, MAs can help reduce the hardware cost and RF power consumption as
compared to ELAA. The performance advantages of MA systems, such as higher spatial diversity, en-
hanced multiplexing gain, and more flexible beamforming, become more appealing in 6G near-field
communications because the spherical wave-based model renders more substantial channel varia-
tion in the spatial domain [57][59]. Furthermore, distributed MAs can be seamlessly integrated into
cell-free communication systems, providing additional DoFs in antenna position and/or rotation for
improving the performance of 6G networks. In wireless sensing and ISAC applications for 6G, the
MA systems can effectively enlarge the antenna aperture such that the angular/ranging accuracy is
increased manifoldly. For sufficiently large antenna moving regions, the MA-aided systems can real-
ize super-resolution for near-field sensing. In summary, MAs opened up a new direction for research
and engineering practice in 6G near-field communication and/or sensing. More collective efforts in
theoretical research, technical exploration, system design, experimental verification, and standardi-

zation activities are required to unleash the full potential of MAs in future 6G networks.

2.3 Integrated Sensing and Communication

In addition to high-capacity communication, the next generation of wireless networks also has
the potential to achieve high-precision perception. Therefore, the ISAC technology has also attract-
ed widespread research interest in academia and industry [60]. Compared with traditional wireless

positioning and channel estimation, wireless perception relies on the echo signal reflected by pas-
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sivetargets, rather than the pilot signal sent by active devices. Currently, many existing modulation
waveforms have been proven to be applicable to wireless sensing, such as orthogonal frequency
division multiplexing (OFDM) and orthogonal time frequency space (OTFS), indicating that sens-
ing functions can be seamlessly integrated into existing wireless communication networks [61]
[62]. Besides, novel dual-functional waveform design strategies have been developed to balance
the communication and sensing performances under different application scenarios, e.g., ISAC at
mmWave/THz frequencies or communication/sensing-centric ISAC services.
In far-field sensing, increasing the size of the antenna array often only improves the resolu-
tion of angle estimation, while the resolution of distance and velocity mainly depends on signal
bandwidth and perception duration. However, in the near-field region, the propagation of spher-
ical waves allows large-scale antenna arrays able to estimate the distance and movement speed
between objects. On the one hand, even within a limited bandwidth, near-field channels can still
effectively contain distance information, improving the resolution of distance estimation in narrow-
band systems. On the other hand, the estimation of target velocity depends on the estimation of
Doppler frequency. Compared with far-field sensing, near-field sensing may have significantly differ-
ent Doppler frequencies when observing two antennas in a large-scale antenna array from different
directions, which can enhance the estimation of object movement speed [40][63], as shown in Fig.
2.10 Based on the above discussion, near-field effects have the potential to promote high-precision
perception in situations where time-frequency resources are limited. Therefore, near-field synesthe-
sia integration is a highly promising technology. A recent survey on the opportunities and challeng-
es of ISAC in the near field can be found in [64].
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Fig. 2.10 Near field ISAC system[40]

2.4 Wireless Positioning

In traditional far-field communication systems, the angle and distance information of the target
relative to the receiving point is mainly obtained by estimating the arrival angle and time of the sig-
nal at the target based on the assumption of plane waves [65]. The far-field communication system
needs to deploy multiple receiving points as positioning anchors to estimate the three-dimensional
coordinates of the target based on the angle and distance information of multiple anchors. In order
to obtain more accurate angle and distance information, far-field communication systems usually

need to configure measurement signals with larger bandwidth. In addition to the use of distance
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and angle, theuse of the characteristics of the received signal as a fingerprint for localization is also

a common method of localization and has been studied in far-field communications [66]. In the

near field, based on the spherical wave model, the arrival angles of signals from antenna units in

different regions of the antenna array at the target are different. By utilizing the signal transmission

characteristics of beam convergence, near-field communication systems locate targets through the

differences in channel angles in different areas of the antenna array, thereby reducing the demand

for measurement signal bandwidth [66]. Meanwhile, the deployment of large-scale antenna arrays

is beneficial for further enhancing angular resolution and providing additional distance resolution

in the near-field region, which is conducive to achieving high-precision positioning in 6G mobile
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Fig. 2.11 High precision positioning based on near-field effects

High precision positioning services can be provided in the near-field through various forms such

as ELAA, RIS, and distributed MIMO (D-MIMO).

The positioning process of near-field communication systems is different from traditional far-

field communication systems in terms of signal system, channel model, and positioning principle.

The two belong to heterogeneous positioning networks. Therefore, heterogeneous positioning

network fusion algorithms are needed between far-field and near-field communication systems to

ensure seamless positioning services [69][70]. The fusion of heterogeneous positioning networks

relies on the implementation of positioning accuracy estimation algorithms [711[72]. For regional

positioning systems, including near-field communication systems, positioning accuracy algorithms

can evolve into availability estimation [73] to support two different modes of interoperability be-

tween heterogeneous positioning systems: "soft fusion" and "hard switching" [74].
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Fig. 2.12 RIS enabled near-field localization: (a). System Setup (b). Coordinate System

In the field of wireless communication networks, radiolocation technology, as a viable alter-
native to obtain user location data in environments where GPS signals are unavailable, not only
improves the communication speed, but also enhances the positioning accuracy with each gener-
ation of mobile communication technology. In 4G systems, the user estimates the distance to each
BS from the time-of-arrival (ToA), and the location is determined by using at least four Line-of-Sight
(LoS) BSs of the TDoA measurements to determine the 3D position. In 5G systems, both the BS and
the user device are equipped with multiple antennas that can simultaneously take into account
the delay and angle of the signal propagation, improving the positioning accuracy and making it
possible to efficiently locate the device using only one BS.

With the growth of applications such as smart factories, autonomous driving, and augmented
reality, there is an increasing demand for higher positioning accuracy in 5G and 6G networks. 5G's
wide bandwidth and large antenna arrays further enhance positioning accuracy. However, when 5G
and 6G systems operate in the high frequency mmWave and THz bands, the connections between
devices are susceptible to obstacles propagation is critical for accurate position estimation, and
existing positioning methods will generate significant estimation errors if the LoS link is obstructed.

RIS provides reliable and highly accurate location estimation capability at low cost and with
high energy efficiency[75]-[77]. When the LoS link is obstructed, the RIS can establish a virtual LoS
link and perform accurate delay measurements using broadband signals[78]. Unlike non-reconfigur-
able scatterers in conventional environments, RIS can adjust the phase offset of its reflective units,
resulting in significant beamforming gains. In addition, RIS has many elements that contribute to
the resolution during positioning, enhancing the AoA for uplink or AoD positioning resolution for
downlink[79].

For communication and positioning applications involving RIS, accurate and well-defined RIS
phase control is essential. This requires the development of appropriate RIS phase control models
that consider multiple factors such as mutual coupling[80][81], calibration[82], quantization and
power loss per element[83]. Most of the existing studies have focused on ideal phase shifters,
ignoring the effects, which are crucial for the effectiveness and reliability of RIS-based positioning
methods[84][85].

There are two main modes of RIS-based localization techniques: receiving mode [85] and
reflecting mode[86][87]. In the receiving mode, a large smart surface is used to determine the
position of the user in front of it for both near-field and far-field scenarios. In reflection mode, the
received signal strength (RSS) at different points is enhanced by adjusting the RIS reflection coeffi-

cients to improve the positioning accuracy[86]. However, these models may not be accurate enough
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when dealing with large surfaces and arrays, especially when the mobile device is in the Fresnel
region instead of the Fraunhofer region. In the Fresnel region, the wavefront curvature is significant
Under the spherical wavefront channel model, [87] investigated 3D localization using a sim-
plified RIS lens design to solve the RIS-assisted geometric near-field localization problem in the
presence of LoS blocking and presented a Fisher information analysis and a closed form expression
for the Fisher information matrix (FIM), showing the dependence of the position error bound (PEB)
on the RIS phase profile. Three RIS phase profiles (random, directional and positional configura-
tions) are used to demonstrate the role of RIS in near-field regional localization and communication.
These profiles consider the magnitude and phase response of the RIS, using a realistic phase-de-
pendent magnitude model. The random profiles provide a uniform signal-to-noise ratio (SNR) over
the deployment area, while the directional and positional profiles increase the SNR near the user's

location.

2.5 Simultaneous Wireless Information and Power Transfer

In near-field communication, a highly directional point beam can be achieved, which concen-
trates the target area of the beam near the target device, thereby concentrating the energy of the
RF signal to the energy collection node of the Internet of Thing (loT) devices. By utilizing the large
number of antennas and high-precision position information, the efficiency of wireless energy trans-
mission can be significantly improved, reducing energy waste during the transmission process. The
near-field beam focusing characteristics limit the spread of energy to undesired location, but does
not affect the efficiency on its own. In indoor scenarios or scenarios where the size of BS antennas
is limited, wireless communication systems can use intelligent meta-surfaces to construct near-field
channels and gather signal energy from home BSs to energy harvesting nodes. In addition, in the
near-field communication system, the super large antenna array can obtain higher spatial resolution
in the near-field range based on the wireless channel of spherical wave model, so that the BS can
support higher density simultaneous wireless information and power transfer (SWIPT) terminals.
SWIPT allows devices to harvest energy from RF waves and convert it to electrical energy, storing

that energy into the device's battery, maximizing the device's lifespan and representing a new solu-
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Fig. 2.13 Schematic diagram of near-field wireless energy transmission
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2.6 Physical Layer Security

Due to the natural broadcasting and mobile characteristics of wireless communication, the
communication of legitimate users in the network is easily eavesdropped and attacked by illegal us-
ers, and secure transmission has always been an important issue in wireless communication. In far-
field communication, if the eavesdropper is in the same direction as the legitimate user, especially
when the eavesdropper is closer to the BS, secure transmission will be difficult to achieve. Unlike
the directional focusing of beamforming in far-field communication, in near-field communication
assisted by ultra large arrays, the beams formed by BSs have strong positional focusing [90]. This
property allows the energy of the transmitted signal to concentrate at the location of legitimate
users rather than just in their direction, effectively reducing information leakage at the location of
eavesdropping users and improving the system's secure channel capacity. By optimizing the beam

focusing design of the BS, the potential of near-field communication in enhancing physical layer
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Fig. 2.14 Left: Far field secure communication using beam steering. Right: Near field secure
communication using beam focusing.

2.7 Multiple Access

Multiple access technologies leverage time, frequency, code, and space domains in order to
achieve the efficient utilization of transmission resources, which is the key to improving the trans-
mission rate of the next-generation wireless network. In the current 5G massive MIMO system,
spatial division multiple access (SDMA) utilizes orthogonal resources in the angular domain to
distinguish different users; non-orthogonal multiple access (NOMA) further allows multiple users to
reuse the same resource block and mitigate the inter-user interference through the power or code
domain; unsourced random access introduces a competition mechanism of access resources (such
as codewords), which saves the resource overhead intended for random access with short data
packages in the scenario of massive machine-type communications (mMTC).

Compared with the far-field transmission model applied in multiple access technologies such
as SDMA, the near-field transmission model reveals the two-dimensional beam focusing character-
istics in the angle-distance domain and yields a larger spatial degree of freedom (DoF), indicating a
great increase in available spatial resources. Therefore, integrating near-field characteristics into the
design of multi-access technologies would be more conducive to serving the access requirements

of massive users and further improving the system spectrum efficiency.
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Fig. 2.15 Schematic diagram of near-field multiple access

2.8 Massive loT Communications

Massive loT communications refer to the networking infrastructure and protocols required to
support the connectivity needs of a large number of loT devices. These devices typically generate
and transmit small amounts of data intermittently, often with low power consumption require-
ments. In such a scenario, massive control type interactions are the dominant communication
scenario. These control type communications are mostly with short packet that is even shorter than
the signaling data length, but of a massive number. The communication infrastructure must be ca-
pable of supporting a massive number of loT devices, potentially numbering in the millions or even
billions. This requires scalable network architectures, protocols, and management systems that can
efficiently handle the increased traffic and device density. On the other hand, some high concurrent
communications might happen with even faster transmission speed requirements, for instance,
while working together to deliver a real-time industrial situation awareness to the control center
in the industrial loT applications. By addressing these requirements, communication infrastructure
need:s to effectively support the connectivity needs of massive loT deployments, enabling a wide
range of applications and unlocking the full potential of loT technology.

ELAA-based Near-field technology is a potential player for massive loT communications in 6G,
especially for the massive connectivity and high-speed concurrent communication requirements.
By incorporating the ELAA, the BS can connect more loT devices within the range of the Rayleigh
distance. Moreover, the ELAA system working on the near-field range will be an ideal solution to the
high-speed concurrent communications. According to a prior study [91], arbitrary signal to noise
ratio (SNR) can be achieved simply by increasing the transceiver number, which yields faster trans-

mission speed while deployed.

2.9 On-chip Wireless Communications

On-chip Wireless Communications refers to the utilization of on-chip antennas or near-field
coupling, among other wireless interconnect methods, to facilitate data exchange and wireless
communication between different modules within or among chips. The transmission distance of
on-chip wireless communication typically falls below 1cm, offering advantages such as low loss,
high transmission rates, and high integration. The applications of on-chip communication are wide-
spread, notably in the IoT domain, enabling seamless interconnection among smart chips, devices,

and wearables, thereby significantly enhancing communication efficiency and reducing wiring com-
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plexity.However, this technology faces limitations including increased chip area costs, security and
privacy concerns, and increased power consumption. Nevertheless, as the operating frequency rises
to the mmWave/THz frequency bands, the size of on-chip antennas significantly reduces, leading
to a substantial decrease in chip area [92][93] Moreover, the proximity between transceiver chips
reduces, thereby relaxing the signal power requirements for wireless communication. Additional-
ly, the high frequency signals exhibit good directionality, enhancing the security and reliability of
information transmission. These factors substantially alleviate the design complexity of on-chip
wireless communication systems[94].
Simultaneously, compared to traditional wired communication method between chips, utiliz-
ing wireless communication can avoid the drawbacks introduced by transmission lines, such as high
latency, high crosstalk, limited bandwidth, and parasitic effects. As illustrated in Fig. 2.16, by inte-
grating on-chip antennas into the chip, the signal transmission mode shifts from traditional wired
transmission to on-chip and inter-chip wireless communication, forming a flexible architecture of

on-chip networks, thereby avoiding the limitations of wired interconnection layouts[95].
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Fig. 2.16 Utilizing on-chip and inter-chip communication with antennas
Additionally, on-chip wireless communication plays a significant role in signal transmission
between different system-level chiplets. As illustrated in Fig. 2.17, when forming a System-on-a-Chip
(SoC) through heterogeneous integration, the difficulty of high-frequency interconnection between
chiplets arises due to different structures and semiconductor materials. Traditional wire bonding
methods severely degrade signal integrity. By utilizing on-chip wireless communication, high-speed,
high-bandwidth heterogeneous integration between chiplets can be achieved, effectively enhanc-

ing the versatility of large-scale heterogeneous systems[96].

Fig. 2.17 Wireless interconnection between chips with different semiconductor materials
Furthermore, as on-chip wireless communication exploits the radiation effects of on-chip an-
tennas or near-field coupling, it is no longer constrained by the one-to-one data transmission mode
of traditional wired interconnection. In terms of data transmission, it offers higher flexibility and

adaptability, enabling one-to-many transmission to support high-density device connections and
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dataexchanges among massive devices, thus providing more feasibility for the design of single-chip

multi-core processors, as illustrated in Fig. 2.18 [97].
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Fig. 2.18 Single-chip multi-core processors utilizing on-chip wireless communication technology
In conclusion, on-chip wireless communication can be widely applied in various mobile devices
and embedded systems, such as smartphones, tablets, smartwatches, loT devices, etc., to enhance
the performance of communication devices. The application of on-chip wireless communication in
6G can reduce communication latency, provide faster data transmission capabilities, and enhance
the real-time performance and energy efficiency of communication systems. High-speed and
efficient on-chip communication provide feasible solutions for future 6G wireless communication

systems, terahertz integrated circuits, and chip-to-chip communication interconnections.
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3 Fundamental Theories of Near-field

With the technological evolution from 5G to 6G communication, in order to further improve
beamforming performance and communication rates, larger antenna array apertures and higher
communication frequencies are being employed. However, larger arrays also bring many traditional-
ly far-field communication scenarios into the electromagnetically-defined near-field communication
range. In near-field communication, the electromagnetic waves used for information transmission
can only be regarded as spherical waves instead of plane waves. This emerging physical characteris-
tic is inevitable and gives rise to many new electromagnetic effects, such as spatial non-stationarity,
polarization, and evanescent waves. As a result, many traditional communication algorithms that
were explicitly designed for far-field operation suffer from severe performance degradation or fail to
leverage the new features for optimal performance in 6G near-field scenarios[1][2]. In this chapter,
starting from the definition of near-field provided by electromagnetic theory, we analyze the near-
field electromagnetic effects, explaining their sources and impacts on existing systems. Further-
more, based on the existing literature on near-field communication, we summarize the changes
in communication system design and performance caused by the emergence of near-field effects,
focusing primarily on communication DoFs and communication capacity.

The foundational theory of near-field comprises four main parts: electromagnetic near-field
definition, near-field electromagnetic properties and physical effects, theoretical analysis of near-

field communication DoFs and near-field performance analysis.

3.1 Near-field Range Partitioning

In this section, we first introduce the differences between far-field and near-field communi-
cations. Then, we establish principles for determining the boundaries of far-field and near-field
regions in several typical application scenarios.

As shown in Fig. 3.1, based on electromagnetic theory and antenna theory, the fields around
a transmitter can be divided into the near-field and far-field regions, with the near-field further
classified into the reactive near-field region and the radiative near-field region [98]. The reactive
near-field region is limited to the space close to the antenna (within the Fresnel distance), where
evanescent waves dominate, and the electromagnetic field does not propagate from the antenna in
the form of radiative waves. The radiative near-field region extends several wavelengths away from
the antenna (between the Fresnel distance and the Rayleigh distance). The Rayleigh distance is also
known as Fraunhofer distance. In this region, the amplitude differences between electromagnetic
waves on different antennas within the array are not significant, but the phase changes exponen-
tially with the index of the antennas. The signal propagation model in this region must be modeled
using a spherical wave model. The far-field region surrounds the radiative near-field region, and
in the far-field, electromagnetic waves can be approximated as plane waves. Since the reactive
near-field region is usually small and evanescent waves decay exponentially with distance, practical
near-field communication systems primarily focus on wireless communication within the radiative

near-field region, where "near-field" generally refers to the radiative near-field region.
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3.1.1 Characterizing Near-Field and Far-Field Boundaries: Perspectives and Empiri-
cal Rules

In existing research, there are multiple perspectives and empirical rules to characterize the
boundaries between the near-field and far-field regions, mainly including phase difference, power

difference, channel capacity, and localization error.

(1) Phase difference perspective

From the perspective of phase difference, the classic boundary between near-field and far-field
is referred to as the Fraunhofer distance or Rayleigh distance [99] (considering a maximym phase
difference between spherical wave and plane wave model not exceeding ), expressed as'_,where .
represents the maximum aperture of the antenna, and ¢ represents the wavelength of the carrier.
If the distance between the user and the BS is greater than the Rayleigh distance, the user can be
considered to be in the far-field region. In this region, the signal propagation can be approximated

as plane waves. On the other hand, if the distance between the user and the BS is smaller than the
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Fig. 3.1 Far-field plane wavefront and near-field spherical wavefront and corresponding physical
space normalized received energy

Plane waves differ from spherical waves in their ability to adjust to radiant energy from space.
More precisely, plane waves are far-field approximations of spherical waves. In the far-field region,
the phase of an electromagnetic wave can be approximated by a Taylor expansion in terms of a lin-
ear function of the antenna exponent. This clean linear phase forms a plane wavefront that is only
related to the angle of incidence. Thus, using the plane wavefront, far-field beamforming can steer
the beam energy to specific angles at different distances, which is also known as beam steering.
Unfortunately, this clean linear phase does not completely reveal information about the spherical
wave. In the near-field region, the phase of a spherical wave should be derived accurately based on
the physical geometry, which is a nonlinear function of the antenna index. The information on the
angle of incidence and the distance for each path between the BS and the user equipment (UE) is
contained in this nonlinear phase. By utilizing the additional distance information of the spherical

wavefront, near-field beamforming can focus the beam energy at a specific location and achieve
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energy focusingin both the angle and distance domains. Based on this property, near-field beam-
forming is also known as beam focusing.

The primary concept behind the derivation of the Rayleigh distance is as follows [98]. The true
phase of an electromagnetic wave must be calculated based on an accurate spherical wavefront
model and the BS antenna position. In the far-field case, this phase is usually approximated by a
first-order Taylor expansion based on a planar wavefront model. This approximation results in a
phase difference which increases with decreasing distance. The distance between the center of
the BS array and the center of the UE array is defined as the Rayleigh distance when the maximum
phase difference between all BS and UE antennas reaches ¢ e . Therefore, if the communication
distance is shorter than the Rayleigh distance, the maximum phase difference will be greater than
¢ ¢ In this case, the far-field approximation becomes inaccurate, so it is necessary to utilize the
near-field propagation model.

Based on this definition, the near-field ranges of single-input-multiple-output (SIMO), mul-
tiple-input-single-output (MISO), and multiple-input-multiple-output (MIMO) communication
systems can be obtained. As shown in Fig. 3.2, the near-field range for SIMO/MISO scenarios is accu-
rately determined by the classical Rayleigh distance, which is proportional to the square of the ap-
erture of the BS array. For the MIMO scenario, both the BS array aperture and the UE array aperture
contribute to the Rayleigh distance since ELAA is employed on both sides of the BS-UE link; i.e., the
near-field range is proportional to the square of the sum of the BS array aperture and the UE array
aperture. For RIS systems, the cascaded BS-RIS-UE channel consists of BS-RIS and RIS-UE links. There-
fore, the ¢ ¢ mayximum phase difference needs to be calculated by summing the BS-RIS distances
and the RIS-UE distances when calculating the phase difference, and the near-field range of the
RIS system is determined by the harmonic mean of the BS-RIS distances and the RIS-UE distances,
as shown in Fig. 2. It can be further seen from Fig. 3.2 that RIS-assisted communication operates in
the near-field region as long as either of these two distances is shorter than the Rayleigh distance.

Therefore, near-field propagation is more likely to occur in RIS systems [35].
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Fig. 3.2 Near-field range for typical communication scenarios

(2) Power difference perspective
When using the optimal Maximum Ratio Combining (MRC), signals from different antenna
elements can be completely aligned in phase, thus eliminating the impact of phase differences
on received power. However, the MRC combining weights derived from classical far-field planar
wavefront cannot perfectly compensate for the phase differences of near-field spherical wavefront,
leading to severe power losses. Based on this observation, reference [100] quantatively analyzes the
relationship between the focal point of incident spherical wavefront and the induced power loss.

Then, an effective Rayleigh distance is proposed to capture the physical region where the power
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loss isgreater than a threshold. This new metric allows a much more accurate characterization of the

boundary of near-field region than the traditonal Rayleigh distance.

After eliminating the effect of signal phase on received power through MRC, the received
power is only determined by the amplitude response differences of the antenna elements at the re-
ceiver. Considering the amplitude response differences of different antenna elements on the same
transmitter antenna array, the Critical Distance and Uniform Energy Distance is proposed [101]
[102], which characterize the near-field range from the perspective of power differences between
different antenna elements. That is, the power ratio between the weakest and strongest antenna
elements detected at the receiver exceeds a specified threshold beyond this distance. The Critical
Distance is determined by the antenna aperture, primarily characterizing the boundary of the field
near the antenna aperture axis. The Uniform Energy Distance further considers factors such as array
structure and the projected aperture of the antenna array, providing a more accurate description of
the near-field boundary in off-axis regions.

Looking at the differences in received power between the plane wave channel model and
the spherical wave channel model from another perspective, reference [103] has derived the
equal-power lines and equal-power surface for the near-field region based on the uniform linear
array (ULA) and the uniform circular planar array (UCPA) structures respectively, characterizing the
near-field range.

(3) Capacity perspective:

From the perspective of capacity, the near-field range can be described by combining the
channel capacity [104], eigenvalues [105], rank [103], multi-stream transmission characteristics
[106], or effective DoFs [107], to evaluate the applicable area of far-field plane waves and near-field
spherical waves. Reference [103] proposes the boundary of the near-field region through equip-rank
surface. It shows that the near-field range increases with the number of scatterers in both LoS and
non-line-of-sight (NLoS) environments, with is more apparent in the NLoS environment. Consider-

ing spatial reuse, reference [106] introduces the effective reuse distance metric ¢ ___, representing

the maximum distance at which the channel can efficiently accommodate ¢ independent spatial
streams at a specific signal-to-noise ratio (SNR). The near-field boundary from the perspective of
multi-stream transmission is discussed by combining the channel's effective DoFs [107], which
demonstrates that the near-field range is not only related to the antenna array aperture but also
influenced by the number of antenna elements.

(4) Localization error perspective

The Fraunhofer distance serves merely as a rough estimate to delineate between the far-field
and near-field regions. However, for localization applications, it is not an appropriate boundary
between near and far fields, as it does not consider several essential parameters for localization,
such as AoA, beam squint, or transmit power. In fact, it has been shown in [108] that this distance is
insufficient to suggest when the mismatched far-field model can be used in practice, instead of the
more accurate near-field, without significant performance degradation due to the model mismatch.
Therefore, a metric based on the mismatched Cramer-Rao lower bound is proposed, such that the
boundary between the far-field and the near-field is the -3 dB contour of the model mismatch posi-

tioning error between the two regimes.

(5) Mathematical model perspective
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Existing literatures on near-field communications usually assume that the antenna elements
are either isotropic or simply characterized by the projected aperture. In practice, individual anten-
naelement is also directional in general, i.e., the signal power of each antenna element depends
on its locally observed angle of arrival/departure (AoA/AoD), which may render commonly used
methods unjustified. Therefore, reference [109] introduces the normalized difference between the
near-field NUSW model and far-field UPW model considering the directivity of each array element,
which accounts for both the phase and amplitude simultaneously. Based on such metric, closed-

(6) Polarization perspective

To fully exploit polarization dimensions, dual-polarized XL-MIMO, which deploys dual-po-
larized antennas at both the BS and the UEs, serves as a promising solution. Unlike conven-
tional single-polarized systems, a new parameter named cross-polarization discrimination is
a unique parameter for dual-polarized XL-MIMO channels. It is defined as the ratio between
co-polarized power and cross-polarized power, which quantifies how much power remains in
the same polarization as the transmit signal when propagating through wireless channels. For
dual-polarized XL-MIMO systems, the XPD varies across BS antennas due to enlarged radiation
aperture of the antenna array, which, however, has not been considered in current boundary
definitions. Neglecting these variations could lead to inaccurate channel characterizations, thus
negatively impacting transmit covariance optimization performance.

Addressing this gap, we proposes a novel distance criterion termed the non-uniform XPD
distance, specifically tailored to dual-polarized XL-MIMO, which can be utilized to optimize the
transmit covariance and improve the ergodic capacity of the considered system. Specifically, as
shown in Fig. 3.3, there are two main factors that can result in the discrepancies in XPDs across
BS antenna elements: propagation distances and angles of departure. Due to the enlarged
aperture size of the BS antenna array, the discrepancies in distances from different BS antenna
elements to the UE cannot be neglected. Further, the AoDs of various BS antennas relative to
clusters in wireless propagation environments also differ, leading to the variation of XPD with

different BS antenna elements [110].
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Fig. 3.3 lllustration of the main factors leading to variant XPD over BS antennas
By considering such XPD variances over different BS antennas, we propose Non-uniform
XPD distances to complement existing near-far field boundary. The Non-uniform XPD distance
is defined as a threshold for the BS-UE distance, within which the discrepancy in XPD across

different BS antennas cannot be neglected [111], as shown in Fig. 3.4.
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Fig. 3.4 Comparison of non-uniform XPD distances with direction-dependent Rayleigh distances.

Further, non-uniform power distances are also considered, characterizing the maximum BS-user distance
within which the difference in pathloss (and thus received power) across antenna elements cannot be neglect-

ed.

3.1.2 A Method for Near-Field Classification

2 B | &
WP (3.1)

where A is the wavelength of the signal, ¢ and e are the position coordinates of the user and the
* -th antenna, respectively. According to Fig. 3.1, whether the user is in the far field or near field 2X
depends on the value of pX q| [99]. According to Fig. 3.1 and the causes of the near ﬁeld,ﬁ knMve can
divide the near field into the following three cases:

X Near-field of short distance communication: The reason for the near-field phenomenon is
that eee e is relatively small. In this case, the distance between the user and the array is relative-
ly short, resulting in a large curvature of the wavefront, so the curvature cannot be ignored as 0.
Therefore, spherical wave and near-field model are needed. This case often occurs in the indoor
communication scene, where the scattering environment is rich and the multipath effect is obvi-
ous. However, due to the slow movement of indoor users, the Doppler effect is not obvious. The
main difficulty of beamforming design and user location estimation in this case is the processing of
multi-paths.

X Near-field of large size array: The reason for the near-field phenomenon is that eee o o e s
large, where « is the coordinate of the reference antenna. In this case, even if the curvature of the
incoming wave is small, since the radian of the wave front is large, the plane wave far-field model
cannot be used for modeling. In this case, the main difficulty of beamforming design is the estima-
tion of the curvature of the incoming wave.

X Near-field of high frequency: The reason for the near-field phenomenon is that ¢ is small. In

this case, electromagnetic waves have high spatial resolution, so even if the radian and curvature of
the wavefront are relatively small, the plane wave model cannot be used. Due to the sparse nature
of high-frequency channels, the location algorithms usually need to be done where there are few

anchorpoints. In addition, due to the high spatial resolution of high-frequency beams, higher accu-
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racy is required for channel parameters estimation and user location estimation process.

It should be pointed out that since e e, eee o o e and e are three independent variables,

these three cases are not mutually exclusive. Therefore, we need to study the changes that these

three cases will bring to beamforming design and etc. Table 3.1 analyzes the main differences

among these three scenarios.

Table 3.1 Classification of near-field

Short distance

Large size array

High frequency

Difference from
far-field

Short distance

Large size

High frequency

Reasons for using
spherical wave

model

Large curvature

Large radian

High spatial resolution

The main reason
for high channel

rank

Rich scattering environ-

ment

Non stationary of spatial

channels

Nonlinear signal space

Signal amplitude

Cannot be considered

Cannot be considered equal

Generally can be con-

fading equal sidered equal
Multi-path effects Significant Significant Not significant
Doppler effect Generally not obvious Uncertain Obvious

Main difficulties

in algorithm

How to deal with and
utilize rich scattering en-

vironments

How to deal with the
non-stationary spatial char-

acteristics of channels

How to implement
high-precision algo-

rithms

design
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the main motivation for near-field research at present is to serve high-frequency communication. In
high-frequency scenarios, due to the increase in Rayleigh distance, a large number of users are in
the near-field area, making near-field communication a research focus. So in the process of studying
near-field, we should pay more attention to the characteristics of high-frequency near-field chan-

nels, rather than treating the three types of near-field as one to study.

3.2 Near-field Electromagnetic Physical Effects

In the near-field region, the electromagnetic physical effects of wireless signals will become
non-negligible. Specifically, electromagnetic physical effects include tri-polarization effects, energy
mapping effects, etc. Next, we will start with Maxwell's equations to establish electromagnetic near-

field channels and reveal these electromagnetic near-field effects.
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3.2.1 Near-field Electromagnetic Signal Model

Folarzation direction
voolar E

i
Fig. 3.5 Near-field electromagnetic radiation system diagram

As shown in Fig. 3.5, in the Cartesian coordinate system OXYZ, we consider that the transmitter

N@ X|3is located at point p,X X Xor Yr th inside the source region R and equipped with a current

dpolarization direction vector ' Kt x" Kt y Kt,z" (x" Ky Kz" are three basis vectors). The coordinates

of ensity J(p,) . The transmitter is a common low-cost single-polarized antenna with a normalized
each point on the receiving array are pXy, olXe. r|X| Xer

Further, we consider the scalar electric field defined from the power point of view. Specifically,
we exploit the scalar electric field that is a component of the Poynting vector perpendicular to the
exp X jk,r X , whereobservation region: E.(NKE.(r)

Energy mapping effects
alo j

tionl

eﬁ@@m X X .
| ISE(r)|: E r X() met Xz X

r t

(3.2)

E. _t tx Xt X X o X X Mo
Ko Rr X > ) DX oo
EnergyFree space General polarization loss

ion mappingattenuat

factor

where®{(zx,), (zy, )} M XX Ry, K Kz, rartX XXX, ey y YK

&LmEinm is the initial electric intensity measured in volts. 2
In particular, when the transmitter is polarized toward the positive Y axis, i.e., t K y".(3.2) can

be simplified to
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When the signal is incident perpendicularly to the receiving surface, i.e, X ¥y X 0 and tt

Z r
t=1.(3.3) can be simplified to

r,tX2|Xt| 22
‘ES’Y’V ()r‘ Xr2r2
(3.4)
X2 z2
Whenty r, ey —* , there is no polarization loss, and (3.4) is simplified to
r2
Xr 2
Eqy (0]
(3.5)

(3.5) is the classic Friis formula.

Next, we give the classic far-field signal formula:

Ein &%(X X yykm&zﬁ

Ed) X ——— \/_ r (3.6)

where r = X E%I_-y 2472, and the phase term uses a second-order Taylor expansion. Further, (3.6)pot
ttcan be simplified to

|X|exp §po 04 3.7)

E, (NK %
From the near-field signal models (3.2) -(3.5) and far-field signal models (3.6) and (3.7), we can

see:

« K For a near-field signal model, the amplitude term will include the polarization loss of the an-

tenna, the energy mapping coefficient, and the point-to-point free space loss factor, and the phase

term will be determined by the exact point-to-point distance.

« K The far-field signal model is an approximation of the near-field signal model. For the far-field

signal model, the amplitude term only has a fixed free space loss factor, and the distance of the

phase term is also a fixed distance from the transmitter to the receiver reference point.

3.2.2 Near-field Electromagnetic Effects

Tri-polarization effect arises naturally for near field communication since the solution to the
Maxwell’s equation for a dipole antenna has a rapid-decaying radial component. Considering the
tri-polarization effect, in [114] the authors considered both the near-field spherical wave channel

and the multi-polarization effect using a vector Green's function, and based on this the multi-po-
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larizednear-field spherical wave channel as well as the proposed polarization and channel oriented

dual precoding are considered, and the considered systematic diagram is shown as follows.
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Fig. 3.6 Near-field multi-polarized spherical waves model
Simulation results demonstrate that the multi-polarization effect in near-field communication

can significantly increase the system capacity in a specific range.
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Fig. 3.7 Near-field tri-polarized channel capacity
The near-field evanescent wave effect mainly affects the communication DoFs and capacity
of the reactive near-field, which we will describe in the next subsection. For the near-field beam
splitting effect, in a near-field RIS, a phase shifter-based beamformer can produce a focused beam
aligned to a specific location, thus providing beam focusing gain. Such beamformers work well in
narrowband systems. However, for broadband systems, due to the use of an almost frequency-in-
dependent phase shifter, spherical beams of different frequencies are focused at different physical
locations, which is known as the near-field beam splitting effect. This effect can lead to severe array
gain loss because beams of different frequencies cannot be aligned with the target user at a specif-
ic location, which needs to be carefully considered in the design of broadband systems.
Although the beam splitting effect makes it more difficult to align the energy of a broadband
system to the user, resulting in a degradation of the beam focusing performance, it has a corre-
sponding benefit: since the same guiding frequency corresponds to the generation of spatially mul-
tiple beams, it is possible to control the angular range of the beam coverage at different frequen-
cies by designing the system parameters. With this benefit, very fast CSI acquisition can be realized
in the far-field for fast beam training or beam tracking. The research on this problem in traditional

far-field communication is mainly divided into two types of work: the first type of technique hopes
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to mitigate the array gain losscaused by far-field beam splitting, and introduces time-delay circuits
in the beamforming structure to mitigate the far-field beam-splitting effect; the second type of
technique realizes the fast acquisition of far-field CSI in a large-scale multiple-input-multiple-output
system by controlling the time-delay parameter and the multiple beams.
The effect of near-field beam splitting effect is shown in Fig. 3.8, where it can be seen that

there are multiple energy focusing points spatially during near-field broadband communication.
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Fig. 3.8 Near-field beam splitting effect schematic
The near-field beam splitting effect is defined and analyzed in the paper [115], and a time
delay (TD) based beamformer is utilized to overcome this effect. We propose to divide the whole
array into subarrays and then assume that the user is located in the near-field range of the whole
array but in the far-field range of each subarray. On this basis, delay circuits can also be utilized to
compensate for the group delay between different subarrays caused by the near-field spherical
wavefront. As a result, the beam over the entire bandwidth can be focused at the desired spatial

angle and distance, and the near-field beam splitting effect is mitigated accordingly.
3.2.3 Near-field Beam Characteristics

After studying the near-field characteristics, the properties of the near-field beam can be
analysed and summarized in the following three points: near-field distance-domain focusing, dis-
tance-domain asymptotic orthogonality, and distance-domain focusing properties of rectangular
and circular array.

First, for the near-field distance-domain focusing characteristics, the depth-of-focus (DF) was

ey T eiiee. (3.8)

where ¢ __is the array Rayleigh distance, and the depth of the beam depends on where the matched
filter is focused as shown in Fig. 3.9. When the focus is less than ¢ eee, the depth of the near-field

beam assignment is finite.
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Fig. 3.9 Trend of beam gain with distance
Near-field beam focusing concentrates the beam energy at a specific location determined by
angle and distance. In order to utilize the additional spatial distance domain resources to improve
the spectral efficiency, researchers in [117] demonstrated the asymptotic orthogonality of the near-

field array response vectors, and the channel correlation can be expressed as:

®ceee |w| (39)

where o . This Hiéank|that hs the number of array antennas N tends to infinity, e
also tends to infinity and " ***tends to 0. As shown in Fig. 3.10, as the number of antennas increas-

es, the correlation between two array response vectors at different distances at the same angle

asymptotic orthogonality

i
: 1 . o0 S0 B0
Elg. 3.10l:%hannhe:3TcorréT§t|on versus antenna
curve Number of antennas

The above two beam characteristics are for the Uniform planar array (UPA) and ULA scenario,
respectively. Moreover, the distance-domain focusing characteristics are elaborated next for the
uniform circular array (UCA) [118]. The beam focusing gain in the UCA scenario is approximated as
a zeroth-order first-type Bessel function. From Fig. 3.11, it can be seen that the ULA beam focusing
gain decreases smoothly with decreasing distance, while the beam focusing gain of UCA decreases
faster, which indicates that UCA is able to focus the signal power in a smaller range and mitigate the

power leakage.
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Fig. 3.12 Comparisons of far-field and near-field beamspaces.

In addition, the properties of the near-field beam can also be analyzed from the perspective of
beamspace [119]. Different from the far field that connects the antenna space and the beamspace
by the Fourier transform, the antenna space is mapped to the near-field beamspace with the frac-
tional Fourier transform. As shown in Fig. 3.12, the near-field beamspace is divided into three parts,
including high mainlobe, low mainlobe, and sidelobe. The analysis of the high mainlobe reveals
that its 3 dB beamwidth and beam depth are given by ¢ and ¢ ¢ *, respectively. The analysis of
the low mainlobe reveals that its beamwidth increases linearly with the increase of the surrogate
distance deviation, while the square of its average beamforming gain increases inversely with the
increase of the surrogate distance deviation. Moreover, leveraging the properties of the fractional
Fourier transform, it is demonstrated that the near-field beamspace satisfies Parseval’s relation,

maintains translation invariance, and enables efficient computation via a fast fractional Fourier
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3.3 Near-field Degree-of-freedom Theoretical Analysis

3.3.1 The number of degrees of freedom of the electromagnetic field

As previously mentioned, (radiating) near field propagation condition takes place when ex-
ploiting very large antennas and high frequency bands. From Fig. 3.13, reporting the Fraunhofer
distance below that the system works in the near field, it is evident that the wireless system is likely
to operate in the near-field region at practical distances when considering mm-wave and beyond

frequency bands even with relatively large antennas.
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Fig. 3.13 Fraunhofer boundary as a function of the frequency and antenna size [121].

In the near-field condition, while classical communication models fail because based on the
plane wave assumption, new opportunities emerge as the waveform may contain richer informa-
tion. Therefore, new design paradigms and technologies requiring a tighter interaction between EM
theory and information theory (IT) are needed. The main question that might arise is what are the
ultimate performance limits of communication when operating in the near field?

To answer this question, fundamental limits must be technology agnostic and based on IT/
EM arguments. Regarding the technology neutrality, in order to abstract from the specific imple-
mentation of the antenna, it is convenient to model the antenna surface as a continuous array of
an infinite number of infinitesimal antennas in which any surface current can be generated. The
wireless communication exploiting an uncountable infinite number of antennas in a finite space
has been recently defined as holographic MIMO. In this manner, implementation-related aspects
concerning the mutual coupling among the antenna elements are not involved in the discussion.
The optimal communication between antenna surfaces, considering a continuum of infinitesimal
antennas and the continuous wireless channel, can be modeled as the problem of communicating
between a couple a spatial regions [120]. This enables moving away from the classical MIMO model

of point-defined antennas, which can be considered as a particular case of this general formulation.
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Fig. 3.14 Technology-agnostic reference TX and RX antenna surfaces.
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Regarding EM arguments and with reference to Fig. 3.14, consider a transmit antenna with
surface * ofarea e containing infinitesimal source currents eeee.Any point source in ¢ gener-
ates the (outgoing) wave given by the tensor Green’s function e ee«[120]. By adding all the waves
from the sources in « , the resulting electric field o ¢e . at the generic location r in free-space is

given by

e eoe e 00 o o000 oo (3‘]0)

The goal is to determine how many orthogonal communication channels, namely commu-
nication modes, with as large coupling intensities as possible can be activated between the two
surfaces. Due to the finite size of the surfaces, only a limited number N of communication modes
are dominant (DoFs). The generic communication mode corresponds to a couple of source current

and electrical field spatial distributions ¢ eeeand e ees, respectively associated with the coupling
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Fig. 3.15 Information-theoretical optimal communication system [121].

Solving this problem as done in [120] leads to the information-theoretical optimal communi-
cation system depicted in Fig. 3.15. Since the DoF N along with the modes intensity are the pa-
rameters that determine the maximum possible capacity of the system, it is of interest evaluating
N. This analysis has been carried out in [120] where it has been shown that N depends only on the
geometry of the system relative to the wavelength e For instance, in case of two antenna surfaces

located at distance d in a paraxial configuration of area ¢ and size ¢ ¢ ¢ , respectively, the DoF is

(i

It is interesting to evaluate the behaviour of this formula for large distances ¢ o o oo

(3.11)

(3.12)

and the asymptotic behaviour for very large RX antenna surfaces, that is

= (3.13)

The previous equation indicates that in this case the DoF depend only on the area of the
transmit surface (normalized to the square half-wavelength), i.e., the area of the smallest of the 2

antennas, and it represents the ultimate DoF limit which is independent of the distance.
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Fig. 3.16 DoF as a function of ¢ » «*ee Dotted curves refer to simulation [120].

In Fig. 3.16, the DoF as a function of ¢ ¢ ¢“ee and the aspectratio ¢+ * ¢ e isshown by

considering a small TX surface with size of 5cm at 28 GHz. For low F (very large RX surface), the DoF

saturates to the limit value predicted by the theory, in this case equal to 78. It is interesting to note
that when approaching the near-field region, several orthogonal channels, i.e., DoF, can be activat-

ed even when one of the two antennas is relatively small. As far as the Fraunhofer far-field regime is

tion where only the beamforming gain is present.

ala=1

approached (large F), the DoF tends to one, as in conventional MIMO systems in free space condi-
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Fig. 3.17 Electric field distribution corresponding to the 4 strongest communication modes.

To get a qualitative idea about the shape of the corresponding communication modes, in Fig.
3.17 the amplitude of the spatial distribution of the electric field ¢ eee observed at the receive
antenna surface as response to the exciting current distributions e eee, for n=1,2, 3 and 4, are
reported under the same parameters used for the results in Fig. 3.16. From these figures one can
notice that orthogonality does not involve in general non-overlapped waves. This means that clas-

sical beamforming or focusing schemes aiming at obtaining spatially non-overlapped waves are not
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ingeneral optimal. However, in [122] it has been shown that almost-optimal communication modes
can be designed starting from focusing functions, thus avoiding numerical evaluations and the
implementation of complex amplitude/phase antenna profiles.
Based on the Fourier plane wave unfolding channel modelling, the authors in [123] conducted
detailed research on the wave number domain modelling of near-field large-scale antenna arrays,
especially investigating the DoF and the communication capacity gain that can be brought about
by the evanescent wave effect in the near-field communication, of which the DoF gain is shown
as follows, and there can be a gain of 30% in the typical reactive near-field region. In the left side
figure of Fig. 3.18, the white wave number points correspond to the plane waves available for
far-field communication, the green wave number points correspond to the additional evanescent
wave numbers available for near-field communication, and the red points are the evanescent wave
numbers that are not available because of too much attenuation. Since 6G systems will mostly oper-
ate in the radiative near-field, we cannot expect to get more wave number points (spatial DoFs), but
we can still make use of them for beamforming in both angle and depth, which was previously not
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Fig. 3.18 Extra DoFs in the reactive near-field
Reference [124] proposed a signal space approach to study the number of DoFs of the elec-
tromagnetic field under arbitrary scattering conditions from the point of view of Nyquist sampling.
It considers antenna elements in space as spatial sampling points and uses the sampling points
required to recover the electromagnetic field as communication DoFs. Under isotropic propagation
conditions, sampling per square meter is reduced by 13% compared to classical half-wavelength
sampling. This gap increases as the angular selectivity of the scattering increases, resulting in a

significant reduction in spatial sampling complexity.
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Fig. 3.19 Nyquist sampling under isotropic scattering conditions
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In the context of spatially discrete (SPD)-MIMO, the comprehensive channel response in the
narrowband case is represented as a matrix ¢ . In this case, the number of DoFs of the channel is
determined by the number of positive singular values of ¢ or the rank of the correlation matrix e « .
In a far-field MIMO LoS channel, the presence of only a single incident angle at all points across the
array corresponds to plane-wave propagation. In such cases, the channel has a rank of 1, corre-
sponding to only a single DoF. In contrast, within the near-field region, spherical waves manifest
non-linearly varying phase shifts and power levels for each link. This inherent diversity increases the
rank of the channel matrix. This implies that, by reducing the antenna spacing within a fixed aper-

ture, the number of spatial DoFs can be significantly increased [125].

However, it is essential to note that when two antennas are in close proximity to each other,
the waves they generate at the receiver become nearly indistinguishable. This limitation should
be considered, as it could potentially restrict the achievable increase in channel capacity when
incorporating a large number of antennas within a fixed aperture. For a given aperture, the singular
values of matrix ¢ presents a two-slope property. We denote the ordered positive singular values of
matrix ®as ¢ ¢ ¢ e e e  Extensive simulations and measurements have consistently shown that,
for small values of ¢, the e values exhibit a slow decay until they reach a critical threshold, beyond
which rapid decay occurs. This critical threshold is termed the number of effective DoFs (EDoFs),
and is illustrated in Fig. 3.20 [125]. This phenomenon becomes more pronounced as the number of
transceiver antennas increase. By assuming that o ¢ o o o o o o o o ¢ ¢ o o weapprox-
imate the number of EDoFs as e ¢ "o e [126]. B Qes we note that the number- of EDoFs of
near-field channels decreases with the propa[(gatlo% CJSJ
mtropluced by Verdu to evaluate the slope of the capacity curve in the low bit. SNR regime [1(27
Hecen years, some researchers have noticed that this expression can be also used to approximate
the number of EDoFs of near-field channels.

stance We note that e*e ¢ “«.was originally

Next, we examine the scenario where both transceivers are equipped with continuous-ap-
erture (CAP) arrays, denoted as CAP-MIMO. In contrast to an SPD antenna array, which provides
finite-dimensional signal vectors, the CAP array supports a continuous distribution of source
currents within the transmit aperture. In this context, CAP-MIMO can be regarded as a limiting case
of SPD-MIMO with an infinite number of antennas in a fixed aperture area, but this is achieved
through spatial oversampling, so the number of EDoFs remains the same. For example, the singular
values of the CAP-MIMO channel exhibit a "two-slope" trend, as depicted in Fig. 3.20 [128]. There-
fore, for the near-field CAP-MIMO channel, the performance is still limited by the number of EDoFs.
Unlike SPD-MIMO, CAP-MIMO channels cannot be characterized by a finite-dimensional matrix.
Typically, it is necessary to use Green'’s functions to characterize the electromagnetic propagation
environment between any two points on the transceiver apertures. Obtaining parallel subchan-
nels requires performing eigenvalue decomposition on the kernel function of Green’s functions,
resulting in high computational complexity [128]. To estimate the number of EDoFs of near-field
CAP-MIMO, one can -replace the channel matrix ¢ in the formula ¢ ¢ ee’e ¢ *e with Green’s functions
[126].. Additionally, based on existing simulation results, the following conclusion can be drawn: the
number of near-field EDoFs is proportional to the product of the transmitter-receiver aperture area
and inversely proportional to the transmission distar{ce bexwieh the transmitter and receiver [125].
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Fig. 3.20 Singular Values of Near-Field SPD-MIMO. D denotes the transmission distance and N is the
number of transmit and receive antennas.

3.3.2 Degree of freedom and interference mitigation for Near-field sparse MIMO

For typical MIMO communication systems, antenna array elements are usually separated by
half of the carrier wavelength. In order to achieve higher communication rate, as well as super
resolution sensing, sparse MIMO with more than half wavelength element spacing become prom-
ising for future communication and sensing. On one hand, sparse MIMO possess a larger physical
aperture, which can achieve narrower main lobe beams that make it easier to resolve densely locat-
ed users. On the other hand, increased array aperture also enlarges the near-field communication
region, which can enhance the spatial multiplexing gain, thanks to the spherical wavefront. Howev-
er, sparse MIMO may suffer from severe inter-user interference due to multiple grating lobes, which
also needs to be taken into consideration.

For single-user sparse MIMO communication, reference [134] studied the near-field multiplex-

ing gain by deriving the closed-form expression of the near-field EDoFs as
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where ¢ denotes the sparsity of antenna array, and ¢ is the distance between transmitter and re-
ceiver. ®and e denote the maximum and minimum value of the number of transmit antenna and
the receive antenna, respectively. Fig. 3.21 shows that the EDoF increases with the array sparsity for
sparse MIMO before reaching its upper bound, which provides a theoretical threshold of antenna

sparsity when the EDoF can achieve its maxima.
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Fig. 3.21 EDoF versus array sparsity for sparse MIMO near-field communication For
multi-user sparse MIMO communication, reference [135] investigated the far-field communication
based on uniform sparse antenna arrays. By leveraging the non-uniform spatial angle differences,
it is demonstrated that sparse antenna arrays may offer superior interference suppression and en-
hanced spatial localization capabilities. For near-field sparse MIMO communication, reference [134]
plotted the sum rate versus the receive SNR for different antenna sparsity at the BS, as shown in Fig.
3.22. It can be observed that for all the four considered cases, the sum rates increase as the receive
SNR grows. Furthermore, for a given SNR, the sum rates tend to increase drastically with larger array

sparsity, indicating the benefit of using sparse array at the BS.
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Fig. 3.22 Near-field sum rate versus receive SNR
3.4 Near-field Performance Analysis and Measurement

3.4.1 Near-field Performance Analysis

The evolution from 5G massive MIMO communication to 6G ultra-massive MIMO communica-

tion involves more than just a simple increase in the number of antennas or array size. It fundamen-
tally changes the channel characteristics, such as transitioning from the traditional far-field uniform
plane waves to near-field non-uniform spherical waves and from spatial stationarity to spatial
non-stationarity [102][129][130]. As a result, most performance analyses based on the traditional far-
field uniform plane wave model, such as asymptotic channel gains, need to be re-evaluated within

the context of the new near-field models. Moreover, the authors in [131] investigated a cooperati-
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verelaying Near-Field Communications (NFC) and Far-Field Communications (FFC) coexisting system
with extremely large-scale array (XL-array), raising an interest question: does the capacity improve-
ment from NFC compensate the performance loss suffered from more time slots? To provide the
solution to this question, [131] analyzed the achievable capacity for the proposed NFC schemes
compared with FFC, confirming that the capacity improvement from NFC compensates the perfor-

mance loss from the half-duplex principle.

In the traditional far-field model, the equivalent channel gain of a uniform planar array increas-
es linearly/quadratically (squared) with the array size until it approaches infinity. This conclusion
clearly contradicts the laws of physics. To obtain more general conclusions, references [102][129]
[130] and references [132][133] have proposed new near-field spherical wave propagation models
for massive MIMO active arrays and massive MIMO passive arrays, respectively. These models con-
sider the asymptotic performance when the size of the active/passive array tends to infinity. In the
spherical wave model based on near-field communications, the equivalent channel gain exhibits
nonlinear growth with an increasing number of active antennas/passive elements, governed by the
new parameter of angular span [134]. As the number of active antennas/passive elements tends to
infinity, the equivalent channel gain converges to a constant value [102][129]-[133].

Compared to co-located massive MIMO arrays, sparse massive antenna arrays have a larger
physical aperture, making their near-field characteristics more prominent. [135] studies the perfor-
mance of uniform sparse antenna array. By exploiting the non-uniform distribution of the spatial
angle difference, it is shown that sparse antenna arrays may achieve better interference suppression
and super-resolution spatial localization capabilities. Fig. 3.23 shows the cumulative distribution
function of communication rates for co-located and uniform sparse antenna arrays, and sparse array

can achieve more than four-times data rate than co-located ULA.
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Fig. 3.23 CDF of data rate for co-located and sparse array[135]

Furthermore, [136]-[139] studied a novel modular array architecture to accommodate ex-
tremely large arrays, termed modular XL-array. All array elements in modular XL-array are regularly
deployed in a modular manner on a common platform. Each module is comprised of a moderate/

flexible number of array antennas with the inter-element spacing typically in order of half-wave-

length, while different modules are separated by the relatively large inter-module spacing, so as to
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enable conformal capabilitywith the deployment environment in practice. [136][137] proposed the
near-field non-uniform spherical wave (NUSW) model for modular XL-array. Under this model, the
authors derived the closed-form expression for near-field SNR, which reveals the SNR scaling law
and asymptotic performance, as well as the difference from the conventional far-field uniform plane
wave (UPW) model. Fig. 3.24 shows that the SNR result under UPW model grows linearly unbound-
edly, while the SNR result under NUSW model approaches to a constant value. According to the
characteristics of modular array architecture, [138] proposed sub-array based uniform spherical
wave (USW) models under different angles/common angle, and analysed its near-field beam focus-
ing patterns. It can be seen from Fig. 3.25 that compared to co-located counterpart with the same
number of antennas, modular XL-array can significantly enhance spatial resolution from angular
and distance dimensions, while at the cost of more severe grating lobes. To further alleviate the
issue of grating lobes, [139] proposed a user grouping strategy based on greedy algorithm for the
multi-user modular XL-MIMO communication system. As a result, users located within the grating
lobes of each other are not allocated to the same time-frequency resource block (RB), which greatly
mitigates inter-user interference (IUl) in multi-user scenarios. As can be seen in Fig. 3.26, in contrast

to co-located counterpart, modular XL-MIMO can significantly enhance the communication perfor-
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Fig. 3.24 SNRs versus the number of array elements for different models[136].
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Compared to large-scale active antenna arrays, the passive RIS is more likely to achieve ex-
tremely large-scale configurations in practice due to its appealing advantages, such as low cost and
low energy consumption. In communication systems where an extremely large-scale RIS (XL-RIS) is
deployed near the BS side, as illustrated in Fig. 3.27, the distances from users to the RIS and the BS
are nearly the same. Moreover, when the RIS is sufficiently large, the effective propagation path loss
of the reflected link is comparable to that of the direct link. Due to the half-space reflection nature
of the RIS, a BS equipped with omnidirectional antennas will have at most half of its transmitted
power reflected by the RIS. Therefore, a desired transmit diversity gain can be further achieved
through deliberate design of the reflected link[132][133].

If we consider passive beamforming design with intelligent reflective surfaces, the beamform-
ing gain of massive intelligent reflector arrays in the near-field model no longer strictly follows the

traditional "square-law growth"[140]. Instead, it converges to a constant value as the number of
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Fig. 3.27 XL-RIS aided communication system

Generally, the path loss increases with distance following a minimum loss exponent a of 2 (i.e.,
free-space loss model). In other words, the path loss exhibits a square decay with respect to the
distance. However, reference [133] first unveiled that under near-field conditions, when the size of
RIS goes infinity, the equivalent path loss of the reflected link with passive beamforming only decays
with the absolute value of the distance, i.e., the equivalent minimum loss exponent a is 1 (the simu-
lation results in Fig. 3.28 verified this conclusion).

For multi-path XL-MIMO communications, the spatial correlation is of paramount importance
for the second-order statistical channel characterization. The far-field uniform plane wave (UPW)
based spatial correlation only depends on the power angular spectrum (PAS), which exhibits spatial
wide-sense stationarity (SWSS). By contrast, the near-field non-uniform spherical wave based spatial
correlation depends on both the scatterers’ angles and distances, i.e., power location spectrum (PLS),
and SWSS is no longer valid [143][144].
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where ¢ denotes the K x K matrix of reflection coefficients of the RIS. Typical designs for RIS assume
that the matrix of reflection coefficients @ is diagonal with unit modulus entries. This design eases
the implementation complexity of RIS, but may not necessarily be optimal from the point of view of
the power efficiency, performance, or may not consider the impact of mutual coupling in sub-wave-
length (with inter-distances less than half-wavelength) implementations. Collectively, these designs
fall within the umbrella of non-diagonal RIS [144]. To shed light on the optimal design of RIS from an
information-theoretic standpoint, the authors in [143] depart by considering an arbitrary structure for
the matrix ¢, which is not necessarily diagonal. The only imposed constraint for ¢ is to be a unitary
matrix, i.e., the RIS does not amplify the incident signals. They proved that the end-to-end channel

capacity of the RIS-assisted MIMO communication is

( .. :) (3.16)

where ¢ is the noise power, * "¢ ¢ " are, respectively, the singular values of the forward and. back-
ward channels, and the power allocation ¢ _is gbtgined through water-filling according to the ordered
product of the singular values. The capacity is attained by designing the RIS reflection matrix as

* 0 e (3.17)

where ¢ and e are the right eigenvector matrix and the left eigenvector matrix of the backward
and forward channels, respectively. In addition, the covariance matrix of the transmitted signal must

o o o, 000(0 oo .O"..'). . (3']8)

The previous result unveils that the optimal design for RIS with a unitary matrix of reflection
coefficients is non-diagonal. Non-diagonal RISs have attracted recent interest in the literature, and,
supported by the previous result, they usually outperform diagonal RIS [144]. However, their practi-
cal implementation is more difficult, especially due to the complex configuration network to realize
non-diagonal matrices.

Based on the optimal design for unitary RIS as above, it is, however, possible to investigate
approximated diagonal (hence unitary by definition) designs for RIS that provide a rate close to the
end-to-end channel capacity, as done in [143].

In addition to near-field communication, the extremely large-scale multiple-input-multiple-out-
put (XL-MIMO) also provides new opportunities for high-precision sensing due to its ultra-high spa-
tial resolution. In this context, the near-field sensing exhibits more practical scaling laws compared
to far-field models [147]. Moreover, when the number of antennas in the XL-array goes infinity, the
Cramer-Rao Bounds (CRBs) for angle estimations in XL-MIMO radar no longer decrease without
limit, but converge to a constant value [148]. To investigate the fundamental limit of the proposed
system's positioning accuracy, the authors in [149] obtained the FIM and CRLB while considering
the antenna radiation pattern. The analysis results indicate that the Fisher Information Matrix grows

quadratically with the size of the RIS (see Fig. 3.30).
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Fig. 3.30 RIS-assisted Localization Performance

Pizzo, Marzetta and other scholars have proposed to model the communication channel
corresponding to a near-field massive antenna array in the wave number domain in the pa-
pers[150]-[152]. The main idea is to reconstruct the holographic MIMO (HMIMO) channel based on
Fourier expansion using a finite number of sampling points of the channel in the wave number
domain, as shown in Fig. 3.31. Similar to the Fourier transform between the time and frequency
domains, the relationship between the spatial and wave number domains is also described by the
Fourier transform, and the spatial domain channel can be characterized by the Fourier transform of

the wave number domain channel, which is denoted by:

.(o.o)o (."T .(o.oo.oo.n.) (on)o.oo.--.-o. (319)

o
where ¢ oo oo e Henotes the wave number domain channel, ¢ «<¢denotes the received wave
vector, ¢ eee de{notges the transmitted wave vector and e eee is the spatial domain channel. From the
above equation, it can be seen that the channel model consists of three main components, i.e,, the
transmit and receive wave vectors and the wave number domain channel. Therefore, the modeling of
the spatial domain channel can be equated to the alternative modeling of the wave number domain

channel, which is given by the following equation:

.(..........). .-( .........) (o.oo.oo.oo.) (3.20)

where the wave number domain channel can be expressed in terms of the channel spectral density
*f o o * Jelated to the scattering environment and antenna arrangement. e oo (os oo )
relates to the stochastic properties of the channel. Wave number domain channels generally have a
sparse structure, i.e., they are dominated by a finite number of nonzero coefficients. Based on sam-
pling theory, the wavelength domain channel can be approximated by uniformly sampling a finite
integral region. The accuracy of the channel approximation depends on the number of points of the
region being sampled. As the computational complexity increases, one can obtain a more accurate

representation of the channel by generating more samples.
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Fig. 3.31 Fourier plane wave expansion channel model
The simulation results corresponding to the spherical wave channel modelling are shown in
Fig. 3.32, and it can be seen that the far-field Rayleigh fading model is no longer applicable at this

point, while the modelled channel model coincides with the physical Clarke model.
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Fig. 3.32 Fourier plane wave expansion channel capacity simulation
The contribution [154] characterized the theoretical capacity limits of near-field communica-
tions based on electromagnetic propagation channels in Fig. 3.33. From the Maxwell's equations
and the Helmholtz wave equation which describe the electromagnetic wave propagation prop-
erties, [154] used the Green's function to establish an electromagnetic near-field channel model
for extremely large-scale discrete array with single-polarized antennas. Then, for the single-user
scenario, the authors derived the closed-form capacity limit when the array has an extremely large
aperture. They also revealed the impact of antenna polarization mismatch and discrete aperture
on the system performance in the near field. Additionally, based on the proposed channel model,
the authors proposed a more general expression for near-field Rayleigh distance, depicting the
influence of signal incident angles and non-stationary array power on the field boundaries. Further-
more, for the multi-user scenario, the authors exploited the non-stationary features extracted from

the single-user scenario to propose two low-complexity linear precoding schemes based on the
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concept of visibility regions and utilizing themethod from graph theory. These algorithms effective-

ly addressed the high computational complexity challenges associated with extremely large-scale
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Fig. 3.33 Near-field electromagnetic channel capacity limit

The reference [155] provides a comprehensive summary overview of the current principles and

technologies of HMIMO array near-field communication at the software and hardware levels, which

is conducive to a full understanding of the principles, technological evolution, and development

direction of HMIMO near-field communication (in Fig. 3.34).

Fig. 3.34 HMIMO Communication Application Scenarios

3.4.2 Electromagnetic Normalization of Near-Field Channel Matrix

Compared to traditional MIMO technology, HMIMO employs densely packed or even three-di-
mensional antenna arrays to achieve finer control over the spatial characteristics of electromagnetic
waves, as illustrated in Fig. 3.35. In near-field HMIMO systems, the normalization method of the
channel matrix plays a crucial role in evaluating channel capacity. Traditional approaches often as-
sume that the average gain of subchannel is 1. However, this assumption fails to accurately capture
the electromagnetic characteristics of different array topologies (e.g., three-dimensional arrays),

potentially leading to capacity estimates that deviate from physical reality [156].
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Fig. 3.35 Three types of near-field holographic array topologies

An electromagnetic normalization method for the HMIMO channel matrix is introduced here,
accounting for array gain, antenna coupling, and near-field/far-field effects. By incorporating these
physical factors, the normalization method provides a more accurate representation of the channel
matrix, improving the precision of capacity evaluation. The traditional channel matrix normalization
method assumes that the square of the Frobenius norm of channel matrix equals the product of the
number of transmit and receive antennas

< MR (3.21)

where e represents the channel matrix, ¢ and ¢ _ denote the number of transmit and receive anten-
nas, respectively. Under this assumption, the average subchannel gain is 1, and the normalization of
the channel matrix depends solely on the number of antennas. However, this method overlooks the
electromagnetic characteristics of the antenna array, leading to errors when dealing with complex
dense or three-dimensional arrays. Electromagnetic-based channel matrix normalization, in contrast,
accounts for array gain. In Tx non-coherent and Rx coherent scenario, the channel matrix should be

normalized as

° .0, (3.22)
While in Tx coherent and Rx coherent scenario, the channel matrix should be normalized as

LA (LI (3.23)
where * and e represent the average far-field (realized) gains of the Tx and Rx antenna array in the
target directions (or angular range). This gain depends on the array topology, beamforming direc-
tion, and mutual coupling between antennas. The introduced normalization method effectively cap-
tures all electromagnetic characteristics of the antenna array. For near-field HMIMO communications,
based on the dyadic Green’s function [156], the channel matrix normalization can be formulated in a

manner similar to the far-field case as

e (3.24)
where <dnd e defote the near-field gains of the Tx and Rx array, *and e represent the polariza-

tions of field and source, respectively.

Channel matrix normalization requires computing the array gain in the target direction. The
far-field gain of an antenna array with an arbitrary topology can be evaluated using full-wave sim-
ulation, analytical method, or physical method. Full-wave simulations, performed using commercial
software such as CST and HFSS, can directly compute the gain but are time-consuming and require
significant computational resources. Alternatively, analytical methods provide a more efficient ap-

proach by integrating the radiation intensity ¢ to compute the gain, expressed as
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In the numerator, the double integral of the radiation intensity represents the total radiated
energy, which has a closed-form solution. The detailed derivation can be found in[156]. The phys-

ical method relies on the effective aperture of the antenna array

(3.26)

The effective aperture e _of the array depends on the projected area of the array in the target
direction. Specifically, the effective aperture for planar array is * ¢ eeee, and the effective aperture
for volumetric array is o o eeee o o o cee o oo s o o o e oceee where e , o ,and ¢ denote
the size of the array along three dimensions. The embedded radiation efficiencies of the array
elements can also be approximately estimated based on an extension of Hannan's limit [156]. Based
on the three methods described above, we can calculate the far-field average (realized) gain of the
array in the target directions and use it to normalize the channel matrix accordingly.

In near-field communication scenarios, we can adopt the conceptual approach used for
defining far-field gain, and compute near-field radiation intensity and total radiated energy based
on the dyadic Green’s function. Unlike in the far field, the relationship between the electric and
magnetic fields in the near-field region is more complex, as they are no longer simply related by a
wave impedance. Therefore, the calculation of near-field gain should rely on the Poynting vector to

accurately characterize the radiation intensity, formulated as
o. 0 _ -[- Q) ( )] (3.27)

The vector electric field « gapd magnetic field e« carf be computed using the electric.
dyadic Green’s function and the magnetic dyadic Green’s function, respectively. Based on these field
components, the radiation intensity for the target polarization can be further determined as

..(... ..). o, ...(‘.. ..) (3_28)
where ¢ is the reference distance between Tx and Rx, and ¢ ¢ ee ¢ ee Then we can obtain the

near-field gain following the similar definition of gain in the far field. This method provides an accu-
rate characterization of near-field properties, including cross-polarization and beamforming effects.

Additionally, it enables the modeling of various gain losses specific to the near-field environment, as
illustrated in Fig. 3.36.
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Fig. 3.36 Possible gain losses in near-field MIMO communications
These gain losses can typically be effectively compensated using signal processing tech-

niques, while the gain values used in the normalization process should be flexibly chosen based
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on thespecific scenario. Additionally, corresponding empirical physical formulas are also proposed
[156], which simplify the computational complexity in practical applications.

For far-field communication scenarios, based on the Kronecker model in rich multipath
environments, we compared the channel capacities of planar arrays under different normalization
methods. For near-field communication scenarios, we analyzed the variation of channel capacity
with respect to the transmit-receive distance under different near-field loss conditions. The results
are shown in Fig. 3.37. From the results, it is evident that traditional normalization methods in-
troduce significant errors in capacity evaluation, especially when dealing with dense and volu-
metric arrays, where their limitations become more pronounced. These methods fail to accurately
characterize the gain limits of antenna arrays, and do not account for efficiency losses caused by
mutual coupling effects between antennas. As a result, the capacity evaluation deviates from the
actual physical scenario. Particularly, in near-field communication, these gain losses are primarily
concentrated in the reactive near-field region. Within this range, the characteristics of the electro-
magnetic field differ significantly from those in the far field. If conventional far-field beamforming

methods are directly applied, severe performance degradation may occur.
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Fig. 3.37 Far-field and near-field capacities of planar arrays using different normalization methods.
(a) Far-field analysis. (b) Near-field analysis.

3.4.3 Near-Field Measurement and Near-Field to Far-Field Transformation

Electromagnetic scattering characteristics refer to the various information contained in the
scattered waves formed by the radiation of induced currents on the surface of an object when
electromagnetic waves are irradiated. Measurement of electromagnetic scattering characteristics
refers to obtaining information such as the radar cross section (RCS) and its statistical characteristics,
angular scintillation and its statistical characteristics, polarization scattering matrix, and distribution
of multiple scattering centers of a target through experimental instruments or professional testing
equipment [157][158]. According to different testing distances, it can be classified as far-field meas-
urement, compact-field measurement, and near-field measurement.

Far-field measurement requires a testing distance of R=2d%/\, where d is the maximum size
of the target and A is the testing wavelength. Therefore, a larger space is required. Outdoor far-
field testing sites require a large amount of land resources, and the site is also affected by natural
meteorological environments such as precipitation, light, temperature, humidity, and wind speed.
Although indoor far-field measurement avoids interference from the testing environment, it still
requires the construction of large-scale darkroom buildings and the extensive installation of absorb-

ing materials, which makes its construction and maintenance costs high.
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Compact-field measurements occupy less space than far-field measurements. However, the
contraction field requires high technical requirements and limited static area, making conducting

full-scale testing for large targets impossible. Meanwhile, its higher cost makes it not an optimal

choice.

Indoor near-field testing is a testing method that has developed in recent decades. Near field
refers to testing distances less than the classical far-field conditions (R<2d?/A). Indoor near-field test-
ing does not meet far-field conditions, and the measured data differs from the physical definition of
scattering cross-sectional area, which cannot directly reflect the scattering characteristics of the tar-
get. The near-field scattering characteristics test results must be transformed into the target scatter-
ing cross-section obtained under far-field conditions through near-field and far-field transformation
techniques. Therefore, high transformation accuracy, fast speed, and near-field and far-field trans-
formation technology are the most critical factors determining the performance of indoor near-field
testing fields. Indoor near-field testing can be divided into planar near-field scanning, cylindrical
near-field scanning, and spherical near-field scanning according to the scanning method, and each
scanning method requires corresponding near-field and far-field transformation algorithms. In
recent years, near-field and far-field transformation technology has become a focus of research for
scholars in target characteristic testing both domestically and internationally. The near-field and far-
field transformation algorithm based on synthetic aperture imaging, studied by LaHaier, a scholar
from General Dynamics in the United States, has become a hot topic of industry experts due to its
simple implementation, high transformation accuracy, and good denoising function.

Early methods for measuring target characteristics were limited by testing equipment or loca-
tions and were often tested through narrowband and angle scanning. Even today, the ground plane
field, which is most widely used in field testing, is more suitable for narrowband testing of targets
[159]. The commonly used methods for near-far field transformation in narrowband measurements
include Merlin filtering [160], equivalent aperture secondary radiation method [161], Hankel extrap-
olation method [162][163], etc.

Narrowband measurement conditions limit the near-field to far-field transformation technolo-
gy in narrowband measurement. Traditional algorithms use certain approximations in the derivation
process, which limits their applicability. Broadband measurement of targets can obtain electromag-
netic scattering characteristics at multiple frequency points, and the measurement results contain
more dimensional scattering information, which can improve the accuracy of single station near-
field and far-field transformation[162]. Spherical near-field to Far-Field Transformation (CNFFFT) is
commonly used in broadband measurements for near-field and far-field transformation. The CNFFFT

algorithm, proposed by the LaHaie team [163]-[167], is a highly accurate and widely used near-field
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4 Channel Measurement and Modeling of Near-field

In the era of 5th generation (5G), 3D MIMO is considered to be an important practical technol-
ogy that enhances the performance of communication systems [168]. When the communication
distance between BSs and users is greater than the Rayleigh distance, users are located in the far-
field region of the BS. At this point, the electromagnetic waves reaching the BS array can be approx-
imated as plane waves. Conversely, electromagnetic waves reaching the BS array need to be mod-
eled as spherical waves when the communication distance is less than the Rayleigh distance [35]. At
present, the new mid-band has attracted extensive attention from industry and academia[169]. In
December 2023, the 3GPP, the leading standardization organization driving the development of the
global mobile communications industry, identified the first 16 RAN proposals for Rel-19, including
the 7-24 GHz channel model research section, which includes near-field and spatially non-stationary
channel measurement and modeling. Currently, the research project is in the middle stage and will
be completed by mid-2025 [170]. In the next generation communication systems, the array size and
frequency will continue to increase, and the near-field range of ELAA systems can reach several tens
of meters or even hundreds of meters. In typical deployment scenarios, it is necessary to consider
near-field communication[171]-[174]. Understanding channel characteristics and models is a prereg-
uisite for the design and technical evaluation of communication systems. Therefore, comprehensive
channel measurements and accurate channel characterization are needed. Companies around the
world have proposed various implementations of 3GPP channel models in the FR3 band, including
near-field propagation and Spatial non-Stationary (SnS) characteristics.

This section will introduce near-field channel research from the dimensions of channel meas-
urement and channel modeling, including channel measurement, statistical models, deterministic
models, near-field channel spatial non-stationary characteristics, continuous element channel mod-
els, discrete element channel models, etc.

4.1 Near-field Channel Measurement

Channel measurement equipment is used to obtain the Channel Impulse Response (CIR) of
the antennas at the transmission and reception ends of the link. As shown in Fig. 4.1, there are
mainly two types of channel measurement platforms: time-domain channel measurement based on
correlation and frequency-domain channel measurement. Correlation-based channel measurement
platforms have the advantages of short sampling time and flexible operation at the transmission
and reception ends. However, the disadvantages include limited operating bandwidth, limited
system dynamic range, and complex synchronization between the transmission and reception ends
[175]-[177]. Channel measurement platforms based on Vector Network Analyzers (VNAs) belong
to the frequency-domain channel detection system. The advantages of this type of system include
scalable working frequencies and bandwidth, high dynamic range, and ease of calibration. However,
the frequency scanning time for such detection systems is typically long [178][179]. Therefore, VNA-
based channel measurement platforms are usually limited to static scenarios. For the measurement
of near-field MIMO channels, greater attention should be paid to the measurement capabilities in
the spatial domain, as effectively utilizing the spatial dimension is a key task in near-field MIMO
technology.
To achieve the measurement of near-field channels, there are currently several approaches
for capturing the spatial distribution characteristics of the channels, including real antenna arrays,
switchable antenna arrays, phased arrays, and virtual antenna arrays. However, when it comes to
near-field channel measurements involving hundreds of antenna elements, most of these approach-
es face challenges. For real antenna arrays, switchable arrays, and phased arrays, the hardware
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cost and calibration complexity become very high due to the need for large arrays with physical
dimensions.Virtual antenna arrays are formed by mechanically moving a single antenna unit (or

multiple antenna elements in the case of small antenna arrays) to create a large antenna array [168]
[180]-[182]. This method allows for convenient implementation of scalable array configurations and
is the most commonly used in large-scale MIMO channel measurements. However, due to the slow

mechanical movement, the measurement scenarios of virtual antenna arrays are limited to qua-

(a) Time domain (b) Frequency domain
Fig. 4.1 Channel measurement platforms in time and frequency domains[168][182]

As shown in Fig. 4.2, near-field channel measurements based on a virtual array with a VNA. A
rotator is used to achieve a uniformly circular array with different radii. For each element, the VNA
performs frequency sweeping to collect the channel impulse response. In the current measurement
setup, both the transmitter and receiver are equipped with omnidirectional antennas, and the
line-of-sight distance is 6.5 meters. A metal plate is placed between the transmitting and receiving
antennas as an obstacle. The Rx antenna forms a virtual circular array with a radius of 0.5 meters by
mechanically rotating from 0° to 360° using a turntable, with a rotation step of 0.15°, forming 2400
antenna elements. The measurement frequency range is from 95 GHz to 105 GHz. From the results,
several "S"-shaped curves can be observed, identified as multipath components with different
delays on different array elements. This is a result of the significant variation in the propagation
distance of multipath due to the near-field spherical wavefront effect. Additionally, in this scenario,
most of the multipath measurements appear as incomplete "S"-shaped curves distributed across
some elements, indicating the spatial non-stationarity of the channel. Partial obscuration occurs
because some physically limited objects in the scene prevent the complete capture of multipath
across the entire large array. The results suggest the presence of near-field and spatially non-station-
ary characteristics in ultra-large-scale MIMO channels. In reference[183], based on a time-domain
channel measurement platform, virtual array measurements with 256 elements were conducted in
the 3.5 GHz frequency band under LOS and NLOS conditions. Changes in cluster appearance and
disappearance were observed, and corresponding models were established based on birth-death

o emt
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Fig. 4.2 (a) Near-field channel measurements with a virtual array based on VNA. (b) Channel im-
pulse response on the array elements[183]

The measurement is conducted at the Shahe Campus of the Beijing University of Posts and
Telecommunications, a typical Urban Macro (UMa) scenario. The transmitter is located on the roof
of the teaching and experimental building, about 27.8 meters high, and the receiver is located on
the ground, about 1.7 meters high. The measurement diagram is shown in Fig. 4.3. Trees and other

things on the road can cause scattering of the signal.

(a) Scenario of XL-MIMO channel measurement (b) Layout of XL-MIMO channel measurement Fig.
4.3 XL-MIMO channel measurement [184].

As the antenna array aperture increases, the distance from the BS to the mobile terminal may
change from the far field range to the near field range. Currently, the plane wave propagation
based on the far field assumption is no longer applicable and is replaced by spherical wave propa-
gation. Therefore, the angle, phase, and delay of different array areas of the BS reaching the mobile
terminal will change accordingly.

The result at the Rx1 is shown in Fig. 4.4. Since the multipath angle distribution is relatively
concentrated, only the results of the LoS path and one NLoS path are taken for observation. It can
be seen that with the change of the subarray position, the AoD of the LoS and NLoS paths have
shifted. These obvious angle shifts prove the existence of the spherical wavefront at Rx1.
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Fig. 4.4 Distribution of AoD in the array domain at Rx1

4.2 Near-field Channel Simulation

Near-field is a concept with relativity, for large-scale antenna array, based on the distance to
the center of the antenna from near to far, there are three zones that can be classified, respectively:
reactance near-field zone, radiation near-field zone (Fresnel zone) as well as the radiation far-field
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zone(Fraunhofer zone). In the reactance near-field zone, the radiation pattern is similar to flat rip-
ples with non-significant amplitude variations; In the radiation near-field zone, the antenna pattern
is smoother with a tendency to beam forming; In the radiation far-field zone, the main lobe as well
as the side lobe have been completed forming. The boundary distance between the radiated near
field and the radiated far field is called the Rayleigh distance. In this scenario, the far-field condition
is still satisfied between the transmitting antenna element and the receiving antenna element.

For the case where the distance between the transceiver antenna elements is also near-field,
the simulation results are shown as in Fig. 4.5.

s N

(1) The near field electromagnetic field distribution for horizontal polarization electric dipole (left).
(2) The near field electromagnetic field distribution for vertical polarization electric dipole (right).
Fig. 4.5 Near field simulation in element level

As shown in Fig. 4.5, the electric and magnetic field are demonstrated corresponding to hori-
zontally and vertically polarized current sources in the near-field, respectively. The black line at the
center of the hemisphere indicates the direction of the current source, the red line indicates the
trace formed by the end of the electric field strength vector, and the blue line indicates the trace
formed by the end of the electric field strength vector. It can be observed that the electric field
strength vector exhibits elliptical polarization in the near field, and the axial ratio, major axis incli-
nation angle, and ellipticity angle of the electric field strength at the near field points with different
orientation angles are different, while the magnetic field strength exhibits stable linear polarization
characteristics, which means that Poynting vector is a time-varying vector in the near field, which is
a major difference between the element-level near field and the panel-level near field.

From point of view of engineering commercialization, the assumption of far-field between
the transmitting element and the receiving element is generally still satisfied even for large-scale
antenna arrays.

For the case where the transceiver antenna is in the near-field and the LOS/NLOS states be-
tween the elements are consistent, the channel states between the other element of the transceiver
antenna need to be estimated based on the channel states of the Tx/Rx antenna'’s anchor elements,
and the channel states between other elements of the Tx/Rx antennas can be derived based on
the dual-mobility spatial consistency model when it is assumed that the NLOS paths of the wireless
channel between the anchor elements are dominated by the specular reflections, assuming there
are no spatial non-stationarity between any two pairs of elements of Tx and Rx antennas, such as
channel birth and death etc.

To configure the antenna array as depicted in Fig. 4.6, operating at 6 GHz. The simulation
results of spatial consistency for the intra-element in BS antenna are shown Fig. 4.8 Fig. 4.10 in near
field with a frequency of 6 GHz and 1024 elements (assuming the scenario that the terminal anten-
na is a single element).
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Fig. 4.6 The deployment of large antenna array (6GHz, 1024elements)

m Il
=
HE S i
e
1) Absolute delay of the 1st ray per element in BS antenna
(left).
2) Absolute delay of the 2nd ray per element in BS antenna
o e e— ] A, h g ] P, e — ] il mad cmge ]
W I ] 5 ™, ] I nr : ar
- I8 ™ - L] 7] o
] (1Y) (1] bl . " -,
i
E " ] 4 F.] -
&= - = a » -
a - » m M X Heg
] H ] 7] 1] . B [T] T ™)
R i, o | 00 ek o | A0 i ] T mtd ol

¥ oy

W OE 8 & i =

W
1
k- R
L3
1 .
L= R
A
Tk
L] - L

1) AoA/AoD/ZoA/ZoD of the 1st ray per element in BS antenna
(cno=1)
2) AoA/AoD/ZoA/ZoD of the 2nd ray per element in BS antenna

59/232



DCusine Fowejll] wik oo 1

(1) Power gain of the 1st ray per element in BS antenna

(cno=1)
(2) Power gain of the 2nd ray per element in BS antenna
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1) Phase of the 1st ray per element in BS antenna (cno=1)
2) Phase of the 2nd ray per element in BS antenna (cno=2) Fig. 4.10 Phase of
a ray per element in BS antenna

In the case of the presence of scatterers in the near-field of antenna arrays, it is necessary to
study the correlation characteristics of the wireless channel among the elements in large antenna
arrays based on the near-field scattering model (electromagnetic equations, high-frequency solu-
tion, or full-wave numerical solution).

As shown in Fig. 4.11, for an perfect electric conductor (PEC) conductor sphere near the large-
scale array, the incident wave vector of the the plane wave is shown as the blue line, and the black
points in the antenna array indicate the region of the incident wave vector that is blocked by the
scatterer, and the red points indicate the region that is not blocked. The simulation results of the
magnitude and absolute phase are shown in Fig. 4.12 to Fig. 4.13 per element after blocking , reflec-
tion and diffraction by scatter.
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Fig. 4.11 The position of antenna array and PEC sphere as well as the incident wave
vector H-POL V-POL
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Signal Strength Gain(dB)
Fig. 4.12 The distribution of signal strength gain in antenna array due to H-pol and V-pol inci-
dent H-POL V-POL

Phase (rad)
Fig. 4.13 The distribution of phase in antenna array due to H-pol and V-pol incident
As shown in Fig. 4.14, for a random scatter near the large-scale array, the incident wave vector
of the plane wave is shown as the blue line, and the black points in the antenna array indicate the
region of the incident wave vector that is blocked by the scatterer, and the red points indicate the
region that is not blocked. The simulation results of the magnitude and absolute phase are shown

in Fig. 4.15 to Fig. 4.16 per element after blocking, reflection and diffraction by scatter.
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Fig. 4.14 The position of antenna array and random scatter as well as the incident wave vector
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Fig. 4.15 The distribution of signal strength gain in antenna array due to V-pol
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Fig. 4.16 The distribution of phase in antenna array due V-pol inci-
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4.3 Near-field Channel Modeling

There is a lot of work in the literature on massive MIMO channel modeling that considers near-
field effects. For deterministic channel modeling, the Mobile and wireless communications Enablers
for the Twenty-twenty Information Society (METIS) project [185] proposed a massive MIMO channel
model based on ray tracing, which can represent spatial non-stationary characteristics. However, the
high computational complexity and lack of detailed digital maps and material databases make this
deterministic modeling method less applicable in some scenarios with complex environments. In
[186], the authors proposed a deterministic ray-tracing method for THz channel model, and showed
that the ray-tracing channel model captured the propagation characteristics well. For statistical
channel modeling, the COST 2100 model [187] proposed the concept of the visible region for the
first time to represent the spatially non-stationary channels of MIMO antennas, confining the cluster
of mobile terminals to a limited region. In [188], the concept of the visible region is further extend-
ed to massive MIMO antenna arrays. Specifically, only the array elements in the visible region can
see the cluster, while the array elements outside the visible region cannot. Based on the concept of
the visible region, the birth and death processes on the array axis were used in [189] for statistical
characterization of spatial non-stationary properties. To verify the model, statistical properties such
as correlation and average lifetime of clusters on the matrix are analyzed numerically. In [190], based
on channel characteristics, a stationary interval partitioning method on XL-MIMO arrays is studied.
In [191], an efficient channel simulation method applied to ray tracing was proposed to realize the
simulation of near-field and spatially non-stationary channels under the deployment of very large-
scale antennas with guaranteed accuracy.

In [192], a new massive MIMO channel model framework is proposed, which accounts for near-
field and spatial non-stationarity properties. Massive MIMO channels with near-field and spatially
non-stationary properties are captured by spherical wave propagation and physical multipath prop-
agation mechanisms. The validation based on channel measurement and model proves its effective-
ness, which is briefly described below.
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Fig. 4.17 Spherical propagation with the SnS characteristic
We assume there exist K SnS spherical-propagation paths between the Tx array and Rx. The
massive MIMO channel at the frequency f can be modeled as a superposition of CFRs of the K paths
on the array. It can be succinctly expressed as

f(4.1) where ¢ *""e comprises M complex Valles,ie, ¢ el PfR e ., *.]ldenotes the requen-

cy within th cjesigned range, and represents elementwis ?roduct operation. A novel matrix S is
introduced in the proposed modeling framework for the SnS property, which represents a
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non-stationary parameter matrix reflecting the non-stationary characteristics of the channel. H( f) X
C*™1 denote CFRs at f of the K paths at the reference point.

=z a exj2m emp'_e'szx]() [,,, &k =]t 4.2)
A

where {¢ , ¢ }represent the complex amplitude and propagation delay of the kth path, respectively.
(1" denotes the transpose operation. A(f) X C™Kis the array manifold matrix. The manifold projected
on the mth antenna element by the kth path, i.e, A’s (m, k)th entry a e can be represented by the
transfer difference of the mth element with respect to the reference point, i.e.,

N

mka ()Xf H 43)

where c is the light speed and rem?sents the Euclidean norm of the argument. d, denotes thee vector
pointing from the reference point to the first scattering source of the kth path propagation route. d _

e e . k
denotes the vector pointing from the mth antenna element to the source point.
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(b)
Fig. 4.18 (a) measurement result, (b) generation of channel model.

Fig. 4.18 shows the verification results. The generated channel by the model is shown in Fig.
3-4, where all SnS phenomena observed in the measurements are captured well. Besides the sta-

tionary paths, all SnS paths that have responses on the partial array with/without power change, are
accurately generated.
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Focusing on the modeling and simulation of ultra-large MIMO channels, [193] proposes an
innovative simulation framework based on the 3GPP channel model, which adds support for the
spatial non-stationary characteristics of massive MIMO channels and the simulation of near-field
characteristics, and realizes the accurate generation of massive MIMO channel coefficients with
near-field spatial non-stationary characteristics. The work on 6G channel emulator BUPTCMCCCMG
-IMT2030 finish.

Because of the larger size of the XL-MIMO array, when the user approaches the array, the
channel energy is only concentrated on part of the antennas, which is called the visibility region (VR)
[194][195] of the user. In [196][197], VR is defined as the part of the array that occupies the majority
of channel energy. In the actual scene with scatterers or obstacles, the scatterers are usually divided
into multiple clusters. Thus, in [198]-[200], VR is cascaded by the visibility region X uc between the
user and the scatterer and the visibility region between the scatterer and the array, which repre-
sent the scatterers visible to the user and the array antennas visible to the scatterer, respectively, as
shown in Fig. 4.19.
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Fig. 4.19 Visibility region of the array and user

When the finite-path channel model is used, the occurrence of non-stationarity makes XL-MI-
MO channel model different from the traditional channel model, and the variance can be reflected
by the steering vector. Firstly, in the vicinity of the array, since plane wave model is no longer accu-
rate, the phase of each element in the steering vector should be described by the spherical wave
model. Secondly, the amplitude of each element is no longer the same due to the uneven path loss
across the array as well as the interaction caused by obstacles in the environment. Therefore, the
spatially nonstationary finite-path channel model of user k is expressed by

X MBh a i sccsl

®Ducks K1

s (4.4)

h . . . .
vunere B i the rorplReor iFispl i Hhe RethasRsialeshY Fat§ ™ s in cluster ¢ which also K1
path,fand l\cljis the number of antennas. By further considering VR, th& fRReISSIENhURTON REHE is
transformed into

[ xNW

MB a Mph kScc,s osX M (4.5)
®Duc k K1
ifnXKX CAC
X5, B (4.6)

Thttps://hpc.bupt.edu.cn/dataset-public’home-page
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\[/;B(e)]r[ez%l t]akes Hadamard product, and p X {0,1N® indicates the antennas visible from cluster c ¢
11.

In addition, the XL-MIMO channel modeling can be based on the channel covariance matrix,
which can also reflect VR. The channel covariance matrix illustrates the statistical covariance of the
channel between different antennas and has been widely used in multi-antenna channel modeling.
Let RAN X Nand R denote the covariance matrices on the array side and the scatterer side, &n SRS
srespectively, where S is the number of scatterers. In this case, the multi-antenna channel mo?elg
based on channel covariance matrix is

R2H R h2askw h¥ w (4.7)

where H KK N® and h X X! . . . ) ww
are small scale fading matrices. Since different clusters have
different VRs, considering spatially non-stationary scenario, the channel between user k and the BS

is represented as

XR 2DG1 X suckkch® G h (4.8)

RoweGRDyH nesl KX < (4.9)

G C cwhere ,,, and represent the channel between the array and clustey ¢, the number of scatter-
§céluscters and ?1e number o¥ scatterers i scatterer cluster 3/ respectﬁlefy. anc?e satEFy

e, .
b@@fﬁ%&%{c cz?%é fh[gléﬁcitgn@a? (/]|S| le tgkeIMth%,qlgngéQt?ve ydénidte ¢beariaster misitslz to user Fen ¥

By, @18, 5, H® K h B wwkacross antenrias within , while and are smlall scale fading matrices.
Based on the near-field NUSW and partial array visibility characteristics, the near-field spatial
correlation function of multi-path XL-array communications with mixed LoS and NLoS links is devel-
oped [142][202], denoted by © = ©"*K QN>R K N™, with ©' KK N*™and o nwosy g van being
the near-field spatial correlation functions of LoS and NLoS components, respectively. For the LoS

link, the element of the developed near-field spatial correlation is modeled as

K d2e X fdR. dn)
@LOSM Mm&xn ‘%MLOS Xdnd %? (4.10)

|Z|L05where Kis the K-factor, |ZMO,1|X is the random variable to model the (in)visibility of n the nth
antenna element to user for the LoS link, dn is the distance between the nth antenna element
and user, and d is the distance between the antenna element n=0 (the center element of the
array) and user. The developed near-field spatial correlation of LoS component depends on the po-
sition of the UE, which is different from the far-field model only depending on the AoA of the UE. For
the NLoS links, a novel near-field spatial correlation in integral form is modeled as
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where s is the scatterer characterized by its AoA and distance to the center antenna elementr, S is
the |X|NL055upport of random scatterers, ( S) X&om is the random variable to model the n (in)vis-
ibility of the nth antenna element to scatterer s for the NLoS link, r ('s) is the distance between
scatterer s and the nth antenna element, and f (') represents the PDF of scatterer s's location. The
scattering power distribution of the developed near-field spatial correlation of the NLoS component
is characterized by the power location spectrum, rather than the power angle spectrum in traditional
far-field models. The near-field spatial correlation no longer exhibits spatial wide-sense stationarity
and is more generalized than the far-field model, as the proposed near-field spatial correlation model
can degenerate to the far-field model when the user/scatterer is located in the far-field region of the
XL-array array.

As shown in Fig. 4.20, for antenna arrays or RIS based on discrete elements, the resulting
near-field channel can be modeled as the complex-valued sum of all far-field channels between
each individual transmit antenna (TA) and the receive antennas (RA). This type of channel model is
referred to as the Non-Uniform Spherical Wave (NUSW) model [203]. Consequently, the near-field
channels between antenna arrays can be characterized by a channel matrix with dimensions corre-
sponding to the numbers of receive and transmit antennas. The DoFs in the near-field channels are
determined by the rank of this channel matrix, achieving full rank even in the absence of scatterers.
Regarding CSl acquisition, near-field channels demand higher precision than far-field channels to
effectively utilize their enhanced DoFs. For extremely large-scale MIMO systems, subarray-based es-
timation methods might be employed. For spatially discrete antennas, NUSW channel models strike
an appropriate balance between accuracy and complexity in most scenarios.
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Fig. 4.20 NUSW channel model for spatially discrete antennas
In recent years, meta-materials have been used to realize (approximate) continuous trans-
mit and receive apertures, thus facilitating holographic beamforming. Compared to traditional
beamforming techniques, holographic beamforming achieved through continuous-aperture (CAP)
antennas provides ultra-high spatial resolution [203]. In the case of continuous-aperture anten-
nas, near-field channel modeling can rely on the Green's function method [204]. In this model, the
Green's function can be regarded as the spatial impulse response function between the continu-
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ous-element transmitter and thenear-field receiver. As depicted in Fig. 4.21, employing the Green's
function method allows for computing the electromagnetic field distribution in a given area for

a specified transmitter current distribution. Consequently, based on the specific properties of the
receiving antennas, the received field strength or induced current distribution can be obtained. This
model yields an accurate volume-to-volume model (i.e., transmitter effective volume to receiver
effective volume) compared to the traditional point-to-point model, enabling full utilization of the
higher DoFs in the near-field channel. Similar to discrete antennas, continuous-element antennas
also require more precise CSI due to their channel modeling reliance on Green's functions and
spatial integration. CSl acquisition for continuous-element antennas remains a challenging subject
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Fig. 4.21 Green’s function-based channel model for CAP antennas

The aforementioned use of metamaterial-based aperture antennas, also referred to as HMIMO,
enables breakthroughs in uncontrollable factors of traditional wireless channels, reshaping the
wireless propagation environment and introducing new DoFs, particularly in near-field scenarios.
Research has indicated that traditional channel modeling approaches are no longer applicable in
near-field channel scenarios [205]. Currently, the most effective near-field modeling approaches are
derived from electromagnetic field theory and utilize tools such as computational electromagnetics
to characterize wave propagation channels. By combining the advantages of information theory, an
electromagnetic field information theory mathematical analysis framework has been established,
leading to the development of field propagation models for massive MIMO communications.

The multi-polarized free-space channel, as shown in Fig. 4.22, considers both the near-field
spherical wave channel and the multi-polarization effects through the vectorial Green's function.
Based on this, a model for the multi-polarized near-field spherical wave channel is established.
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Fig. 4.22 Modeling of near-field multi-polarized spherical waves
The received electric field in the transmitting HMIMO system can be represented

ikoTn
E(r) = / dr'. G (r,r.) - J (r / J dzdy, [Iﬂ]e I,
As/2 k 4 rn

(4.12)
The channel from the n-th transmitting antenna of the HMIMO system to a specific receiving
point can be represented as:

H, = £&(R,)C, = £(R,) (CI(RH)I + cz(Rn)Fni"n) , 4.13)
a (ﬁn)=( #ﬂ_mL);QRJ:(EsE_%—g, (414)

The size of the receiving HMIMO at the receiver end is typically smaller than that of the trans-
mitting HMIMO at the sender end. Therefore, it is reasonable to assume that the power of each
receiving HMIMO antenna is proportional to its size: . Corﬂéfqaerﬁlﬁ% channel between the n-th
transmitting HMIMO antenna and the m-th receiving HMIMO antenna can be expressed as:

HZ= H=v sz
H = AAT e(’kO Rmn) ko(znrey,)AS ka (ym-y:,)A; C. .= Hmn, Hmn, H!JZ
n— - sinc 2B, sinc 2Bmn mn— mn? “4tmn> ’

Hrzrl:FniH:lrnHrznzn (4.15)
where Gihustife @Rtind Lt SrmdErine Ean eCXpressed as:

Hzm sz sz
H= Hyz Hyy Hyz c C3Nr ><3st
H, H, H, (4.16)

where the channel submatrix%r@s@%?ﬁé:ﬂﬂﬁrﬁ\eﬁlbe%v?&en the transmitter component in the
p-polarization direction to the receiver component in the g-polarization direction.

The channel capacity of tri-polarized HMIMO is higher compared to dual-polarized HMIMO and
conventional unpolarized HMIMO as in Fig. 4.23 [206].

T a a o 2 " 5 . i3

Fig. 4.23 Multi-polarized channel capacity
The existing channel models usually assume that the scattering clusters are located in the near
field or the far field. However, in reality, there are mixed near and far fields in the medium andul-
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tra-massive MIMO systems, that is, some scattering clusters are located in the near field and some
scattering clusters are located in the far field. In other words, very large MIMO channels usually
consist of both far field and near field path components. The existing near-field or far-field channel
models cannot match the characteristics of the hybrid near-field channel, so a channel model con-
sidering both the far field and the near field will be established next.

The boundary division between near field and far field has an impact on many aspects of
wireless communication systems, such as array antenna characterization, propagation channel,
perception, etc. [107]. In order to build a hybrid near and far field channel model, we first discuss
the boundary division between far field and near field. According to whether the transceiver is con-
figured with multiple antennas, the system can be divided into MISO/SIMO and MIMO. The far-field
and near-field boundaries of these two types of systems are described below.

MISO/SIMO system: The classical antenna near and far field boundary is the Rayleigh distance,
e« "ee where D represents the array aperture and K represents the carrier wavelength.

MIMO systems: For MIMO systems, an extended form of Rayleigh distance is widely accepted,
iee o oo .03 ,Where ¢ _,¢ represent the maximum array aperture of receiver and transmitter-
respgctively.

Fig. 4.24 XL-MIMO hybrid near and far field propagation environment

As shown in Fig. 4.24, there are two different scattering clusters in the ultra-large MIMO system.
The cluster away from the BS is located in the far field region and generates the far field compo-
nent, while the cluster near the BS is located in the near field region and generates the near field
component. In this case, the BS serves a distant user. Although the direct connection path belongs
to the far field component, the near field component generated by the near field cluster may also
exist in the channel, so the mixed channel of the far field and the near field must be considered.

In order to describe the characteristics of the mixing of near and far fields in the channel, the
formula of the mixed field channel model is as follows:

L
Bfield h &\/Eg%,fax M ﬁr&@m,ﬂn&blﬂu
L If In

hybrid
(4.17)

0,1® Where, L r sents the number of paths, is an adjustable parameter, used to con-
trol %fﬂhe_ratiodo{near%%ﬁ clu%teﬁ aﬁéjf rﬁ Iﬁ[(ﬁus er, ana resJ ectivel;?repfres nts the path a(
[ .gain and arrival Angle of the first far field path, and is refated to’the far field array guide

Mm&n rnvegor, ,@nd respectively represents the path gain, angle and distance of the first near b(
X ,r 3 i< Sin r, 1 field path, and related to the near field array guide vector. When , the

In” "ln
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XX0 mixed field model becomes a far field model, when , the model becomes a near field model.
Therefore, the mixed-field model is a more general channel model, and the existing near-field and
far-field models can be regarded as its special cases.
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Fig. 4.25 lllustration of the planar and spherical wavefronts in the RIS-enabled channel model
Existing studies have shown that there are obvious differences in investigating RIS-enabled channel
statistics based on the assumption that transmitter and receiver are in far-field regions of each other,
compared to the assumption that the transceivers are in near-field regions[207][208]. Therefore, the
Rayleigh distance criterion must be derived to determine the boundary of the far-field and near-field
propagation scenarios for measuring the channel propagation statistics, as shown in Fig. 4.25. In
the existing literature, the planar wavefront assumption has been adopted to simplify the channel
modeling process in MIMO systems under far-field condition. In practice, the far-field condition is
not always satisfied in RIS-assisted wireless communications. This is mainly because that the di-
mension of RIS becomes comparable to the propagation distance and no longer negligible when
the RIS units number is large [209][210]. To address this issue, it is important to propose a sub-array
partitioning scheme to divide the entire RIS array evenly into several smaller sub-arrays, where each
sub-array consists of several RIS units. For each sub-array, the far-field condition holds, meaning that
the dimension of each sub-array is much smaller and negligible as compared to the propagation dis-
tances. Consequently, we can apply planar wavefront assumption to each sub-array, as shown in Fig.
4.26. In each sub-array, once the distance/angle parameters of any one RIS unit are calculated, the
distance/angle parameters of the remaining RIS units can be obtained accordingly. This significantly
reduces the channel modeling complexity [211]. In the proposed dynamic sub-array partitioning
scheme, the sub-array Rayleigh distances are adopted as the boundary of far-field and near-field to
perform dynamic sub-array partition, which establishes a dynamic mapping relationship between
sub-arrays and physical propagation environments.
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Fig. 4.26 Illustration of the sub-array partition model.
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In RIS-enabled channel scenarios, the Fraunhofer distance, which distinguishes between the
far-field and near-field ranges, can be expressed as

X2)2DX1).82 (M (M mxzd
Lrs X

X (4.18)

with Kbeing the wavelength. Due to the dynamic features of the transceivers, the distance between
the transceivers and the RIS continually vary in the real-time motion stage [212][213]. This will result
in the alternating presence of near-field and far-field ranges, making the conventional methods that
rely solely on spherical or planar-wave-based channel models inadequate for assessing the commu-
nication system performance for RIS-enabled scenarios [214]. To tackle this challenge, it is important
to divide sus suwthe entire RIS array into M (t) M _ (t) sub-arrays in an evenly distributed manner. The
largest sub sub sub-array contains M _ (t) XM , (t) RIS reflecting elements. For the convenience of the
subsequent derivations, assume that the largest sub-array is square under the premise of acceptable
computational sub sub complexity, i.e., M xmax XM 2max (t) . In order to ensure that the planar-wave
model can be applied to each sub-array, the distances K (t) and K, . (t) are required to meet the
following constraint condition:

RIS R.RIS

g udM e

X (4.19)
@ Judm o anX

K (4.20)

In light of this, we can obtain the constraint of the largest sub-array M s ® (t) as follows:

X / zmax

Kr ris (t) X

Krris (t) X

) ceo o o oo ORI eee ..\/m PP
...... cecg Y B0 e VT O (42‘])

In addition to the above constraint conditions, it is crucial to ensure that the dimension of the
RIS panel in each sub-array remains smaller than that of the entire RIS array, that is, M " ® (K

X / zmax

Therefore, the M _su ® (t) also needs to satisfy the following constraint:

X / zmax
KXmin W&ZI, M N, ifmigg XK

M (t) KK g
yhax M .
,if mingX B
uif ming: (4.22)
where XXX denotes the operation of the largest integer not greater than x . Here, we have
M, Bmod: MM )ég
M Xhax (t )
M ()RR ifmodzMM %> (K ®o
/MM (1),
% if mod/zM M j}fmax (1) ()
' (4.23)

e msubsubConsequentIy, for the (, ) X th sub-array, i.e., X 1, 2,.., M (t) and xzxx
prysub sub |zm, 2,.. M , (t) , their numbers of RIS reflecting elements are represented by
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(4.24)

MSUb st msubFor the convenience of subsequent expressions, define the _asthe (, ) .Itis
worth noting that the proposed sub-array partitioning scheme is a software- Ievel method whlch
implies that the sub-arrays can be repartitioned dynamically to accommodate the motion of the
transmitter and receiver. Therefore, the proposed sub-array partitioning scheme can be extended to
divide the large antenna arrays at the transmitter and receiver in ultra massive MIMO systems into
small sub-arrays to reduce the modeling complexity.

As shown in Fig. 4.27, when the dimension of the RIS array is relatively small, which causes
the propagation distance from the RIS to the transceivers to exceed the Rayleigh distance of the
RIS-enabled channels; therefore, the planar wavefront assumption will hold for accurately charac-
terizing the channel statistics in this context. The results in the RIS-enabled channel models based
on the near-field scenarios provide the same performance as those based on the far-field scenarios.
However, when the RIS array dimension continually increases, the length of the Rayleigh distance
can be larger values. This results in the transmitter and receiver within the near-field scenarios of
the RIS-enabled channels, which leads to different performance characteristics regarding modeling
errors.
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Fig. 4.27 Comparisons of the channel modeling accuracy based on the sub-array partition-based
algorithm and that based on the far-field planar wavefront model under different motion time

instants and different RIS units.

By performing a spatial Fourier transform on the received signals across the array, the angular
domain representation of the channel can be obtained. Under far-field conditions, the angular do-
main channel exhibits sparsity. However, with the introduction of spherical wave characteristics in
the near-field scenario, the near-field angular domain channel will manifest a power diffusion effect,
which disrupts the sparsity property. Consequently, conventional angular domain sparsity-based
algorithms for channel estimation, beamforming, and beam training become ineffective. Never-
theless, through quantitative analysis of the diffusion effect in the angular domain of near-field
channels, it becomes feasible to enable angular domain-based algorithm design and characteristic
analysis for near-field scenarios.

On the other hand, the angular domain channel obtained directly through Fourier transform is
defined over a set of angular domain orthogonal bases, whose resolution is fundamentally con-
strained by the array aperture and operating wavelength. To address the resolution limitation inher-

ent in the angular domain characterization, we propose a novel approach that directly models the
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near-fielddiffusion effect in the wave-number domain [215]. The wave-number domain, which can
be considered as the continuous counterpart of the angular domain, enables precise reconstruction

of the wave-number domain channel from angular domain measurements through rigorous appli-

cation of the Nyquist sampling theorem.
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Fig. 4.28 System model

Fig. 4.28 illustrates a narrow-band XL-array system, operating at a carrier frequency of e , with
the carrier wavelength denoted as « ¢ eee . The antenna spacing in the ULA is represented by o o
eee resulting in the array aperture of o ee ¢ pe oo ) eege Thereference antenna is positioned
at the center of the array, with the origin of the coordinate system chosen at the location of the
reference antenna, and the x-axis aligned along the array direction. The distance and angle of de-
parture from the reference antenna to the user are denoted as * ;and ¢, respectively,and e o eee
* . The near-field range of the array is characterized by the Rayleigh distance: ¢ _ ¢ ee¢“ee . When
.** ..., the user is within the near-field region of the BS, and the downlink channel can be modeled

using the near-field steering vector as

® cooe \/o_o e® 00 00, (425)
where o ¢ *°"isthe channel vectorand ¢ is the complex gain of the path at the reference an-
tenna. Based on the spherical wavefront propagation model, considering both amplitude and phase

variations, the near-field steering vector can be modeled as

oy = - = (4.26)
where ¢ denotes the distance from the n-th antenna of BS array to the user. The x-coordinate of

the

e-thantennais o o eee s wheree ¢ o ¢ ewmes oo Then ¢ can be calculated as -

. .\/ Scee e.i0 ee.e.e (4.27)

By applying the discrete Fourier transform (DFT) to the channel vector o ___, the virtual angu-

lar domain representation of the channel can be obtained as

oo () e (4.28)

where o o [e(s yoooo ¢ eyenotes'the Fourier transform matrix. o ¢ sees™ ‘e 0o*"**denojes

'_[the far-field Stee}'lr'\g];/ector and o e, e e o,
v .
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By extending e to a continuous variable ¢, the near-field channel (4.1) can be transformed

into a univariate function defined on o[e ¢ eccedecceas follows:

) (4.29)

By applying the Fourier transform (FT) to (4.4) the near-field channel response can be ex-

pressed in the wave-number domai a3 ¢ ,,, ¢, where the ¢ denotes the wave-number of ¢ -axis:

. ..C. ) .."o..-.( ) (4.30)

The wave-number domain channel and angular domain channel are essentially the FT and
DFT of the near-field channel respor(se) . ¢ . Therefore, * . _can be viewed as a wave-number

domain sampling 6f while e can be viewed as a spatial domain sampling of (). °.

XXX o’

The sampling interval in the spatial domain is ¢, and only the portion of the wave-number domain
with esee e oo ee sypports the transmission of communication power beyond the radiative near
field[216]. Consequently, the wave-number domain bandwidth is denoted as ¢ ¢ eeeeee Since o

.....can be used to reconftruct e .°..

.* e+, satisfying the Nyquist sampling theorem, e

Specifically, comparing the kernel function of (4.5) with the exponential component of (4.3),

the sampling positions in the wave-number domain can be determined as ¢ _¢, and the bsam-

) ()

pling interval in the wave-number domain is denoted as ' s CoHsequently, * e+ cane

cepe) e :;°°° ......[ o]:Einc (...(..)) 431)

Where -[- ] denotes the ¢ -th element of ® ... and ®..c.a * is the periodic extension of

* s ® T e (""" "'.(")IXAS eétablished in the preceding analysis,

the angular domain channel inherently contains complete information of its wave-number domain
counterpart. Crucially, the wave-number domain provides more intuitive visualization of angular
characteristics through its continuous spatial frequency representation. This fundamental relation-
ship motivates our subsequent selection of the wave-number domain as the principal framework for
channel modeling and analytical investigations

By substituting the near-field channel in spatial domain (4.4) into the Fourier transform in the
wave-number domain (4.5), the precise expression for the near-field wave-number domain channel

can be obtained as

c vt ) (4.32)

The integrals shaped like (4.7) are known as oscillatory integrals, i.e. e * ¢+ (=3 @) Based on-
the Principle of Stationary Phase, if the phase function e » exhibits a stationary point ¢ within thin-
tegration interval, i.e. eee e e, the oscillatory integraﬁc?an be approximate as *ee

()
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m- . freonss B&'éﬂaﬁionarx point within the integration domain, * can be approximate as
« . Therefore, to rigorously investigate the spatial distribution characteristics of the diffusion region,
it necessitates a systematic examination of the following critical condition: Under what parametric

configurations does the phase function ¢ ¢ develop stationery points within the integration interval.

As can be seen from (4.7), the expression of the phase functionis e )

_( f'--‘ ®.0 oo.000 '-)' *+ o andits first-order derivative function is(--)' e

* .. 50 *(* have unique stationary point:

AR & —\/— (4.33)

Notice that the integral range of (4.7) isje  esee eelvhen ¢ oo o foee oo o needs to be
satisfied by

e 3

When the distance between the users and BS is generally not small enough to be on the order
of the array aperture; hence, ¢ ¢ <Xby taking the Taylor series expansion as ¢ ees * ¢ and retain-

ing the first-order term, ¢ can be approximate as:

(= )= =0 ) 439

Fig. 4.29 illustrates the comparative simulation results of the wave-number domain channel

response, angular-domain channel response, and the approximated wave-number domain channel
model. The analysis demonstrates that: The wave-number domain constitutes a continuous super-
set of angular-domain characterization, and the proposed approximation model exhibits an ap-
proximately rectangular function profile. The approximately derived diffusion region demonstrates

effective correspondence with the diffusion phenomenon observed in the wavenumber domain.
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Fig. 4.29 Near-field angular domain channel, wave-number domain channel, and wave-number
domain approximation results.

4.4 Bridging the Gap between Near and Far-Field Models

With the increasing importance of near-field considerations alongside the established signif-
icance of far-field characterizations, there is a growing necessity to bridge the gap between these
two domains. Here, we summarize some recent findings by drawing parallels between conventional
channel modeling methods and those based on the fundamental wave propagation modeling
approach via Maxwell’'s equations (Green's function). Our objective is to offer engineers and re-
searchers fresh perspectives, enabling them to leverage techniques developed for standard far-field
models in the exploration of near-field scenarios. Specifically, we concentrate on environments
devoid of scattering, where communication relies solely on the LoS link.

To elucidate the characteristics of near and far-field models, we examine a MISO system setup,
focusing on beamforming applications at various distances from the transmitter [217]. This system
comprises a rectangular grid of ¢ ¢ ¢ e small antenna elements, uniformly spaced at half of the
wavelength at the transmitter. In our simulations, we utilize a carrier frequency of 30GHz corre-
sponding to a wavelength of e ¢ ewee The transmitter configuration comprises a rectangular
grid of antenna elements, with ¢ ¢ e antennas along the X-axis and ¢ ¢ ¢eeantennas along the
Y-axis. Each antenna element has a square shape with a side length ¢ ¢ ewe

In Fig. 4.30 (a), (b), and (c), we examine the performance of a matched filter beamformer de-
signed to maximize the received power at the receiver positioned at se @ ee e \ith o ¢ eee o ecwe,
e esco o omeo gnd e o eeeee o eee raspectively. From plots (a) and (b), the discrepancy be-
tween the near and far-field models becomes evident. In the near-field scenario, the near-field mod-
el allows for power concentration at the specific receiver position, and for e ¢ ¢ eee ¢ o the
power decreases. In contrast, in the far-field, the transmitter can only concentrate power towards
an angular orientation of the receiver. As illustrated in Fig. 4.30 (c), when the distance between
the transmitter and the receiver is sufficiently large, the near and far-field models almost coincide,
indicating that the far-field model serves as an approximation of the near-field model. It is notewor-
thy that for the given transmitter antenna configuration, the Fraunhofer distance is approximately
200m. However, this distance provides a highly conservative estimate for the reliable employment
of far-field models. This discussion underscores the accuracy of the near-field model in describing
wireless propagation and highlights its utility in leveraging an additional DoF (the distance d) to en-
hance performance in various applications. Notably, in Fig. 4.30 (a) with d=0.1m, the far-field model

tends to overestimate the received power. Further elaboration and analysis can be found in [217].
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Fig. 4.30 Comparison of near and far-field models for different Tx-Rx distances [217].
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5 Transmission Technologies of Near-field

Due to the mismatch between near-field propagation models and existing far-field communi-
cation technologies, existing far-field technologies will experience significant performance degra-
dation in the near-field region. This chapter will introduce near-field communication technologies
from the aspects of channel estimation, beamforming, codebook designing, beam training, multiple

access technology, non-coherent detection, and deployment.

5.1 Near-Field Channel Estimation

Accurate CSl is fundamental for designing accurate beamforming in 6G communications,
which is a key factor in achieving ultra-high-speed transmission. The Massive MIMO 5G technolo-
gy was designed around the use of model-agnostic channel estimation, using uplink pilots, up-
link-downlink duality, and the use of non-parametric channel estimation methods. These methods
can be used for near-field estimation without any modifications. Nevertheless, there are good rea-
sons for considering parametric estimation methods in 6G: the increased carrier frequency reduces
the available pilot resources per coherence block and increased number of antennas calls for more
pilot resources. This issue can be resolved by shifting to parametric methods, where channels are
described with a number of parameters that is independent of the number of antennas. However,
the new characteristics introduced by near-field communications pose challenges when applying
such methods.

Previous parametric estimation methods designed for mmWave bands often utilize the sparsity
of far-field channels in the angle domain and employ compressive sensing (CS) algorithms to recov-
er sparse channels with low pilot overhead. To achieve this goal, the Fourier transformation is first
performed in the antenna domain of the channel, converting it to the sparse angle domain. Then,
the sparse signal reconstruction methods such as Orthogonal Matching Pursuit (OMP) are utilized to
accurately reconstruct the sparse angular-domain channel. The far-field channel estimation scheme
heavily relies on the sparsity of the angular-domain channel, which originates from the far-field
planar-wave model. Due to the fact that the near-field channel of ELAA is composed of spherical
waves, the propagation characteristics of near-field spherical waves will lead to energy spread
effects in the near-field angular-domain channel, where the energy of each near-field path spread
to multiple angles in the angle domain. The energy spread effect disrupts the sparsity of near-field

channels in the angle domain (ref. Fig. 5.1). Therefore, existing channel estimation schemes will
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Fig. 5.1 The energy spread effect in the angle-domain
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To overcome the energy spread problem in near-field communications, a near-field codebook
dictionary matrix can be constructed based on the characteristics of near-field spherical waves,
where the sparsity of near-field codebooks can be restored and thereby compressive sensing
methods could be leveraged in near-field communications. Specifically, the existing angular-domain
dictionary matrix of far-field Fourier transformation is a uniform sampling of spatial angles, ensuring
the sparsity of far-field channels in the angle domain. To adapt to the propagation characteristics
of spherical waves, an additional non-uniform sampling of spatial distance can be added on the
basis of uniformly sampled spatial angles, while ensuring that the coherence of codewords is as
small as possible in the distance domain dimension for the ULA. This allows for the simultaneous
extraction of channel information in the two dimensions, i.e. “angular-distance" (polar) domain with
the near-field polar domain codebooks. Based on the Fresnel approximation, it can be proven that
the proposed polar domain representation method can adapt to the near-field propagation envi-
ronment, ensuring the sparsity of the near-field channel in the polar domain [218]. By transforming
the channel from the spatial domain to the polar domain and utilizing the sparsity of the near-field

channel in the polar domain, compressive sensing could be utilized to achieve low-overhead chan-
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Fig. 5.2 Demonstration of DPSS codewords
The optimal sparse representation of the channel can be achieved with an orthogonal code-
book, specifically the eigen-codebook, which is composed of eigenvectors of the channel matrix.
Such design can be traced back to the spectral concentration problem, where the codewords corre-
spond to the optimal sequences achieving energy spectral concentration in a double band-limited
system. Eigen-codebook ensures perfect orthogonality and minimizes the codebook size while
capturing the essential features of the channel. However, the design of eigen-codebooks lacks a
unified and straightforward rule across diverse scenarios. Fortunately, in near-field ULA communica-
tion systems, it has been demonstrated that the optimal codebook aligns with the eigenvectors of a
Sinc-Toeplitz matrix [219], known as discrete prolate spheroidal sequences (DPSSs), as shown in Fig.
5.2, The DPSS-based codebook not only achieves the optimal sparsification of the channel matrix
but also minimizes coherence among codewords, making them highly effective for precise channel
estimation and efficient recovery in compressive sensing frameworks.
In [220], by exploiting the fact that with given observations, the angle and distance are cou-
pled, a distance-parameterized angular-domain sparse near-field channel representation dictionary
is proposed, followed by joint dictionary learning and sparse recovery channel estimation algo-
rithm. The proposed algorithm iteratively estimates the angle and distance parameters, which are

then used for the reconstruction of the near-field channel. Specifically, the proposed near-field
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channel representationdictionary takes the distance as an unknown parameter while only the sam-
pling at the angle domain is performed, which well addresses the high storage and high coherence
issues brought by the polar-domain method, as illustrated in Fig. 5.3. To reduce the dictionary
construction difficulty of the polar-domain method, a model-based deep learning approach was
proposed for the near-field channel estimation in [221]. In this work, a small-sized dictionary was
learned from the received observations to represent the near-field channel, and the channel param-
eters are recovered by virtue of a learning-based iterative shrinkage thresholding algorithm.
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(a) The distance-parameterized angular-domain dictionary. (b) The Polar-domain dictionary.
Fig. 5.3 Dictionary coherence comparison

In addition to constructing codes in the near-field polar domain to ensure the sparsity of the
near-field channel, in [222], a wavefront transformation-based matrix is constructed to transform
the near-field channel into an approximation of the far-field channel, or even a far-field channel.
Then, a DFT matrix is used to project the channel onto the angle domain, ensuring the sparsity
of the channel. Unlike the structure of far-field channels, existing near-field channels include an
additional distance matrix, which is the phase deviation of different antenna array units. To alleviate
the impact of phase deviation, a row full rank matrix perpendicular to the space where the far-field
steering vector matrix is located can be constructed based on the structural characteristics of the
near-field channel and far-field channel. A full rank matrix can be obtained through matrix oper-
ation, and the diagonal elements of the full rank matrix can be extracted and normalized as the
constructed wavefront transformation matrix. When the number of antennas is large enough, the

wavefront transformation matrix is related to angles and distance, and the estimation error of the
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Fig. 5.4 Space Partition Based on Joint Angular-Polar Domain Transform

To mitigate the accuracy, decrease of far-field methods in near-field communications, [223]
proposes a power-diffusion-aware orthogonal matching pursuit algorithm (PD-OMP) for hybrid-field
channel estimation. Different from other hybrid-field channel estimation methods, PD-OMP trans-
forms the spatial-domain channel to the joint angular-polar domain, where both the near-field and
the far-field steering vectors are included in the compressed sensing dictionary. As shown in Fig.
5.4, the space covered by the holographic antenna array is divided into the near-field region and
the far-field region. In the joint angular-polar domain, the near-field region is partitioned two-di-
mensionally in both direction and distance with near-field steering vectors, and the far-field region
is partitioned one-dimensionally in direction with far-field steering vectors.

Based on the transform result in the joint angular-polar domain, PD-OMP estimates all path
components of the hybrid-field channel in iteration. In each iteration, a peak representing a path
is detected in the transform result and PD-OMP calculates this path’s power diffusion range, which
quantifies the range of power diffusion in the joint angular-polar domain. The power diffusion ef-
fect of this path is therefore identified and then eliminated so that the estimation of the remaining
path components is not affected by the power diffusion effect. It is noticed that the amplitude of
the highest peak, which represents the path with the strongest power gain, is larger than the in-
terference of the power diffusion effect of the other paths. Therefore, in the first iteration, this peak
can be detected and the corresponding power diffusion range can be identified, which ensures that
each path component can be detected successfully in the following iteration.

Due to the energy spread effect, the near-field channel exhibits block structure in angular
domain, i.e., the significant angle ingredients of the channel are continuous. Moreover, as polar-do-
main representation contains the angle ingredients, the near-field channel in the polar domain also
exhibits block structure. The authors in [224] reformulated the near-field channel as a block-sparse
model by exploiting this structural characteristic. They further proposed an enhanced compressed
sensing technique, called block-dominant compressed sensing, to perform reliable near-field chan-
nel estimation in both angular and polar domain. Benefiting from the exploitation of the subspace
information among various channel blocks, channel estimation by the way of block-dominant com-
pressed sensing offers fertile advantages in terms of both accuracy and complexity.

By further considering the dual-band deployment of practical communication systems, [225]
proposed various dual-band near-field channel estimation schemes based on the block-sparse

model in [224]. The authors present several theoretical results, revealing that the reliability high-
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band channelestimation with minimum estimation error can be guaranteed with the assistance of
the low-band CSI. The single subcarrier and multiple subcarrier systems are analyzed separately
to achieve the optimal solution of the corresponding system. Furthermore, both on-and off-grid
scenarios are verified to substantiate the feasibility of the dual-band channel estimation schemes,

which results in a significant reduction in pilot overhead.

Apart from the works on ULA, [226] and [227] propose parametric deconstruction techniques
for a more general UPA scenario that incorporates both two-dimensional azimuth-elevation angles
and distance parameters. In particular, these coupled geometry parameters, consisting of a pair of
elevation-azimuth angles and the distance, are decomposed independently by employing a care-
fully designed mapping strategy from the original channel matrix to the three covariance matrices,
each of which is associated exclusively with a single geometry parameter. This results in three inde-
pendent one-dimensional (1D) parameter recovery problems that can be solved using compressive
sensing techniques. Furthermore, benefiting from independent parametric estimates, the multi-
plicative complexity order can be relaxed to its additive counterpart. This implies that the proposed
Triple Parametric Decomposition (TPD) enables practical implementation due to the beneficially
reduced gridding and computational complexity as well as viable pilot overhead savings.

In [231], the authors proposed an adaptive and robust deep learning framework, called fixed
point networks (FPNs), for iterative channel estimation in hybrid far-field and near-field THz ul-
tra-massive MIMO systems. Each iteration consists of a closed-form linear estimator (LE) for decou-
pling the measurements, and a residual network-based non-linear estimator (NLE) for denoising the
estimated hybrid-field channels. The authors prove that if the concatenation of the LE and NLE is a
contractive operator, then FPNs will converge to a unique fixed point with linear convergence rate,
providing an adaptive performance-complexity tradeoff. In combination with the orthogonal ap-
proximate message passing (OAMP) algorithm, the proposed FPN-OAMP can directly generalize to
various mismatches in terms of channel distributions, noise conditions, and measurement matrices.

As an extension, in [232], an unsupervised Bayes-optimal channel estimator is proposed
based on score matching for near-field holographic MIMO systems. The method only requires noisy
received pilot signals for training, and can work in unknown environments. It demonstrates robust-
ness, adaptability, and quasi-optimal performance for fully-digital and hybrid HMIMO systems with-
out requiring prior channel knowledge. The performance of the learning-based estimator can be
predicted based solely on received pilot signals [233], as verified by results in hybrid-field massive
MIMO systems. In addition, the principles and techniques of deep learning-based near-field XL-MI-
MO systems, including channel estimation, are further summarized in [234], covering both iterative
and non-iterative algorithm design.

By exploiting the near-field channel sparsity in the polar domain and the high-performance
capabilities of deep learning (DL)-based algorithms in channel estimation (CE), the authors in [228]
proposed two channel estimation schemes, i.e., the polar-domain multiple residual dense network
(P-MRDN) and the polar-domain multi-scale residual dense network (P-MSRDN) based CE schemes.
Moreover, the proposed schemes were compared with the polar-domain orthogonal matching pur-
suit (P-OMP) algorithm[218] to reveal the impact of channel sparsity on the performance of both

traditional and DL-based algorithms.

82/232



&

To mitigate the influence of additional Tx/Rx-coupled LoS component in the double-sided
near-field MIMO, which cannot be decomposed into the multiplication of transmitter-side and
receiver-side array response vectors, the authors in [229] proposed a unified LoS/NLoS-mixed com-
pressive-sensing-based estimation method. The Tx/Rx-coupled LoS component and Tx/Rx-decom-
posed NLoS paths, far-field and near-field cases, and near-field MIMO/MISO scenarios, are uniformly

considered under this estimation scheme.
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Fig. 5.5 MRDN-based channel estimation scheme
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Fig. 5.6 P-MRDN-based channel estimation scheme
Fig. 5.5 illustrates the conventional MRDN-based channel estimation scheme [230]. The MRDN

aims to transform the received signal into the angular domain using Fast Fourier Transform (FFT),
thereby fully utilizing the sparsity of the channel in the angular domain. Subsequently, the MRDN
is employed to recover the sparse far-field channel in the angular domain. However, the sparsity of
the near-field channel in the angular domain is not significant. Instead, similar to the sparsity of the
far-field channel in the angular domain, the radiation near-field channel exhibits certain sparsity in
the polar domain.

As shown in Fig. 5.6, to leverage the polar-domain channel sparsity in near-field systems, the
proposed P-MRDN-based channel estimation scheme adopts the polar-domain transform (PT) to
transform the received signal into the polar domain counterpart, similar to the angular domain
transformation. The key distinction between the MRDN and PMRDN lies in their approach to exploit
the inherent channel sparsity. The MRDN-based CE scheme transforms the channel to the angu-
lar domain, exploiting the angular-domain sparsity in the far-field. In contrast, the P-MRDN-based
CE scheme transforms the channel to the polar domain, leveraging the polar-domain sparsity in
the near-field. To further improve the channel estimation accuracy, the authors in [230] define a
parallel part of the atrous spatial pyramid pooling (ASPP) and residual dense network (RDN), named
ASPP-RDN, as shown in Fig. 5.7. By incorporating the notion of ASPP into the proposed P-MRDN, the
new CE scheme can achieve lower normalized mean-square error (NMSE) performance as the ASPP

can integrate multi-scale features of its input.
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Fig. 5.7 RDNKCMAM and ASPP-RDN system models
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To compensate for the product-distance path-loss in high frequency bands, one efficient
approach is packing more and more reflecting elements, leading to the so-called extremely large-
scale RIS (XL-RIS) [236]. Compared with the conventional RIS with a modest number of reflecting
elements, XL-RIS introduces a fundamental change in the wireless channel modelling, shifting from
the conventional far-field planar wavefronts to the new near-field spherical ones. In order to fully
unleash the potential of XL-RIS in enhancing wireless communication performance, accurate CSl is
indispensable yet challenging to acquire. There exist two key issues in XL-RIS channel estimation,
when the XL-RIS has an extremely large aperture. First, different from the existing works that only
considered the near-field RIS-user channel, both the BS and users may be located in the near-field
region, thus rendering the cascaded channel modelling and channel estimation more complicated.
Second, the spatial non-stationarity may concurrently exist in both the BS-RIS and RIS-user chan-

nels, termed as double-sided VRs, where only a portion of XL-RIS elements are visible to the BS and

Fig. 5.8 lllustration of XL-RIS aided wireless system.
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Fig. 5.9 lllustration of three-step channel estimation.

To address these issues, the authors in [237] studied efficient channel estimation design for
XL-RIS assisted multi-user systems, where both the BS and users are located in the near-field region
of the XL-RIS. As shown in Fig. 5.9, a three-step XL-RIS channel estimation scheme is proposed to
effectively estimate the BS-RIS-user cascaded channels accounting for the non-uniform spherical
wavefronts and double-sided VRs for the XL-RIS. Specifically, in the first step, an anchor node is del-
icately deployed to estimate the cascaded BS-RIS-anchor channel for decoupling the double-sided
VRs. Then, the BS-sided VR information is accurately detected by an efficient VR detection method.
As such, only the channels from the visible XL-RIS elements to the BS are estimated, thereby reduc-
ing the pilot overhead for estimating the cascaded BS-RIS-user channels. Finally, the common BS-RIS
channel and BS-sided VR are utilized to consecutively estimate the cascaded BS-RIS-user channels
with different user-sided VRs. Numerical results showcase the superior performance of our pro-

posed XL-RIS channel estimation method as compared to various benchmark schemes.
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In addition to the “angular-distance” (polar) domain, where the near-field channel model
presents the sparsity, the fractional Fourier domain serves as another domain that represents the
sparsity of the near-field channels. The main reason is that the received signal can be modeled as
the superposition of several linear frequency modulation (LFM) components using Taylor expan-
sion. Many LFM signal parameter estimation methods have been developed based on the fractional
Fourier transform (FRFT) [238]. As analyzed in [239], the sparsity exhibited by near-field channels in
the fractional Fourier domain is explained, and the orthogonality conditions are given for near-field
codebook desig. The FRFT-based parameter estimation methods provide fundamental mechanisms
for near-field channel estimation. The mechanism behind the sparsity of the near-field channel and
the suitability of FRFT in estimating the near-field channel are explained in Fig. 5.10. Similar to the
time-frequency distribution of a time-domain signal, the near-field channel model in a space-angle
plane is illustrated in Fig. 5.10 (a), where the projection of the space-angle distribution in the angle
domain corresponds to the red waveform in Fig. 5.1. The space-angle plane can be rotated via the
FRFT, as shown in Fig. 5.10 (b). The projection of the space-fractional Fourier distribution in the
fractional Fourier domain is a pulse, which aids near-field channel estimation, analogous to the role
function of the blue pulses in Fig. 5.1. Therefore, the role of FRFT in near-field channel estimation is

analogous to that of the Fourier transform in far-field channel estimation.
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(a) The near-field channel model in space-angle plane (b) The near-field channel model in
space-fractional Fourier plane
Fig. 5.10 lllustration of the FRFT in near-field channel estimation.

Different from most of the polar domain near-field channel estimation algorithms, which rely
on the compressive sensing theory, the sparsity in the fractional Fourier domain enables low-com-
plexity analytical near-field channel estimation methods. For example, [240] introduces the discrete
FRFT-clean parameter estimation method for near-field channel estimation. However, this method
is inherently an on-grid method, where the on-grid error becomes non-negligible. To address this
problem, several two-step channel estimation methods have been proposed. For example, [241]
combines the FRFT-based on-grid estimation with the Newton-based refinement to realize a gridless
channel estimation approach, for which the Cramer-Rao lower bound and Ziv-Zakai bound are ana-
lyzed. [242] first demonstrates the sparsity of the hybrid near-field and far-field channel model in the
fractional Fourier domain and then proposes a discrete FRFT-based Newton orthogonal matching

pursuit algorithm without prior knowledge of the number of propagation paths.
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Moreover, another key characteristic of the near-field channel is the spatial non-stationarity,
i.e., different visibility regions (VRs) for different antenna subarrays. which hinders the application of
traditional beamforming schemes. As indicated in [243], this phenomenon results in performance
degradation for conventional beamforming schemes that neglect the non-stationarities. The forma-
tion of spatial non-stationary effects can be attributed to several factors, including unequal pathloss
between the user and different array elements. As a consequence of extended array size, when the
distance between users and the array is less than the Fresnel distance, the spherical wave propaga-
tion characteristics lead to weaker energy reception by antennas farther away from the user. From
another perspective, the unequal channel power arises from the signal blockage caused by ob-
stacles. Different from the far-field situation the total channel is more likely to be blocked, and the
channel of a user in the near field or the Fresnel region may usually be obstructed partially, which
leads to unequal distribution of channel power among the array elements. It can be anticipated that
when users communicate with the BS equipped with an extra large-scale array, only partial array
elements perceiving a favorable channel environment receive the majority of signal power. Con-
versely, a significant portion of array elements, owing to factors such as unideal distance and angle

relative to the user, may only capture low signal power.

To obtain the CSI regarding the non-stationary and near-field characteristics, it is imperative to
carry out VR identification from both the array side and the user side. When the fully-digital RF-front
is equipped with the BS and a single-antenna user is served, the VR identification at the array side
can be realized based on the uplink pilot [201][244]. However, the near-field and non-stationary
characteristics are especially obvious for extra large-scale arrays with hybrid beamforming struc-
tures, the direct acquisition of received signal power corresponding to each antenna element poses
significant challenges. Therefore, the authors in [245] consider the VR identification problem when
a subarray-based hybrid beamforming structure is equipped with the BS. The near-field channel pa-
rameters are first extracted through the parameterized channel estimation schemes, afterwards the
VR is identified by comparing the received signal and the reconstructed channel. Furthermore, the
authors in [246] realize the VR identification with the fully connected hybrid beamforming structure.
Inspired by the classical Alamouti code, the authors artificially create the time-domain relevance to
enable the recognition of non-stationary effect in the space domain. The extra large-scale RIS also
stands as one of the implementation approaches for extra large-scale MIMO systems, therefore the
deployment of an extra large-scale RIS similarly introduces near-field and spatial non-stationary
characteristics. Specifically, [247] considers the VR identification of extra large-scale RIS systems.
The UE-RIS-BS cascaded channel is first estimated, and the VR is then identified by detecting the
inequality power of the reconstructed channel. As for the VR identification at the UE side, the VR is
defined as geometric areas associated with certain sets of antennas. That is, when a user is situat-
ed within the VR, the signal can be received by specific array elements. As the user transitions into
another VR, the signal can be received by a different set of array elements. Based on this, authors in
[248] further take the multipath in the UE-RIS channel and design a two-dimensional space-time-
block-code based scheme to extract the signal for different VRs to realize accurate channel estima-
tion. In [249], the VRs of some beacon users are assumed to be known as a priori, and then a neural

network-based approach termed VR-Net is designed to detect the correspondence between the VRs
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Fig. 5.11 RIS architecture transmitting pilots using one RF-chain.
Although various channel training schemes have been proposed in the existing literature,
these existing methods are almost all cascaded-channel (CscdChn) type strategy. One limitation of
CscdChn strategy lies in double-fading effect. That is, as unveiled in [250]-[252], the multiplicative
fading coefficients of two-hop BS-RIS-user channel severely attenuate the receiving power of pilot
signals. Since channel estimation (CE) accuracy is inversely proportional to signal-to-noise-ratio
(SNR) of receiving pilots[253], it is indeed drastically degraded by the intrinsic double-fading effect
of CscdChn type schemes. Based on the above inspections, alternative RIS CE schemes other than
CscdChn are highly desirable to explore. Recently, the work [254] proposed a novel RIS transmitting
(RIS-TX) training strategy via emitting pilots from RIS side using one TX RF-chain. This new strategy
appropriately overcomes double-fading effect by directly measuring one-hop RIS channels while
maintaining a high hardware efficiency. As reported in [254], applying linear estimators, RIS-TX
scheme outperforms the CscdChn counterpart provided the number of RIS elements is modestly
large (e.g., less than 10000). For RIS CE in the near-field (NF) environment, via leveraging NF channel
models and applying spectral estimation with much less parameters than linear estimation in [254],
RIS-TX training strategy can be further improved. Enlightened by this idea, we propose to accom-
modate RIS-TX training strategy [254] to NF channel models. Specifically, empowering by one TX RF-
chain at UPA-shaped RIS (see Fig. 5.11), we let a sub-row and a sub-column of RIS elements transmit
pilots during training process.We present a brand new RIS-TX channel training scheme suitable to
NF channel models in a multi-user system by transmitting pilot signals to the BS and mobile users
to perform CE with one TX RF-chain embedded in RIS device. This novel CE scheme can effectively
overcome double-fading effect suffered by prevalent cascaded CE schemes. Based on the above RIS-
TX strategy, we propose a two-stage training protocol with each stage emitting pilots from a sub-
row and sub-column of RIS elements, respectively, which wisely decouples NF spectral parameters
associated with the UPA-shaped RIS and hence efficiently conducts non-linear spectral estimation.
For the typical NF propagation scenario where channel contains only LoS path, RIS channels can be
estimated via sequential 1D-MUSIC searches. Our proposed training scheme yields mean-square-
error (MSE) performance approaching Cramér-Rao lower bound (CRLB) and remarkably outperforms
the linear estimation scheme [254] and the classical compressive-sensing (CS)-based method[255],
which suffers from high CE error floor. Besides LoS-only scenarios, we further investigate the more

generic case when all RIS channels contain multiple NLoS paths. In this case, onemajor challenge
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lies in the low dimension of received signals at mobile users' side, due to the limited antenna size.
To overcome this difficulty, we propose a two-step estimation procedure by first extracting dom-
inant LoS path and then aggregating all users' data to retrieve NLoS parameters associated with
commonly seen scatters. Our proposed training strategy appropriately decomposes high dimension
spectral parameters, efficiently recovers NLoS parameters via sequential 1D-MUSIC search followed
by handy matching process.

5.2 Near-Field Beamforming

Beamforming is a signal processing technique that uses antenna arrays to direct a wireless
signal towards a specific receiver, rather than broadcasting it in all directions. It can be achieved by
adjusting the weights and phases of the antenna elements to create constructive and destructive
interference patterns in the desired directions or locations. Beamforming can improve the quality,
capacity, and reliability of wireless communication by enhancing the desired signal and reducing
interference. In the existing far-field wireless communication system, since the electromagnetic
wave front is planar, beamforming can only control signal propagation in one dimension of angle.
Unlike the far-field, in the near-field communications, the near-field beamforming (beam focusing)
technique is able to focus the signal energy at a specific location by exploiting the propagation
characteristics of spherical waves to achieve the control of signal propagation in both angular and

distance domains [256][257]. Near-field beamforming (beamfocusing) provides a novel multi-user
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Fig. 5.12 Far-field beamforming and Near-field beamforming
With known CSlI, the near-field beamforming design can still adopt the traditional MIMO
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beamforming design methods, such as Maximum Ratio, Zero-Forcing and Minimum-Mean Square
Error, to achieve spatial multiplexing. Compared with far-field plane wave propagation, near-field
spherical wave propagation can substantially enhance the spatial multiplexing capability. Specifi-
cally, as shown in Fig. 5.12, in far-field communications, the channels of different users converge to
orthogonality only gradually in the angular domain as the antenna array size increases. This orthog-
onality is determined by the beam width. However, when the users are located in the near field,

the asymptotic orthogonality of the user channels exists not only in the angular domain but also in
the distance domain. This orthogonality is determined by both beam width and beam depth [258].
Therefore, in the near-field communications, beamforming is able to focus the beam on a specific

angle and distance at the same time, achieving a higher DoFs of spatial multiplexing, effectively
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suppressinginter-user interference, and facilitating multiple access. To exploit the multiple DoFs
more effectively in near-field LoS MIMO channels with limited RF chain constraint, spatial path index
modulation (SPIM) is also a promising beamforming architecture for higher energy efficiency in

near-field communication [259].
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Fig. 5.13 Fully-Connected Delay-Phase Hybrid Beamforming
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Fig. 5.14 Partially-Connected DeIay-Phase Hybrld Beamformlng
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Fig. 5.15 Serially-Connected Delay-Phase Hybrid Beamforming
There is a dual wideband effect in multi-antenna wideband systems, namely a frequency

wideband effect caused by multipath effects and a spatial wideband effect due to large antenna ap-
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ertures. Thefrequency wideband effect results in frequency selectivity of the near-field channel, caus-
ing serious inter-symbol interference (ISI) problems. Such challenges can be effectively addressed

by various existing techniques, such as OFDM with cyclic prefixes. The spatial wideband effect
allows different subcarriers to “see" the user position at different angles and distances. The prob-
lem of beam squinting or beam splitting can occur when transceivers use energy-efficient hybrid
digital-analog beamforming architectures. Specifically, conventional analogue beamforming uses
phase shifters (PSs) that are not frequency-selective to generate beams. PSs are unable to generate
different beams for different subcarriers, and therefore are not able to accurately focus the beams at
the user for different subcarriers. To cope with these challenges, [260] and [261] proposed a ful-
ly-connected delay-phase hybrid beamforming architecture, as shown in Fig. 5.13. This architecture
effectively overcomes the beam squinting or beam splitting problems by introducing an appropriate
amount of true time delayers (TTDs) to realize frequency-dependent analog beamforming.

However, in near-field communications, in order to ensure a certain scale of near-field range,
antenna arrays are usually required to have a large aperture, which puts stringent requirements on
the achievable maximum delay of individual TTDs. To address this issue, [262] and [265] proposed
partially-connected and serially-connected delay-phase beamforming architectures (as shown in Fig.
5.14 and Fig. 5.15), respectively, in order to reduce the maximum delay requirement, and hence the
hardware cost and complexity, as follows:

X Partially-Connected Delay-Phase Beamforming [262]: In this architecture, each RF chain is
connected to an antenna subarray through TTDs and PSs. Therefore, each set of TTDs only needs to
overcome the beam squinting or beam splitting issue of each subarray. Since each subarray has a
smaller aperture, the maximum delay requirement of individual TTDs can be greatly reduced. How-
ever, there may be an unavoidable performance loss with this architecture as each RF chain cannot
fully exploit the entire antenna array.

X Serially-Connected Delay-Phase Beamforming [265]: In this architecture, each RF chain is still
connected to the entire antenna array. However, the TTDs no longer work independently in parallel,
but are connected in serial. As a result, the architecture is able to utilize multiple short-range TTDs
to accumulate a large delay and effectively overcome the beam squinting or beam splitting issue.
However, the serial connection of TTDs introduces cumulative insertion loss at the same time, and
therefore new TTDs with low insertion loss need to be designed.

The huge number of antennas in XL-arrays significantly increase the hardware cost and energy
consumption, especially when the antennas employ high-resolution phase shifters (PSs). For exam-
ple, in the mmWave bands, the power of a 4-bit PS is up to 45-108 mW, which is much larger than
that of the low-resolution 1-bit PS with 5 mW only. Therefore, one practical and more energy-effi-
cient design for XL-arrays is employing discrete PSs for analog beamforming. Nevertheless, this also
introduces two new challenges. First, it is unclear whether discrete PSs will affect the beam-focusing
effect, which is conventionally revealed under the assumption of continuous PSs. Second, the phase
quantization under discrete PSs renders the existing beam pattern analysis method inapplicable,
since there generally lacks a closed-form expression for the analog beamformer under discrete PSs.

The Fourier series expansion (FSE) method can be used to efficiently tackle the difficulty in
characterizing the beam pattern properties under phase quantization, which decomposes the beam

pattern function into a sum of various terms, each of which represents a dominant lobe. Then,
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throughanalysis, we show that the main lobe still exhibits the beam-focusing effect, with its beam
power increasing as the PS resolution improves, while its beam width and beam depth remain

the same as in the continuous case. Moreover, discrete PSs also introduce additional grating lobes
which can be classified into two types, featured by the beam-focusing and beam-steering effects,
respectively. Note that the locations of grating lobes are dependent on the user location. For exam-
ple, as shown Fig. 5.16, each dominant lobe does not overlap, which allows an effective representa-
tion of the beam pattern characteristics by the properties of the dominant lobe. It is observed that,
in the case of 1-bit PSs, the main lobe focuses around the user’s location, and the phenomena of
grating lobes are obvious. The two types of grating lobes exhibit beam focusing and beam steer-
ing, respectively. However, when the XL-array has 2-bit PSs, the number of grating lobes and their

powers are greatly reduced. In particular, Type-l grating lobes almost disappear in the pattern, while

(1) Continuous PSs (2) 1-bit PSs (3) 2-bit PSs
Fig. 5.16 The near-field beam patterns in different scenarios.

In addition, it is also shown that the PS resolution affects the beam power of both the main
and grating lobes, while it has no influence on the beam-width and beam-depth. In general, the
power loss in the main lobe due to discrete PSs decreases with PS resolution. In addition, the beam
powers of grating lobes are suppressed more effectively when the PS resolution increases, which
become negligible when the PS resolution is high enough, similar to the continuous PS case. In
terms of the impact of discrete PSs on communication performance, it primarily arises from the
main lobe power loss and the interference caused by grating lobes. Specifically, the main lobe
power loss is solely dependent on the PS resolution, which can be mitigated by increasing. On the
other hand, the interference from grating lobes is jointly determined by the user location, antenna
number and PS resolution.

Apart from the favorable beam-focusing gain for near-field communications, the imperative
CSI requirements for beamforming design pose challenges due to the informative near-field chan-
nel embedded with both the angle and distance information. Different from existing a clear linear
relationship in the far-field channel, the near-field channel exhibits nonlinear variations among an-
tennas, making it challenging to characterize the overall channel through several parameters. The
aforementioned parametric CE schemes can effectively reduce the pilot overhand for one RIS-asso-
ciated link. However, in multi-RIS-assisted scenarios, it still necessitates complex multi-stage design
and large overhead to separately estimate the multiple RIS-associated links. For instance, to acquire
RIS-associated CSl, the pilots allocated to different RISs should be orthogonal in multi-RIS-assisted

systems, inevitably necessitating enormous CE overhead.
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Fig. 5.17 The distributions of Fresnel zones.

To address such issue, as UE's location information is sharable for beamforming design among
all RIS-associated links, the authors in [263] proposed a location-driven beamforming framework
as opposed to existing CE-driven beamforming schemes. Therein, as shown in Fig. 5.17, by ex-
ploiting the Fresnel diffraction theory, the phase distributions of waves established by locations
was revealed in the presence of 1-bit RIS element. The distributions of these ellipsoids depend on
the distance of Tx-Rx link and operational frequency. Based on the known locations, simultaneous

equations of the ellipsoids and the RIS plane are established and addressed by coordinate transfor-
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Fig. 5.18 The location-driven beamforming frame structure.

Then, by solving the formulated parametric equations of various Fresnel ellipsoids, a complete
location-driven beamforming scheme and its corresponding frame structure was designed in Fig.
5.18, which also enabled the robust performance according to location deviation in practical scenar-
io. The pilot overhead originates from the flexible selection capability in location-driven scheme and
the sharing of UE’s location for beamforming design. For example, the RISs with the similar direction
relative to the UE cannot significantly improve the localization performance (RIS2 and RIS3 as shown
in Fig. 5.18), and thus only enabling one of them helps to reduce the pilot overhead. Additionally,
supported by enhanced localization precision in the near-field region, the location-driven beam-
forming scheme alternates as a potential solution for future RIS-assisted near-field communications,
which can be further integrated with predictive beamforming by capturing UE's motion, exhibiting
favorable expandability and compatibility with other technologies.

The existing works on near-field communications mainly focus on dense XL-arrays with
half-wavelength inter-antenna spacing. This array configuration incurs high power consumption

and hardware cost, due to the large number of antennas and phase shifters (PSs) required. For ex-
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ample,considering a setup with 20 RF chains and 512 antennas with PSs fully-connected, the power
consumption is up to 158.4 W, which is practically unaffordable.
To address this issue, the authors in [267] proposed to enable near-field communications by
using sparse arrays (SAs), hence achieving higher spectrum efficiency and spatial resolution with
a small number of antennas only. We first characterized the beam pattern of a sparse linear array
and unveil the multiple beam focusing pattern, which motivates us to design a customized hybrid
beamforming method to overcome the interference caused by grating lobes. Moreover, we pro-
posed a novel array configuration, called extended coprime array (ECA), which effectively suppress-

es the interference power at grating-lobes [2671].
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Fig. 5.19 Sum-rate versus BS transmit power
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Fig. 5.20 Energy efficiency versus BS transmit power

The simulation results indicate that the proposed sparse arrays achieve higher energy and
spectrum efficiency than dense arrays. In addition, the proposed hybrid beamforming design for
ECAs achieves a higher sum-rate than that of the linear sparse array (LSA). This is intuitively expect-
ed, since the grating-lobes of LSAs have relatively high beam-power and thus incur high Ul when
occurred.

In addition, under near-field non-stationary conditions, precoding can be designed using VR in
the visible area of the antenna that dominates the user’s received power. Considering that antenna
VR has a significantly lower number of antennas compared to the entire ELAA, precoding based on
VR design can significantly reduce the complexity of matrix inversion and other operations.

The authors of [154] proposes that the closed form expression for the received power of each
sub-array can be calculated based on the near-field channel expression, in order to find the set of

subarrays that play a dominant role in the signal reception process. Subsequently, based on the
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obtained VR information, the channels corresponding to each user in VR can be reconstructed to
design lowcomplexity precoding based on VR. Meanwhile, due to the fact that array VR can receive
the vast majority of signal energy, this algorithm can achieve performance similar to precoding
based on full array received signals. Extremely large-scale antenna arrays have the ability to serve a
large number of users, and considering the dispersed distribution of users in space, each user may

Therefore, based on the graph theory maximum independent set algorithm, users with similar
VR can be divided into groups, and intra group interference can be eliminated using partial inter-
ference zero forcing algorithm. Compared to performing zero forcing interference cancellation on
a large number of users, the partial interference zero forcing algorithm based on user grouping
can further reduce the precoding complexity. Due to the small inter group interference between
user groups with small VR overlap, the intra group interference cancellation algorithm can achieve
system performance that is very close to full user interference cancellation [154].

Meanwhile, a beamforming design scheme was also proposed in [269], which utilizes the user
visible area distribution information obtained through channel estimation from BSs for beamform-
ing. As shown in Fig. 5.21, an extremely large-scale MIMO system with CPU and LPU collaborative
processing is considered. By using distributed precoding based on subarrays at the BS, the non-sta-
tionary characteristics of the channel can be effectively utilized to achieve good spectral efficiency
(SE), and low complexity receivers designed based on the randomized Kaczmarz (rKA) algorithm can

achieve a balance between performance and complexity.
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Fig. 5.21 Extremely large-scale MIMO system with CPU and LPU collaborative processing.

In [270], a dual beamforming scheme is designed based on a two-layer antenna architecture
composed of an active layer of phased array antenna (PAA) and a passive layer of RIS, as illustrated
in Fig. 5.22. The PAA acts as the feed antenna for the RIS, and the RIS forwards the incident signals

to the UE equipped with conventional antenna arrays. Specifically, precoded signal streams are
emitted by the PAA subarrays and beamformed towards the respective RIS subarrays. When the RIS
size is sufficiently large, the incident power distribution on the RIS can be manipulated by steering
the PAA beams so that a particular subset of RIS elements at desired locations can be illuminated.
Next, the phases of the illuminated RIS elements are adjusted to steer the RIS beams towards the
UE to achieve coherent transmission. The above system effectively realizes aperture adaptation with

fixed physical antennas such that the effective LoS MIMO channel can be orthogonalized in order
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to achieve higherspatial multiplexing gain. Furthermore, this scheme helps to reduce the cost and

power consumption of the BS and is also able to simplify the baseband spatial processing of both
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Fig. 5.22 PAA-RIS dual beamforming scheme

In addition to beam focusing that could result in a narrow beam given a large aperture and
a high frequency, variable beamwidth near field beamforming is proposed to illuminate a larger
region so that it's robust to user location errors. In [271], the authors used a technique that maps
the RIS elements to a tunable spherical surface. By tuning the size and center of the surface, varia-
ble width beams and illuminated areas can be achieved. In addition, unlike the wider beam design
in [272], the proposed spherical-mapping-based beamforming remains a good illumination shape
when the BS and UE are far from the RIS boresight direction. The rate heatmap comparison using
near field beam focusing, far field beamforming, and the proposed variable beamwidth design is
provided in Fig. 5.23. The desired illumination region is marked in red. The system operates under
30 GHz and the number of RISis eee ¢ eee |t can be seen that the proposed beamforming can

illuminate the desired coverage region at the cost of decreased highest rate but a higher average

Fig. 5.23 Rate heatmap comparison
(From left to right: near field beam focusing, far field beamforming, the proposed variable beam-
width near field beamforming).

Compared to uniform arrays with half-wavelength spacing, sparse arrays can achieve larger
aperture sizes, thereby fully exploiting the advantages of near-field communication. The beam gain
characteristics of uniform sparse arrays in the hybrid field are analyzed in [273] to exhibit three key
features including periodic beam gain, stronger beam focusing capability and higher spatial reso-
lution compared to uniform arrays with half-wavelength spacing. However, due to the periodicity
of the beam gain, uniform sparse arrays also suffer from grating lobes, causing severe multi-user
interference. Therefore, an antenna position optimization algorithm based on successive convex ap-
proximation for non-uniform sparse arrays is proposed to reduce the impact of the grating lobes. As
shown in Fig. 5.24, the non-uniform sparse array effectively suppresses the grating lobes compared
to uniform sparse array.
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Fig. 5.24 Comparison of uniform and non-uniform sparse arrays in terms of the beam pattern
Moreover, it can be seen in Fig. 5.25 that the proposed non-uniform sparse array offers significant
advantages in terms of supporting a higher number of users and improving data rate performance
compared to existing uniform half-wavelength-spaced arrays and uniform circular arrays. Therefore,
employing the beamforming scheme with non-uniform sparse arrays presents new possibilities for

developing efficient near-field multi-user communication systems.
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Fig. 5.25 Comparisons of different arrays in terms of sum-rate for different numbers of users.

There are two main types of electromagnetic wave convergence for near-field antennas. One
is to converge the radiated electromagnetic wave energy at a focus point called near-field focusing.
The other is to converge the radiated electromagnetic wave energy along a strip to maintain diffrac-
tion-free propagation called near-field beamforming, also known as non-diffraction beamforming
[1]. Non-diffraction beamforming avoids the limited energy convergence area associated with near-
field focusing, allowing the signal to be maintained over longer distances and effectively extend-
ing the transmission range. It also offers new features, such as self-healing, enabling transmission
around obstacles, making it a promising technology for future 6G applications. In this section, we
will analyze typical non-diffractive beams, including Bessel and Airy beams, and explore their propa-

gation properties and advantageous use cases.
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To accommodate the diverse application scenarios of 6G and meet their varying require-
ments, it is essential to design appropriate precoding strategies tailored to different transmission
objectives. The near-field channel introduces new DoFs, making the need for flexible and adaptive
precoding design more critical. Personalized and scenario-specific precoding designs will be key to
realizing the wide-ranging functionalities of 6G networks.

In near-field focusing applications, the focal spot is typically small, resulting in a limited cov-
erage area. This limitation becomes more pronounced as the array size increases, since it requires
more precise alignment and tracking of the target user, significantly increasing the complexity of
maintaining effective communication. Additionally, the small size of the focal spot presents chal-
lenges in supporting mobility. In scenarios where the target user or device is in continuous motion,
the near-field focusing system must quickly and accurately adjust the focal point, demanding high
tracking capability and processing speed, particularly in high-speed environments like communica-
tion for high-speed trains or cars.

Specifically, the radial coverage of a near-field focused beam is very limited. This limitation can
lead to issues such as slower CSI updates, channel estimation errors, and delayed beam switching,
all of which can significantly impact the quality of service for users. In high-speed mobility sce-
narios, for instance, the rapid changes in user position require higher tracking accuracy and faster
response times to ensure the stability and reliability of the communication link. These challenges
necessitate advanced technologies and algorithms to achieve precise positioning and rapid beam
adjustment, thus meeting the high-performance demands of 6G networks across diverse scenarios.

To enhance the SNR of received signals, expand coverage, and better support user mobility,
high-frequency near-field beamforming solutions offer significant potential. Among them, Bessel
beams, stand out due to their unique non-diffractive properties and stable axial intensity distribu-
tion. The non-diffractive nature of Bessel beams allows them to maintain a stable intensity distribu-
tion during propagation, making them particularly effective in scenarios that require stable signal
transmission.

Bessel beams can be viewed as a superposition of plane waves covering all azimuth angles

from 0-360, forming a specific angle IEwith the propagation axis, known as the convergence angle

of the®
Bessel beam. The implementation of Bessel beams relies on LoS near-field channels, and the corre-

sponding precoding must precisely match the characteristics of these channels to ensure the beam'’s
formation and stable transmission. The precoding can be expressed as B K n, nKEexp X jki sin®X
where | represents the distance between the n-th element and the center of the transmitter. This

beamforming precoding achieves a conical wavefront through phase compensation.
According to the characteristics of the zeroth-order Bessel beam, the depth of field—defined

as the length of non-diffractive region—and the half-power bandwidth (HPBW) are

R D
2 tari®X f (5.1)
2.235K
HPBWR — =222 =
2 sid X £ X

In practical applications, increasing the convergence angle enhances the beam’s focusing ability
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but limits capacity to maintain focus over longer distances, which can be problematic for scenarios
requiring long-distance stable transmission. Conversely, decreasing the convergence angle extends
the non-diffractive region, allowing the beam to remain stable over greater distances, but this also
increases cross-polarization components, thereby affecting signal purity and transmission quality.
Therefore, in designing non-diffractive beams, it is essential to balance the convergence angle, DF,

and cross-polarization effects to meet the requirements of various application scenarios.

Fig. 5.26 shows the intensity distribution of a Bessel beam generated under a transmission fre-
quency of 30 Gl7lz, using a transmitter with 60 x 60 units, and a convergence angle al¥ X 8 arcsin X
® DX . In the figure, Mepresents the wavelength, and D represents the transmitter perture. There
is a significant deviation between the beam obtained with 1-bit quantization and the target beam.

However, simulation comparisons reveal that the beam shape is significantly optimized when using

L TR A
= =

(a) Bessel Beam
(c) 2-bit Bessel Beam Fig.
5.26 Bessel beam intensity distribution and the impact of quantization.
(b) 1-bit Bessel Beam

In the direction of signal propagation, Bessel beams generated through conical wavefront
phase design exhibit excellent non-diffractive characteristics. Within the designated propagation
range, these beamforming techniques achieve a uniform energy distribution, offering a more
consistent energy distribution compared to near-field focusing beams. This feature of Bessel beams
ensures high signal stability and continuous coverage, even in scenarios involving user mobility.
The stable, non-diffractive nature of these beams is particularly crucial for wireless communication
systems in dynamic environments. In high-frequency near-field communication applications, such
as those found in 5G and 6G networks, Bessel beams effectively address signal instability caused by
high-speed movement, providing a robust solution for maintaining communication continuity and
reliability. As a result, Bessel beams hold significant potential for future high-speed wireless commu-
nication technologies, especially in scenarios demanding high stability and continuous coverage.

For high-order Bessel beams, in addition to their non-diffractive properties, they also possess

the characteristics of non-diffractive vortex waves. In addition, other non-diffractive beams, such
as Airy and Pearcy beams, can be combined with vortex waves to exploit the orthogonality and
diversity of OAM modes, offering richer functionality (Further details are provided in Section 6.5.).
In near-field scenarios, the research and application of vortex waves are more feasible than in far-
field scenarios. Bessel beams, with their non-diffraction characteristics, maintain a stable energy

distribution during propagation. Even when partially obstructed, the central portion of the beam
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remains strong, ensuring signal integrity.

5.3 Near-Field Codebook Design

At present, the design of near-field codebooks mainly faces three major challenges. The first is
that in practical applications, near-field phenomena often occur with extremely large-scale antenna
arrays. The extremely large-scale antenna array has a higher spatial resolution, resulting in the need
for more codewords to cover the entire near-field space. This makes the near-field codebook design
bulky and time-consuming for beam training. The second issue is that near-field codebooks need
to distinguish space from direction and distance variables, resulting in multiplicative time com-
plexity and further expanding the volume of near-field codebooks. The third issue is that near-field
space is difficult to orthogonally decompose. Due to the irregular shape of the near-field beam, the
designed codebook may be unable to cover the entire near-field space, leading to near-field blind
spots. In addition, if the orthogonality between codewords is not satisfied, it will cause some space

to be covered by multiple codewords, resulting in redundancy in the codebook.

In the existing 5G NR standard, the precoding matrix indicator (PMI) codebook used to indicate
CSl information uses DFT vectors as the basic unit of constructing codewords, which can be regard-
ed as uniform quantization of the angle domain. When considering the scenario where the user is
located in the near field, the fractional Fourier Transform (FRFT) vectors can be used as the basic
codeword construction unit [274]. Specifically, as shown in Fig. 5.27 in the ULA scenario, the code-
words are the FRFT vectors obtained by sampling the MSin X, cos 2l r X domains; while the
UPA scenario corresponds to the sampling of the Ksin Reos K, sin ®in X,1 / r X domain. When
the transformed distance domain information feedback value is 0, the FRFT codeword degenerates

into a DFT codeword, maintaining compatibility with the existing PMI codebook scheme.

By analyzing the correlation between the near-field steering vector and the codeword, it can
be found that the uniform sampling of the transform domain at equal intervals ensures the uniform,
symmetrical, and monotonic characteristics of the correlation function distribution. From this, the
maximum quantization error of the mixed field including near field and far field can be obtained. At
the same time, the correlation function can be expressed by a quadratic polynomial, that is, the cor-
relation contour is an ellipse. Based on this, the optimal sampling interval of the transform domain
can be obtained analytically. Theoretical analysis shows that when the codebook size is limited,
the angle domain should be quantized first. The distance domain introduced by the near field only
requires a small number of samples, adding an additional 1 to 3 bits of feedback overhead[274]. In
addition to sampling at equal intervals in the transform domain to obtain the near-field codebook,
“angle-displaced" sampling can also be performed in the distance domain as shown in Fig. 5.28.
Theoretical analysis shows that this new codebook design method can ensure the same quanti-

zation performance as uniform sampling, but the codebook size is only 77% of the comparison
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Fig. 5.27 Illustration of FRFT codeword quantization performance
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Fig. 5.28 Angle-displaced near-field codebook design method
The codebooks in 5G NR are based on DFT vectors, as shown in Fig. 5.29(a). But reusing

DFT-codebooks for near-field beamforming causes severe SNR loss due to mismatch with the near-
field channel. In contrast, beamfocusing based on the spherical wavefront assumption forms the
optimum coherent beamformer for the near-field channel, as shown in Fig. 5.29 (d). However, ideal
beamfocusing codewords are difficult to be expressed parametrically, and cannot be decomposed
with Kronecker product for widely used uniform rectangular antenna arrays. Therefore, near-field
codebooks shall be considered for large aperture MIMO antenna arrays.
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Fig. 5.29 Principle and phase distribution of far-and near-field codebooks
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Two near-field codebooks are proposed by industry. One is referred to as two-step beamform-
ing [275]. The idea is to divide a large aperture MIMO antenna array into multiple smaller subarrays
such that the user is located in the far-field of each individual subarray and, thus, DFT-beams can be
employed. The codewords are constructed as follows. In the first step, choose the DFT-beam point-
ing in the user direction for the entire array. In the second step, let the sub-beam of each subarray
be steered by a small angle according to the relative position of the respective subarray w.r.t. the
reference point of the entire array, and configure an initial phase for the subarray to compensate
for the phase shift caused by the spherical wavefront. This codebook can be easily implemented
accommodating the multi-panel antenna architecture. The other is referred to as ring-type code-
book (RTC) [276]. The RTC is composed of two layers of codewords corresponding to the distance
and the direction information of the user, respectively. The first layer of RTC is designed based on
the Fresnel principle to form a focal point in the axial direction such that the user is located within
the focal plane. The second layer is compatible with DFT-codebooks and meant to steer the focused
beam generated by the first layer into the user direction. As compared to the two-step beamform-
ing, the RTC is more accurate. Furthermore, the RTC still performs well with coarse phase quantiza-
tion.

The near-field codebooks mentioned above can generate high-gain focused beams directed
at specific UE locations. However, the beamwidth of focused beams is narrow, making it difficult to
broadcast control channels/signals for a certain area. To address this issue, the above mentioned
near-field codebooks are tailored in [277] to enable flexible beamwidth control. Specifically, the
focal lengths are shortened to enlarge the beam footprint and, thus, to improve the coverage for
an intended area, as shown in Fig. 5.30. The generated wide beams can be used to cell-specific

channels/signals transmission, ensuring effective coverage of specific areas, while narrow beams

Focal length | Focal lerth
i) {1
Fig. 5.30 Principle of the proposed flexible beamwidth control scheme.

Traditional codebooks are usually designed only for far-field areas. However, the enlargement
in the physical dimension of antenna array causes the expansion of the near--field region, resulting
in users being distributed across both near-and far-field regions [278]. Due to the different propa-
gation characteristics of electromagnetic wave in different regions, traditional pure near-or far-field
codebooks are no longer applicable to such a near-far field communication [279]. By combining
propagation characteristics of the spherical wave for near field and plane wave for far field, a near-
far codebook is constructed to perform beamforming without prior knowledge of user distribution
[280].

1) Codeword coverage discretization: As shown in Fig. 5.31, the coverage of the transmitter is
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divided into the near-and far-field regions according to the radiation characteristics of electromag-
neticwaves, and then further discretized into P areas corresponding to P codewords.

1) Equivalent channel modeling: Given the codeword coverage discretization, the equivalent
channel from the transmitter to each area is constructed according to the electromagnetic wave
propagation characteristics of each area.

2) Codeword design: The codeword design principle is that users receive no signal if they are
outside the coverage area of the codeword, otherwise the received power is a constant C. Based on

this principle and the equivalent channel models, each codeword design problem can be modeled
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Fig. 5.31 Codeword coverage discretization in the near-far field codebook
In 5G NR, the candidate precoders of the Type | codebook as well as the orthogonal basis vec-
tors of the Type Il codebook are DFT vectors. However, in near field spherical wavefront, the phase
difference between neighboring antenna elements is no longer equal. A novel codebook design for
the near-field region with spherical wavefront should be studied. As illustrated in Fig. 5.32, consider
an XL-MIMO system with a single polarization uniform line array, the distance difference between
the ray of UE-antenna ¢ and the ray of UE-reference antenna can thus be approximately calculated

as e e ¢ oo e vhyperforming Taylor expansion.

Fig. 5.32 Illustration of XL-MIMO system with single polarization ULA

Based on the distance of each antenna element in the antenna array from the UE, an element

of the constant mode near-field precoder corresponding to antenna ¢ can be represented as = e.

'\I'/o:redua(e th?f@edback overhead )the codebook, quantization in the angle and distance domains
is considered. Angle domain quantization: uniformly quantization of eee e . Let esee oo edueto *

e o eeee o o wherery denotes the oversampling factor of the angle domain quantization, and ¢

e emee oo o o odenotes the angle domain quantization index,

102 /232



respectively. Distance domain quantization: uniformly quantization_, Letese _ " ( ) ) )

«dueto ¢ _* ¢ o _ , where ¢ represents the sampling point number of distance domain

quantization, e represents the distance domain quantization oversampling factor, ¢ eewee oo

.*.* erepresents the distance domain quantization index, ¢ _ represents the minimum values of

the distance, and ¢ denotes the maximum values of the distance, respectively.
To determine whether the UE is located in the far-field region or near-field region of the anten-
na array, the following near-field identification scheme is considered. In the downlink transmission,
the BS transmits reference signal (e.g., CSI-RS) and the UE performs channel estimation based on
the reference signal and calculates the statistical covariance matrix of the channel matrix o ¢ ee*
« . The UE performs an eigenvalue decomposition ¢ ¢ e ¢ ¢ *on the statistical covariance mbtrix ,

which is denoted as ¢ o eeee oo eeand o o o o ewith ¢ being the largest eigenvalue and

*  being the second largest eigenvalue. The UE calculates the near-field indicator parameter o

and reports it to the BS. Generally, the near-field indicator parameter ¢ decreases with the incre;se
of distance, it can thus be adopted as a criterion for determining the UE region. The BS determines
that the UE is located in the near-field region or far-field region of the antenna array based on the
threshold » .

In order to obtain the performance of the near-field codebook, the proposed near-field code-
book is evaluated compared with the existing 3GPP Type | codebook. The XL-MIMO system with
single «polarization uniform line array with ¢ e eeeantennas is considered, the antenna spacing is
e ¢ «the carrier frequency is 30 GHz, the number of transmission layers is fixed to 1, the free-space
channel model is adopted, the number of sampling points in the angle and distance domains are ~
256 and 4, respectively.

The performance comparison of the near-field and far-field codebooks is depicted in Fig.

5.33. As can be observed from this figure, for the same angle quantization overhead, there are four
highlighted regions due to the introduction of distance quantization, where the proposed near-field

codebook has a significant gain over the existing far-field codebook.
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Fig. 5.33 Performance gain of near-field codebook over far-field codebook.
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Fig. 5.34 provides the distribution of the near-field indicator parameter ¢ . From this figure it

can be observed that when the UE is located at the boresight of the antenna array, the near-field

indicator parameter keeps increasing as the distance between the UE and the antenna array de-
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Fig. 5.34 Distribution of near-field indicator.

Fig. 5.35 illustrates the tradeoff between codebook performance and feedback overhead. The
average loss represents the performance loss when the UE is using near-field codebook in the near-
field range and the UE is using far-field codebook in the far-field range, compared to the case that
the UE is using near-field codebook all the time. The average overhead represents the average value
of the bit for required signaling overhead when the UE is in the near-field region using the near-
field codebook and the UE is in the far-field region using the far-field codebook. When the near-
field indicator parameter threshold is set to the minimum value, the BS determines all UEs as the
near-field UEs, in which case near-field codebook is used without performance loss, corresponding
to 10 bits feedback overhead. When the near-field indicator parameter threshold is set to the max-
imum value, the BS determines all UEs as far-field UEs, in this case far-field codebook is used with
about 5 dB performance loss, corresponding to 8 bits feedback overhead. However, it is difficult to

calculate the near-field indicator parameter threshold by closed-form solution, and a feasible way is
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Fig. 5.35 Trade-off between performance and overhead.
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Fig. 5.36 illustrates the performance gain of the near-field UE using near-field codebook and
the far-field UE using far-field codebook compared to choosing far-field codebook all the time when
the near-field indicator parameter threshold is set to -34dB. As can be observed from the figure,
due to the introduction of distance domain quantization in the design of the near-field codebook,
there are multiple “highlight” regions in the figure, where the proposed near-field codebook has a

significant gain compared to the existing far-field codebook.
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Fig. 5.36 Performance gain of near-field codebook over far-field codebook with near field
identification.

In the future, near-field characteristics can be analyzed from two perspectives: signal process-
ing and matrix theory, and near-field characteristics can be used to remodel near-field channels and
codebook design rules. The near-field problem essentially belongs to the spatial filtering problem of
non-stationary spatial signals. Its characteristics are similar to the frequency domain filtering prob-
lem of non-stationary time signals. By comparing the two, the near-field problem can be modeled
as a spatial Doppler problem. The traditional estimation algorithm for Doppler frequency shift can
be transferred to the near-field problem to estimate the directional shift of the near-field channel
seen by antennas at different positions, thereby further deriving key near-field parameters such as
user distance and direction. The future near-field codebook design can capture the non-stationary
characteristics of near-field signals for design.

From the perspective of matrix theory, codebook design is based on the principle of compres-

sive sensing. However, the signal space in the near-field is significantly different from that in the
far-field. The far-field signal space exhibits linear characteristics, that is, the signal space is a low di-
mensional hyperplane; The near-field signal space is nonlinear and low dimensional. In addition, in
multipath scenarios, the straight lines in far-field signal space have an orthogonal relationship, while
the curves in near-field signal space do not have an orthogonal relationship. However, the near-field
signal space is not any form of low dimensional manifold, and it has shape invariance. Cut two sub
arrays of any size on the array, with the same spatial shape of the signals on them. If a codebook is

designed based on this characteristic to estimate the spatial shape of the near-field signal, and then
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the low dimensional trendis projected onto a hyperplane, the problem of determining the near-

field signal space will degenerate into a far-field problem.

Based on the above analysis, future near-field codebook design can be developed from the
following ideas:

X No longer confined to the codebook design concept of cross-correlation forms. The tradi-
tional codebook design framework uses the designed and channel for cross-correlation, and then
selects the codeword with the highest cross-correlation value as the final configuration of the
array. However, the cross-correlation function is only applicable for estimating the direction of the
wavefront and not for estimating the curvature of the wavefront. Due to the spherical wave char-
acteristics of near-field electromagnetic waves, codebook design work needs to consider both the
direction and curvature of the electromagnetic waves. Therefore, a single cross-correlation method
can no longer perfectly meet the requirements. Autocorrelation methods and other methods can
be used to assist in forming near-field codebooks.

X A “layered" codebook can be designed based on the principle of electromagnetic radia-
tion. On a half wavelength antenna array, the near-field beam shape is mainly influenced by three
factors. The first factor is the interference phenomenon caused by different antenna phases; The
second is the diffraction phenomenon caused by the limited space of the array; The third one is the
influence of the geometric relationship formed between the position and size of the array and the
user's position. The coupling of these three factors leads to the irregular characteristics of near-field
beams. Therefore, when designing codebooks, the three factors can be decoupled and considered
separately, rather than directly designing near-field codebooks based on the results of the coupling
of the three factors.

X Codebook design can be based on the analysis of the wave source position, without being
limited to Fourier angle spectrum theory. The Fourier angle spectrum theory decomposes any form
of wavefront into the sum of plane waves. The near-field wavefront is a spherical wave, so using
angular spectrum theory for analysis and codebook design may introduce additional issues. Based
on the analysis of the solution to the Helmholtz equation, we know that the solution of the angular
spectrum theory is equivalent to the solution in the form of the Green's function, which is based
on the analysis of the wave source position and is in the form of spherical waves. Using a solution
in the form of spherical waves to represent near-field spherical waves is more concise and clearer
than using the angular spectrum theory in the form of plane waves to represent near-field spherical
waves. Therefore, designing near-field codebooks based on models such as Green's function is one

of the future entry points.

5.4 Near-Field Beam Training

For XL-MIMO array communications in high-frequency bands with hybrid precoding architec-
tures, near-field beam training becomes particularly important. The near-field beam training, can
establish an initial high SNR link between the BS and the user before channel estimation and data
transmission. Moreover, the XL-MIMO near-field wireless communication system has larger beam
gain, narrower beam width, and stronger directivity regardless of whether one operates in the
far-field or near-field, but it also poses new challenges to beam training. Existing research shows

that directly using DFT-based far-field codebooks for near-field beam training will greatly reduce its
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achievable rate performance. It is because that the energy of a far-field directional beam aimed at a
specific directionwill be spread to multiple angles, and the true user angle cannot be found through
the maximum received signal power. Different from far-field beam training, XL-MIMO near-field
beam training requires beam search in two dimensions in the angle and distance domains.

In [218], the authors proposed a new polar-domain codebook, in which each beam code-
word points to a specific position with a target angle and distance. In terms of angle and distance
sampling, this work suggests a strategy of uniform sampling of angles and non-uniform sampling of
distances. Moreover, the sampling density of distance should decrease as the distance increases, so
as to minimize the column coherence of adjacent codewords. Based on the near-field polar-domain
codebook, a straightforward beam training method is to conduct a two-dimensional exhaustive
search of all possible beam codewords.

However, this method leads to excessive beam training overhead. In order to reduce the train-
ing pilot overhead of exhaustive search, the authors in [281] proposed an effective two-phase fast
near-field beam training method. Specifically, when far-field DFT beam codebook scanning is used,
users can receive relatively high beam power within a certain angle domain (called the dominant
angle region). This work revealed that the user's true angle is approximately in the middle of this
dominant angle region. Therefore, by leveraging this important phenomenon, this method first
estimates the user angle using angle domain DFT codebook scanning, and then use the polar-do-
main codebook to further estimate the user distance. The total beam training pilot overhead of this
scheme is significantly lower than that of the two-dimensional exhaustive search scheme. A joint
angle and distance estimation-based beam training scheme with DFT codebook was innovatively
proposed in [282] The traditional beam training method determines the user angle based on the us-
er's maximum received power. However, this does not make full use of the power pattern received
at the user. The innovation of this scheme is to revisit the near-field beam training design based on
the DFT codebook scanning. For the first time, this work proposes a new effective scheme to jointly
estimate user angle and range. Specifically, this work first analyzes the received beam pattern at
the user when far-field beamforming vectors are used for beam scanning. It shows an interesting
observation that the received beam pattern contains useful user angle and range information. Then,
based on this observation, two effective schemes are proposed to jointly estimate user angle and
range. This scheme reduces near-field training pilot overhead while obtaining more accurate user
distance information, which is useful for applications such as near-field user positioning.

By leveraging the characteristics of subarrays in partially connected structuresXa unified beam
training scheme, which exploits the fact that the near field of a full array may correspond to the far
field of a subarray, is proposed for both near-field and far-filed scenarios [283]. Specifically, for each
codeword of the pre-defined codebook in the hybrid field, a dedicated digital beamforming vector,
which combines the gain of multiple subarrays, is designed to fully exploit the digital resources,
enabling parallel digital combining to enhance the beam training efficiency. Finally, the codeword
with the highest power after digital combining in the pre-defined hybrid field codebook is selected
as the optimal codeword. The proposed scheme significantly reduces the overhead of beam train-
ing with negligible performance loss.

A three-stage hybrid field beam training scheme is proposed to reduce the training overhead

and improve the beam training performance [284]. Specifically, in the first stage, the codebook is
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designed by analyzing the hybrid-field beam gain of the channel steering vector, with the code-
word having thehighest received power selected as the optimal codeword of the first-stage beam
training. In the second stage, several codewords, which cover the region of the channel path
determined by the first-stage beam training, are combined to establish a new codebook for the
second stage. Then, based on the measurements of the codewords, both the maximum likelihood
and principle of stationary phase are proposed to refine the estimated channel parameters. In the
third stage, the region of the channel path is further refined through a neighborhood search of the
estimated channel parameters from the second stage. Then, a two-dimensional Gaussian function
is proposed to approximate the beam gain in the surrogate distance-angle domain of the hybrid
field. By using the Gaussian approximation and a small number of channel measurements, a least-

squares estimator is developed to achieve high-precision estimates of the channel parameters.

In order to design an efficient beam training scheme from the perspective of hierarchical
beam training, the authors in [286] proposed a near-field two-dimensional (2D) hierarchical beam
training scheme. This scheme involves the design of a multi-resolution codebook that takes inspi-
ration from hierarchical beam training methods used in far-field scenarios. Contrary to the far-field
case, the optimal beam pattern for a near-field codeword should not only span a specific range
of angles but also encompass a specific range of distances. It employs a full-digital framework to
design the theoretical near-field codewords. Subsequently, based on these codewords, a practical
codeword problem was formulated taking into account practical constraints such as digital-analog
hybrid structure and quantized phase shift. Inspired by the Gerchberg-Saxton (GS) algorithm for
digital holographic imaging phase recovery problems, the authors propose a full-digital architec-
ture theoretical codeword design algorithm based on GS. Since a high-energy full-digital archi-
tecture is not achievable in an actual XL-MIMO system, practical codewords are designed using a
digital-analog hybrid architecture. Finally, the authors develop a multi-resolution codebook using
practical codewords, and proposed a near-field two-dimensional hierarchical beam training scheme.
In addition, the authors in [285]. proposed an efficient near-field hierarchical beam training scheme.
Specifically, in the first stage, the central sub-array of the XL-array is used to search the coarse user
direction in the angular domain through a traditional far-field hierarchical codebook. Then, in the
second stage, given a coarse user direction, a specially designed near-field codebook is used to
progressively search for fine-grained user direction and distance in the polar-domain. The total
beam training pilot overhead of this scheme is proportional to the number of antennas N, which
further reduces the beam training pilot overhead. To adapt to the property near-field beams, the
authors in [287] proposed the spatial-chirp codebook-based hierarchical near-field beam training
method. All near-field beams are unified with the same beam pattern based on spatial-chirp code-
book. It provided the hierarchical codeword update policy for angular and surrogate distance joint
binary searching, and manifold-optimization-based training codebook enhancement was further
designed. The scheme requires only on RF chain with analog structure, and can be simply extended
to the multi-RF digital-analog hybrid structure. Most overheads can be reduced with comparable
beam training accuracy to exhaustive searching. Additionally, authors in [288] utilized the near-field
beam split to retrieve multiple beam training results simultaneously, increasing the beam training

speed and reducing significantly the beam training overhead. The near-field beam split has different
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Benefiting from the powerful nonlinear relationship learning capability of neural networks,
deep learning has received widespread attention as a branch of machine learning, and studies have
shown that deep learning methods applied to near-field beam training can significantly reduce the
pilot overhead [289][290]. The received signals corresponding to the far-field wide beam are used to
estimate the optimal near-field beam, and two training schemes are specifically proposed, i.e., the
original scheme and the improved scheme. The original scheme estimates the optimal near-field
codeword directly from the output of the neural network. In contrast, the improved scheme per-
forms additional beam testing, which can significantly improve the performance of beam training.

The structure of the neural network proposed by this method for beam training is shown in Fig.
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Fig. 5.37 Neural network structure for near-field beam training

A near-filed beam training scheme is proposed based on an angularly displaced codebook and
deep learning techniques[291]. Specifically, the codewords, used to train a deep neural network, are
uniformly selected with angular displacement from a two-dimensional distance-angle domain near-
field codebook. Then, the optimal angle and distance that match the near-field channel path are de-
termined from the output probability vector of the network. To further enhance the performance of
beam training, several codewords, besides of the initially selected codewords, corresponding to the
highest values in the probability vector are chosen for additional beam training. Finally, the optimal
beam training codeword is determined based on the energy of the received signals.

In addition to performing near-field beam training in angle domain and distance domain,
the location information of UEs can be used to further reduce the complexity of near-field beam
training: divide the coverage area of BS into several initial grids, where the size of each grid is about
equal to the coverage area of one near-field beam focus. In order to avoid the performance deterio-
ration at the grid edge, the initial grid is shifted so that the terminal at the edge of the grid is in the
center of the shifted grid. Based on whether UE is in the center or the edge of the initial grid, UE can
determine to use the initial set of grids or one set of the shifted grids. Then, based on the specific
grid in the selected set of grids, UE can determine the specific transmitting and receiving beam pair.

The authors in [292] investigated the near-field codebook-based beam training for multi-user
modular XL-MIMO communications, where a novel near-field optimization-based codebook design
is proposed by minimizing the levels of side lobes while maintaining the main lobe beamform-
ing gain, and based on this, an efficient multi-beam training scheme enabled by grating lobes is
devised to reduce beam training overhead [292] Numerical results verified the effectiveness of the
proposed near-field beam optimization-based codebook in mitigating Ul for ultra-dense users, as
well as the efficiency of the multi-beam training scheme [292].

An alternative fast beam training method is to leverage the multi-beam training scheme.

However, the array-division-based multi-beam training method, which is widely used in far-field
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communications,cannot be directly applied in the near-field scenario, since different sub-arrays may
observe different user angles and there exist coverage holes in the angular domain. To address this
issue, the authors in [293] first proposed to enable near-field communications by using sparse arrays
(SAs), hence achieving higher spectrum efficiency and spatial resolution with a small number of an-
tennas only. We first devise a new near-field multi-beam codebook by sparsely activating a portion
of antennas to form an effective sparse linear array (SLA), hence generating multiple beams simul-
taneously by exploiting the near-field grating lobes [293]. In the first stage, several candidate user
locations are identified based on multi-beam sweeping over time, followed by the second stage to
determine the true user location with a small number of pilots for single-beam sweeping. Moreover,
to further reduce beam training overhead, we design a sparse DFT codebook and a three-phase
beam training method, which leverages the periodic beam split effect to estimate the user angle
[294]. In particular, in the first phase, we utilize the sparse DFT codebook for beam sweeping in

an angular subspace and estimate candidate user angles according to the received beam pattern.
Then, a central subarray is activated to scan specific candidate angles for resolving the issue of an-
gular ambiguity for identifying the user angle. In the third phase, the polar-domain codebook is ap-
plied in the estimated angle to search the best effective user range.The simulation results indicate
that the proposed two beam training methods exhibit low-overhead characteristic than benchmark

schemes and achieve nearly the same achievable-rate performance as the exhaustive-search beam
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Fig. 5.39 Sum-rate versus SNR for DFT codebook scheme.
The introduction of ultra-massive arrays in 6G communication systems fundamentally changes

channel characteristics, such as transitioning from far-field uniform planar waves to near-field-
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non-uniform spherical waves and transitioning of channel from spatial stationarity to spatial
non-stationarity. Specifically, the channel spatial non-stationarity is prominent for XL-arrays, where
different portions of the XL-array are visible to users at various locations, referred to as visibility
regions (VRs). The existence of spatial non-stationarity has been validated by experimental meas-
urements in [293]. Given this transition in channel systems, it is essential to propose new channel
models and consider their statistical characteristics to assist in performance analysis. To address
this issue, authors in [294] statistically characterize spatial non-stationarity utilizing a stochastic
geometry approach based on the birth-death process along the array axis. Although conventional
analytical methods, such as stochastic geometry, can also be used to characterize the VR ratio, they
generally result in much more complicated forms that provide limited insights into the impact of
system parameters on the visibility regions.

To address this issue, we first characterized the impact of system parameters on the visibility
region based on the simulation results from Monte Carlo experiments, revealing the exponentially
decreasing relationship between the average VR ratio—defined as the ratio of the average number
of visible antennas to the total number of antennas—and the distance between the user and anten-
na array, as shown in Fig. 5.40. Based on this exponential relationship, we propose a new average
VR ratio model by using the data regression method. Then, we analytically characterize the network
ergodic capacity with random user locations. Furthermore, the results obtained for the XL-array with
finite number of antennas are extended to the asymptotic case with an infinite number of antennas
by using an efficient array partition method.

The simulation results indicate that the proposed model accurately characterizes the impact of
user distance on the VR ratio and system performance. Additionally, a comparison with the perfor-
mance of system designs that do not consider VR demonstrates the importance of incorporating VR

in communication system design.
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Fig. 5.40 Average VR ratio versus user distance.
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Fig. 5.41 Capacity versus user distance.

In high-speed railway (HSR) scenarios, the rapid movement of trains over short time intervals
results in quickly changing channels, rendering the outcome of a single near-field beam training
insufficient to support communication needs over extended periods. However, frequent beam train-
ing incurs substantial overhead. To address this issue, a Mobility-oriented Near-field Beam Training
(MNBT) scheme is proposed, tailored for the downlink XL-MIMO HSR communication system in
OFDM [297].

First, a three-dimensional (3D) XL-MIMO-OFDM channel model is constructed based on the
scalar Green s function, as illustrated in Fig. 5.42[298]. Next, channel state parameters are obtained
using a hierarchical near-field beam training algorithm [299]. Considering the regularity of HSR
motion and the stability of speed and trajectory, train operation parameters are calculated with
minimal beam training, aiming to predict the train's position at each subsequent time point. An
inter-carrier interference (ICl) mitigation matrix is then constructed based on the predicted speed to
counter the effects of Doppler frequency offset (DFO). To reduce the impact of parameter calcula-
tion errors on beam training effectiveness, an error real-time monitoring module is designed based
on the convexity of the received signal function to correct prediction errors. Finally, simulation
experiments confirm that the proposed MNBT method achieves significant beam focusing en-

hancement during train operation while greatly reducing training overhead. The overall algorithmic

Fig. 5.42 XL-MIMO-enabled HSR communication systems.
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Fig. 5.44 Performance comparison between the MNBT-based scheme and traditional beam train-
ing scheme

In Fig. 5.44, we analyze and compare the performance of the proposed beam training scheme
with existing beam training schemes applied in HSR communication systems. As the train moves
past the BS, the proposed MNBT scheme achieves the same beam focusing performance as tradi-
tional near-field hierarchical beam training while significantly reducing training frequency and over-
head. Additionally, increased train speeds raise DFO, which in turn intensifies ICl, causing a decline
in system performance. However, the proposed MNBT scheme generates an interference suppres-
sion matrix, effectively enhancing the system’s average transmission rate. Consequently, the MNBT
scheme is more suitable to HSR communication scenarios than traditional beam training schemes.

In the current 5G NR network topology, the terminal is located in the far-field region of the BS
antenna array, and the CSI-RS resource for beam management with only one or two ports in 3GPP
TS 38.214 is sufficient, i.e., the measurement results of one port can be used directly for other ports.
However, with the significant increase in the number of antenna array elements and the carrier fre-
quency, the UE located in the far-field region of the BS antenna array becomes the UE in the near-
field region. And the beam measurement results for one port can't be used for other ports directly.

In this paper, we consider an XL-MIMO system with a single polarization uniform line array
with N antenna array elements and e _as the antenna array element spacing. The N antenna array
elements are divided into ¢, antenna sub-array and each antenna sub-array comprises o ¢ o

...antenna array elements. With the hybrid beamforming structure, the signal of the RF chain is fed
into the antenna array element in the corresponding antenna subarray through the phase shifter to
form a beam.

For each transmit beam at the BS, the terminal in the near-field region needs to measure the
Layer 1 Reference Signal Receiving Power (L1-RSRP) corresponding to each antenna sub-array, and

select the best transmit beam corresponding to each antenna sub-array.
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We evaluated the proposed near-field beam management scheme based on the main simula-
tion parameter assumptions, i.e., carrier frequency as 30GHz, BS antenna configuration as (M, N, P,
Mg, Ng) = (1, 200, 2, 1, 1) with 20 TxRUs, UE antenna configurations as (M, N, P, Mg, Ng) = (1, 1, 2, 1,

e o,
oo *° s

_ — —] with 21 Tx beams.

BS Tx beam pattern as e - [

Considering each antenna subarray as a beamformer, for the above evaluation assumptions of
transmission beams, each sub-array will generate 21 horizontal beams and have the corresponding
RSRP. Then for the antenna array composed of 10 sub-array, 210 beams and the corresponding RSRP
can be obtained.

Based on the UE distribution Option 1 and Option 2 in the evaluation assumptions, UE distri-

bution can be shown in Fig. 5.45.
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Fig. 5.45 UE distribution
The evaluation metrics include L1-RSRP values, where the L1-RSRP values include near-field
L1-RSRP values, far-field L1-RSRP values, and the difference between the near-field L1-RSRP and the
far-field L1-RSRP.
X Near-field L1-RSRP means the average L1-RSRP of 10 antenna sub-arrays when each antenna
sub-array selects the best transmission beam independently.
X Far-field L1-RSRP means the average L1-RSRP of 10 antenna sub-arrays when all antenna

sub-arrays select the same best transmission beam jointly.

X L1-RSRP difference means the difference between near-field L1-RSRP and far-field L1-RSRP.
For the case of UE distribution Option 1, the L1-RSRP difference between near-field L1-RSRP
and far-field L1-RSRP can be seen in Fig. 5.46.
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Fig. 5.46 L1-RSRP difference between near-field and far-field L1-RSRP (UE distribution Option 1)
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For the case of UE distribution Option 2, the L1-RSRP difference between near-field L1-RSRP
and far-field L1-RSRP can be seen in Fig. 5.47.
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Fig. 5.47 L1-RSRP difference between near-field and far-field L1-RSRP (UE distribution Option 2)
5.5 Near-Field Multiple Access

5.5.1 LDMA

One of the main goals of wireless communication system design is to continuously improve
transmission rates. Under certain bandwidth resource conditions, the improvement of transmission
rate mainly depends on a significant increase in spectral efficiency. The improvement of spectral
efficiency in 5G massive MIMO systems is mainly achieved through spatial division multiple access
(SDMA) technology, which excavates spatial resources beyond the time and frequency domains,
and utilizes different spatial beams to simultaneously serve multiple users on the same frequency.
To achieve SDMA in pure LoS scenarios, existing 5G massive MIMO systems mainly generate high
gain directional beams through large-scale array antennas. By using directional beams, wireless
signals can be converged at specific angles. Different users are divided according to their angles,
and different beams cover users at different angles. While improving the signal-to-noise ratio at the
receiving end, the asymptotic orthogonality of different beams in the angle domain is utilized to ef-
fectively suppress inter user interference, thus achieving a multiplier increase in spectral efficiency.

By utilizing the new feature of the two-dimensional angle-distance focusing ability of near-

field beams, SDMA turns into a location division multiple access (LDMA) technology with angle
distance two-dimensional orthogonal resources, providing a new technological path for improving
spectral efficiency [301]. Specifically, as shown in Fig. 5.48, unlike far-field beams that only have
one-dimensional convergence characteristics in the angle domain, near-field beams have two-di-
mensional focusing characteristics in the “angular-distance" domain, that is, near-field beams can
focus wireless signals at specific angles and distances (i.e., a certain position). Based on the two-di-
mensional focusing characteristics of near-field beams, similar to the angle domain asymptotic
orthogonality of far-field beams, [301] first prove the distance domain asymptotic orthogonality of
near-field beams, that is, as the antenna size expands, near-field beams focused at the same angle
but different distances will tend to be orthogonal. Based on this, in 6G the MIMO technology can
achieve a leap from distinguishing multiple users in the angle domain to distinguishing multiple us-

ers in the angle distance domain. By mining and utilizing undeveloped orthogonal resources in the
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distancedomain, near-field MIMO provides a new technological approach to improve the spectrum
efficiency of wireless communication systems.
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Fig. 5.48 Comparison between far-field SDMA and near-field LDMA

In numerous scenarios involving multiple-access systems, a primary goal is to concurrently
serve numerous users while ensuring that the signals they receive adhere to a minimum sig-
nal-to-interference ratio (SIR) criterion. When users are roughly aligned at similar angles relative
to the transmitter, their simultaneous service feasibility depends on both their distances from the
transmitter and their inter-user separations. Consequently, the task evolves into identifying the
subset of users for whom reliable simultaneous service is feasible. Because the selection of users
is interdependent based on each other's SIR, solving the problem necessitates a joint approach
encompassing all users. A graph-theoretic method utilizing the near-field channel model is out-
lined in [302], where the problem is cast as the maximum clique problem in an undirected graph
and tackled using a heuristic algorithm. Fig. 5.49 illustrates the outcome of applying this algorithm
to the system delineated in Section 4.3. From a pool of 100 users oriented similarly relative to the
transmitter, five users are chosen, each requiring a minimum SIR of 18 dB. The graph demonstrates
that closer to the transmitter, more users can be accommodated, while as the receiver moves far-

ther away, concentrating the signal at a specific location becomes more challenging.
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Fig. 5.49 Multiple-access in near-field for users with same angular orientation [302]
5.5.2 NOMA

Although near-field communications provide higher spatial resolution, it is still difficult to meet

the demand for massive user access in wireless networks by only utilizing the DoFs in the direction
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range and angle. This is because, on the one hand, the resolution of beam focusing in near-field
communication cannot achieve perfect accuracy except in the case where users are very close to
the BS [303]; on the other hand, the large-scale antenna arrays at the BS normally employ hybrid
analog-digital antenna structures in near-field communications. In this case, for Orthogonal Multiple
Access (OMA) technology, the maximum number of connected users is limited by the number of RF
chains. By contrast, Non-Orthogonal Multiple Access (NOMA) technology allows multiple users to be
multiplexed over the same block of radio resources (e.g., time slots, subcarriers, spatial beams, etc.)
and to be distinguished in the power domain or code domain, thus further enhancing the network
spectral efficiency and user access capability. Therefore, near-field NOMA communications are con-
ceived to be a promising solution. It is worth mentioning that the beam focusing capability of near-
field communications also brings a series of new design opportunities for NOMA as shown in Fig.
5.50, which are discussed as follows:

X “Far-to-Near" Successive Interference Cancellation (SIC): Compared to far-field NOMA com-
munications, the near-field beam focusing capability enables users far located from the BS (termed
as far users) to achieve a higher equivalent channel gain than users close to the BS (termed as near
users) with a single beam focused on the far users. Based on this feature, near-field NOMA enables
a “far-to-near" SIC decoding operation [304]. The far user can act as a strong NOMA user to first
decode and cancel the interference from the near user (weak NOMA user) before decoding its own
signal. This is almost impossible to achieve in conventional far-field NOMA communications.

X Range-domain NOMA User Clustering: Compared to the angle-domain user clustering in
conventional far-field NOMA, exploiting the range-domain DoFs provided by near-field beam fo-
cusing, users at the same angle can be further divided into several user clusters in near-field NOMA,
which can significantly reduce inter-user interference [304].

X Hybrid Near/Far NOMA Communication: Due to the non-perfect accuracy of the near-field
beam focusing, the signal strengths of the beams serving near-field users may be superimposed at
the far field. Based on this property, additional far-field users can be served using NOMA technology
without changing the legacy beamforming design of the near-field communications but further

enhance the user access capability of the network [305].
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Fig. 5.50 Illustration of near-field NOMA designs
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5.5.3 URA

In addition, next generation multiple access techniques aim to support the access of massive
loTs devices such as sensors. These users generally have a very low active probability and establish
the uplink transmission via short packets. Unsourced random access (URA) is an efficient massive
random-access scheme which assigns a common codebook for all potential users [306][307]. URA
users select the transmitted codeword from the common codebook relying on their messages, with
no obligation to identify themselves. Accordingly, the receiver reconstructs a list of messages with-
out user identification. With the increasingly dense distribution of devices in the Internet of Things
and the increase in the near-field distance caused by XL-MIMO deployments, a significant number
of users are expected to locate in the near-field region. Therefore, URA schemes in the near-field

condition are worthy of further exploration.

Considering that the number of codewords in the common codebook increases exponentially
with the message length, multi-stage coding schemes are usually adopted for URA to reduce the
system complexity. As the crucial step of decoding, the receiver requires to detect the transmitted
codeword and reconstruct the corresponding channel. The near-field channel estimation technol-
ogy provides a novel solution to this problem. First, codeword detection can be cast as a multiple
measurement vector problem by capturing the coherent support structure of MIMO channel ele-
ments in the spatial domain, by which way the range of possible active codewords can be reduced.
Then, the restricted common codebook along with the near-field channel codebook are employed
to perform enhanced channel estimation in the polar domain. The above steps are performed
alternately in a turbo manner to fully exploit the sparse structure of the near-field polar domain
channel, which decreases the number of parameters required for reconstruction and reduces the
codeword length.

On the other hand, the features of the near field channel in the dimensions of angle and
distance can be regarded as the implicit “identity" of a specific user, which assist the codeword reor-
ganization from multiple segments without the help of user identification [308]. The concatenation
process can be performed by channel clustering without adding redundant check bits, which helps

to improve the coding rate and the spectral efficiency.

5.6 Non-Coherent Communication Schemes

The challenges of channel estimation for near-field communications have been detailed in
section 5.1. Given the difficulties in obtaining channel information, the use of non-coherent com-
munication techniques is proposed where CSl is not required. Traditionally, non-coherent detec-
tion entailed a well-known 3dB loss in system performance compared to its coherent counterpart
employing CSI. However, with the emergence of massive MIMO, this degradation has disappeared,
equalizing both forms of transmission. Several proposed schemes for future communication sys-
tems, where non-coherent detection becomes relevant for near-field communications due to its
properties, are presented in [309].

Non-coherent communications can offer several benefits and improvements to near-field com-
munications (NFC) systems as follows:

K Resilience to Multipath Fading: In near-field environments, multipath fading can occur due
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to signal reflections from nearby objects. Non-coherent communication techniques using mod-

ulation schemes based on differential phase shift keying (DPSK) as presented in [309]-[311] are

lesssusceptible to multipath fading compared to coherent schemes. This resilience helps maintain

X Robustness to Interference: Non-coherent communication schemes are often more robust
to interference and noise compared to coherent schemes. In near-field communication scenarios
where there may be significant interference from surrounding electronic devices or environmental
factors, non-coherent techniques can help maintain communication reliability.

X Reduced Complexity: Non-coherent communication schemes typically involve simpler mod-
ulation and demodulation processes compared to coherent schemes. This reduction in complexity
can lead to lower-power and more cost-effective NFC transceivers, making them suitable for small,
battery-powered devices like NFC-enabled smartphones, wearables, and loT devices.

X Simplicity: Non-coherent communication techniques tend to be simpler to implement and
require fewer resources compared to coherent schemes. This simplicity can be advantageous in NFC
applications where low-power, low-cost, and efficient communication protocols are desirable.

X Lower Complexity Transceivers: Non-coherent communication systems typically require
fewer complex transceivers compared to coherent systems. This can lead to smaller and more
cost-effective NFC devices, making them more accessible for widespread deployment in various
applications.

X Improved Range: Non-coherent techniques may offer improved range performance in
certain near-field communication scenarios, especially when dealing with obstacles or attenuating
materials. By optimizing the modulation and demodulation processes, non-coherent schemes can
enhance communication range without significantly increasing power consumption.

X Improved Signal Detection: Non-coherent receivers do not require precise phase synchro-
nization with the transmitted signal, making them more tolerant to timing offsets and phase
distortions. As a result, non-coherent receivers can reliably detect signals even in the presence of
frequency drift, phase noise, and other impairments commonly encountered in NFC environments.

X Enhanced Security: Non-coherent modulation techniques, such as frequency-shift keying
(FSK), can provide inherent security benefits for NFC systems. By modulating the carrier frequency
based on the data to be transmitted, FSK inherently spreads the signal energy across a wider fre-
quency spectrum, making it less susceptible to interception or eavesdropping attacks.

X Compatibility with Low-Cost Hardware: Non-coherent communication techniques are
well-suited for implementation on low-cost, low-power hardware platforms commonly used in
NFC devices. By leveraging simple modulation schemes and efficient signal processing algorithms,
non-coherent NFC transceivers can be deployed in a wide range of applications without significant
hardware or computational overhead.

X Adaptability to Dynamic Environments: Non-coherent communication systems can adapt
more effectively to dynamic NFC environments where signal conditions may vary rapidly. By em-
ploying adaptive modulation and error correction techniques, non-coherent NFC systems can main-
tain reliable communication links even in the presence of changing interference levels or channel

conditions.
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Overall, the use of non-coherent communication techniques in near-field communication

systems offers a practical and efficient solution for achieving reliable, low-power, and cost-effective

wireless connectivity in a variety of applications.

5.7 Deployment of Near-Field Communication System

According to Chapter 3.1, the classic criterion for distinguishing the near-field and far-field
region is the Rayleigh/Fraunhofer distance, which increases with the physical size of the array and/
or the carrier frequency. However, to attain significant performance enhancement in future 6G
communication systems, promising technologies such as RIS, massive MIMO, and THz communica-
tion need to substantially increase the number of active antennas/passive elements, or mitigate the
carrier frequency to higher bands. This thus leads to an increase in the originally negligible Ray-
leigh/Fraunhofer distance to tens or even hundreds of meters. Therefore, the traditional deployment
strategies based on far-field models are no longer applicable to the XL-arrays for 6G, including both
XL active arrays and XL passive arrays. Additionally, the deployment of XL active/passive arrays has a
significant impact on key technologies for near-field communication, such as beamforming, channel
estimation, WPT, and ISAC. These technologies exhibit distinct implementations and effects under
various deployment strategies. In the following, we will introduce different deployment strategies

from the perspectives of node placement, network deployment and optimization objectives.

1) Node placement: The deployment scenarios of XL-arrays [312] can be classified into four
main types: the BS side deployment [102], the relay side deployment [313], the user side deploy-
ment [314], and multiple sides deployment [315], as illustrated in Fig. 5.51. In practice, deploying
XL-arrays at the BS or relay side is easier to implement. For the XL active arrays, deploying them
directly at the BS/relay significantly enhances the capacity and coverage range of communication
systems. However, this strategy faces challenges as some users are located in the near-field region
of the BS/relay, necessitating the considerations of the mixed near-and far-field effects as well as
the interference management between far-field and near-field users. For the XL passive arrays such
as RISs, deploying them near the BS/relay not only improves the communication coverage but also
substantially reduces the required number of (active) antennas at the BS/relay. Additionally, the
multiplicative path loss induced by passive arrays decreases as the distance between the XL passive
arrays and BS/relay reduces. In this context, besides the aforementioned mixed near-and far-field
effects and interference issues among users, system design should also account for the near-field
effects between the BS/relay and the XL passive arrays. Considering the device constraints in terms
of the cost and energy consumption, it is impractical to deploy XL active arrays at the user side. On
the contrary, with advantages of low cost and low power consumption, passive arrays (e.g., RISs)
are more likely to be implemented in extremely large scale at the user side. Especially in scenarios
involving a large number of randomly distributed users, XL passive arrays can be flexibly deployed
as signal hotspots at the user side, significantly improving the probability of establishing virtual LoS
links and enhancing user communication performance. In this context, the system design must also
consider the near-field effects as the distance between the XL-arrays and users is within the Ray-
leigh/Fraunhofer distance.

2) Network deployment: The deployment of XL-arrays (including XL active/passive arrays)

can be classified into centralized deployment and distributed deployment. For a given number of
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active antennas/passive elements, these two deployment strategies exhibit distinct performance, as
discussedbelow. First, the centralized and distributed deployment have different equivalent chan-
nel states, leading to variations in communication rates and transmission delays. Second, for the
distributed deployment, each served user can only benefit from the beamforming gain provided
by its nearby array. In contrast, centralized deployment involves an array with a larger physical size,
enabling multi-user sharing where all antennas/elements in the array can serve any user and thus
achieving enhanced beamforming gains. Third, distributed deployment entails more nodes, thus
requiring more round-trip links for information exchange compared to centralized deployment. The
larger number of nodes renders higher network overhead and network complexity. Last, the flexi-

bility of distributed deployment facilitates the establishment of virtual LoS links with users, thereby
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Fig. 5.51 Deployment scenarios of XL-arrays (taking RIS as an example)
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1) Optimization objectives[316]: For traditional far-field assumption-based cellular network
deployment, the main optimization objective is the signal strength distribution of network cover-
age, also known as link budget. However, for near-field assumption-based network deployment, the
optimization objective will not only include the signal strength distribution of coverage but also
consider the changes in spatial freedom caused by near-field propagation characteristics. Therefore,
when optimizing the deployment of near-field networks, factors such as near-field distance condi-

tions, RIS size, deployment density, and angles relative to the coverage area must be considered.

Notably, most of the current research on near-field communication tends to study the perfor-
mance of the near field and far field systems separately under the assumption that the propagation
distance conforms to the constraints of near-field/far-field distances. Considering the distributed
deployment of users and exploiting the characteristics of the near field, a hybrid communication ar-
chitecture based on near-field relays can be envisioned, as depicted in Fig. 5.52. In this architecture,
relays are deployed in proximity to the users, ensuring near-field communication conditions be-
tween the relays and users. Meanwhile, since the distances between the BS and relays are relatively
remote, the communication between the BS and relays is considered as far-field communication.

In the proposed hybrid communication architecture based on near-field relays, the deployment of
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Fig. 5.52 A hybrid communication architecture based on near-field relays
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6 Integration of Near-field Technology with Other Technologies

6.1 Near-field Based Positioning

In conventional far-field communications, the phase difference of the receiving antenna
array is mainly determined by the AoA of the signal, so the process of channel localization can
easily calculate the AoA of the signal to obtain the orientation information of the target. In
contrast, efficient near-field communications require a more accurate modelling of the electro-
magnetic channel using a spherical wavefront [317]. In the spherical wavefront-based channel
model, both distance and bearing information are included in the phase delay, which has the
potential to accurately locate the target. Moreover, adopting the far-field model for near-field
sources leads to a model mismatch problem that can deteriorate the positioning performance
[321]. Therefore, along with the research and development of near-field communications, near-

field positioning will be an important technology in the future 6G.

6.1.1 Near-Field and Positioning
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Fig. 6.1 Near-field signal model and far-field signal model.
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Fig. 6.1 shows the near-field signal model and far-field signal model. From Fig. 6.1, we can
explain the reasons why the spherical wavefront characteristics of near-field propagation are condu-
cive to improving positioning accuracy:

1) The plane wavefront modeling of the far-field signal causes the AoA obtained by different
receiving antenna elements to be the same, so plane wavefront modeling in the far field can only
estimate the AoA. To obtain the position parameter, one feasible approach is to deploy multiple
spatially distributed arrays with known positions for the estimation of AoAs. Alternatively, the clock
synchronization between the transmitter and the receiver can be employed to measure the time of
arrival (ToA) provided wideband signals are used.

2) However, the amplitude term and phase term of the near-field signal based on spherical
wavefront modeling contain the precise distance from the transmitter to each receiving antenna.

Thisallows us to directly obtain the position information of the transmitter, thereby improving posi-
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tioning accuracy.

In addition, the electromagnetic physical effects of near-field signals also make it possible to
sense the attitude of the transmitter. From Fig. 6.2, the attitude of the transmitter is related to its
physical shape. For a basic linear antenna, its attitude is represented by its orientation in three-di-
mensional space. Different spatial orientations will lead to different source current distributions,
resulting in different excited electric fields. Therefore, the near-field electromagnetic signal and the
attitude of the transmitter have a one-to-one mapping relationship, which allows us to estimate the

attitude of the transmitter.

Fig. 6.2 Near-field positioning and attitude sensing.

In the literature [322], for the noise-free case, the author proposed the phase ambiguity dis-
tance and the spacing constraint distance to accurately divide the position domain of the transmit-
ter. For each position domain, the author provided a feasible decoupling scheme and gave solu-
tions to nonlinear electromagnetic equations.

Secondly, for the noisy case, joint positioning and attitude estimation needs to use signal esti-
mation theory. Literature [323] pointed out that using the electromagnetic near-field model, in the
millimeter wave frequency band or sub-THz frequency band and the size of the observation surface
is at the meter level, the position estimation accuracy can reach the millimeter level. In [324], the
authors developed Ziv-Zakai lower bounds for joint positioning and attitude estimation. Compared
with the locally tight Cramér-Rao lower bound, the Ziv-Zakai lower bound can also provide accurate
performance predictions in low signal-to-noise ratio regions. Through the Ziv-Zakai lower bound,
the authors show that the attitude estimation can reach the 0.1 level (the estimation error range is
X0.1).

It is noteworthy that source localization primarily estimates two positional parameters of the
user: the angle and distance of the source relative to the BS. In far-field scenarios, source localization
is usually a joint estimation problem: angle estimates are obtained through the AoA, and distance
estimates are acquired through the ToA. However, this joint estimation requires precise synchroni-
zation and/or the participation of multiple access points, and its performance is usually suboptimal
compared to direct positioning.

When wireless positioning shifts from far-field to near-field, the received signals exhibit a

spherical wavefront rather than a planar wave. This enables the use of near-field spherical wave
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characteristics to enhance wireless positioning, achieving direct positioning. Specifically, the
user'slocation can be directly calculated based on the curvature of arrival (CoA) of the spherical
wavefront, allowing a single array to determine both distance and direction simultaneously [324].
This contrasts with far-field methods, where complicated two-step AoA and ToA estimation is
required. By leveraging these near-field techniques, positioning estimation accuracy is significantly
improved while also substantially reducing implementation complexity [325]. However, when it
comes to near-field sources, it's necessary to jointly search over both the angle and range due to
the angle-range coupling inherent in the spherical wavefront. This may introduce some additional
complexity. In this regard, some studies focus on proposing algorithms to decouple the angle and
range, then divide the 2D search into two consecutive 1D searches over the range and angle, aim-
ing to mitigate this complexity. In the presence of moving users, previous position estimates can
be successfully exploited to improve the positioning accuracy at a certain time instant (tracking).
Within this context, in [326]the performance bounds on tracking error have been investigated by
In case antenna arrays are used at both the transmitter and receiver, i.e., in a MIMO configu-
ration, working in the near field opens also the possibility to enable single-anchor 6D localization
(position and orientation). The fundamental theoretical performance limits in positioning and orien-
tation of near-field MIMO have been studied in [327] where the impact of the number of antenna
elements as well as of the squinting effect have been investigated. It has been found that with a
large number of antenna elements (massive MIMO), the effect of multipath on the localization and
orientation error can be made as small as desired.
Another approach to positioning in the near field is to partition the large antenna array into
multiple subarrays and approximate the signal received on each subarray as a planar wave, and

combine the information from multiple subarrays to estimate the position of the user. By partition-

cessing algorithms, such as Multiple Signal Classification (MUSIC) or Estimation of Signal Paramier%grg
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of the user » with respect to the center of the array can be estimated as follows:
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where ¢ _is the unit length direction vector at subarray k pointing towards the UE based on the es-
timated AoA, e _is the received SNR at subarray k, and ee_is the center of subarray k relative to the

center of the entire array.
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Fig. 6.3 User positioning with sub-arrays.
This approach is equivalent to approximate the nonlinear phase vector corresponding to

spherical wave on a large array with NK elements with a set of N linear phase vectors of length

K, each collected from a subarray of with K elements and corresponds to planar waves of slightly
different AoAs. Fig. 6.4 shows this approximation works very well. The estimated user position ee
can be used to update the estimated AoAs (¢ ) for the sub-arrays, and further updates the channel
estimation to the user. The estimated channel takes the form of a set of DFT-like vectors for the
sub-arrays (and the phase offset between adjacent sub-arrays). By flipping the sign of the estimated

phase, we have a beamforming vector closely approximating maximal ratio combining to focus the
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Fig. 6.4 The received phase of a spherical wave on a large array and its approximation with planar
waves on 5 subarrays.

6.1.2 Near-Field Positioning Technology Based on RIS

In the presence of obstacles determining NLOS propagation conditions, localization might
be challenging also considering that it typically requires the simultaneous connectivity with more
reference BSs compared to those needed for communication. Adding more BSs could not represent
a viable solution in many applications to due to the inherent increase of infrastructure cost. An in-
teresting and potentially low-cost solution is given by the deployment of RISs that can be exploited

Ill

as additional “virtual” reference nodes (see Fig. 6.5 ).
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Fig. 6.5 RIS-aided localization: BS 2 and BS 4 can be seen by the user through the RIS thus ensuring
at least 3 points of view as needed for 2D localization.

However, the optimization of the RIS’ reflection characteristics poses several challenges
because the position of the mobile user is not known beforehand and the RIS must be configured
very often thus generating signaling overhead and implementation issues. Different approaches
have been proposed in the literature. For instance, in [328] the fundamental theoretical limits in
terms of position error bound (PEB) have been studied whereas in [329] an optimization algorithm
is introduced in which, at each time step, the RIS is configured such that the PEB is minimized by
starting from the previously estimated user position. Unfortunately, this algorithm does not solve
the signaling overhead and it is not scalable with the number of users. To mitigate the signal-
ing burden, in [331] a two-timescale joint precoding and RIS optimization algorithm is analyzed
allowing a significant reduction of the RIS configuration rate by taking advantage of user statistical
mobility models.

A different approach has been introduced in [330], where the reflection coefficient of each
element of the RIS dynamically varies during the transmission of the reference OFDM signal emitted
by the BS. This variation follows a predefined periodic pattern designed to enable the mobile user
to estimate the delay of the signal component reflected by each visible element of the RIS provided
that the system works in the near-field region of the RIS. Utilizing these BS-RIS-user delay measure-
ments, the mobile user can then compute its own position without the need for signaling with the
RIS then making the scheme scalable. Fig. 6.6 illustrates a practical example of NLOS localization
facilitated by RIS using the above-described approach. In this scenario, a single-antenna user nav-
igates within an indoor setting in the presence of several obstacles, with a BS emitting a reference
OFDM signal. A long linear RIS is deployed (green patches in the figure), allowing the mobile user
to determine its location by analyzing only the signals reflected by the RIS. Despite the presence of
many obstacles that partially obstruct the RIS, the localization error along the mobile user trajecto-
ry remains limited to 20-30 cm, as seen from the inset plot. A narrowband version of the previous
scheme exploiting the phase profile instead of time measurements is also investigated in [330]. RIS

can also be exploited to solve near-field imaging problems utilizing XL-MIMO antennas as studied in
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Fig. 6.6 RIS-assisted localization in a near-field NLOS scenario. 28 GHz system with 250 MHz
bandwidth.

Near field communication and positioning based on massive MIMO technology require a large
number of antenna elements and RF channels, including phase shifters, mixers, ADCs, etc., resulting
in high hardware costs. In contrast, RIS-based near-field positioning can take full advantage of its
flexible beam switching and channel reconstruction capabilities to achieve reliable communication
and perception performance. Abundant time of flight (ToF) and spatial spectrum information can
be obtained by a large number of period arrangement elements in the RIS array, which is expected
to accurately estimate the source position. When the source incident on the RIS, the phase delay to
different elements is a function of the distance d between the source and the center of the me-
ta-surface and the orientation (6, @) of each element, which means that the source can be pinpoint-

ed effectively using spatial spectrum classification or maximum likelihood estimation [333][334].
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Fig. 6.7 Schematic diagram of two-dimensional DoA estimation based on RIS and non-uniform
time modulation [335].

The basic theory and algorithms of information source's spatial positioning parameter esti-
mation have been relatively mature, but many algorithms require multidimensional spatial spec-
trum search or high-complexity computations, which restricts the practical application because
of hardware requirements, so there are still many problems to be solved. Therefore, based on the

parameter estimation method of rank reduction or dimension reduction [336], the multi-dimension-
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al spectral peaksearch algorithm can be transformed into several one-dimensional searches, and the
angle and distance parameter estimation can be matched automatically. However, the process of
splitting the 2D search into two 1D searches is not straightforward. Initially, it requires the decou-
pling of bearing angles and distances or electrical angles. For example, by carefully selecting specif-
ic antenna elements to compute the channel covariance matrix, one of the electrical angles can be

effectively eliminated from the problem, enabling 1D-compressive sensing for the AoA [337].

In addition, RIS-based positioning can significantly reduce hardware complexity, reducing DoA
estimates that traditionally require multiple RF channels to just one. The spatial phase information
can be stored in the spectrum through the space-time coding strategy, as shown in Fig. 6.7, which
uses non-uniform time modulation to realize full-duplex multi-target positioning and adaptive
beam scanning. The spatial spectrum information can also be contained in the received signal of
multiple time slots by radiative multiple random beams, where holographic RIS and spherical wave-
fronts could be applicable[338][339].

In practical implementations, the metasurface array demonstrates remarkable operational flex-
ibility through spatial resource partitioning. As illustrated in Fig. 6.8, edge elements of the metasur-
face can be selectively activated for near-field target localization while maintaining the remaining
aperture for simultaneous beamforming control [340]. This architecture enables full-duplex oper-
ation that concurrently supports positioning and energy transmission functions. Considering the
constrained channel resources in metasurface systems, a positioning method similar to RSSI can be
adopted. The features of the target at different positions can be collected, and further through Con-
volutional Neural Network (CNN) data classification to realize positioning. To enhance the saliency
of the target at different positions, Stacked Two-stage Convolution (STC) technology can be inte-
grated. The generated multi-order harmonics during the STC modulation can function as feature
information, thereby improving the classification accuracy of CNN. This positioning method does
not require occupying too much of the aperture of the metasurface, and can effectively reduce the

computational complexity.
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Fig. 6.8 Near-field target localization based on CNN [340].

Furthermore, the users may locate in the near field of the RIS in the XL-RIS-assisted THz
localization systems. Since different RIS elements no longer share the same AoA according to the
spherical wavefront of near-field channel model, the modeling and estimation of near-field chan-
nels become a more challenging task. Consequently, traditional channel estimation and localization
methods will suffer severe degradation when applied in near-field scenarios.

Recently, the authors of [41] have proposed an algorithm of RIS-aided near field joint channel
estimation and localization (NF-JCEL) in THz systems. As shown in Fig. 6.9, the authors considered

the near-field channel model based on the spherical wavefront, and estimated the AoAs and dis-
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tancesfrom the central reflecting element to UEs as well as the cascaded channel gains to locate the
UEs by utilizing the geometric relationship. Based on the second-order Fresnel distance approxima-
tion, the researchers designed a RIS phase-shift training method to increase the rank of the channel
matrix and avoid the noise amplification caused by LS estimation. Then, by utilizing the near-field
channel characteristics, the researchers designed a sampling Toeplitz covariance matrix to decouple
the distances and angles, and estimated the horizontal and vertical AoAs of the UEs respectively.
Finally, they estimated the distances of the UEs with one-dimensional searching and obtained the

estimated position by utilizing the estimated parameters and geometric relationship.

Fig. 6.9 RIS-assisted THz multi-user positioning systems.
As depicted in Fig. 6.10, the proposed algorithm prevails over the traditional far-field methods
in the root mean square error (RMSE) of UE locations by utilizing the near-field AoA information. In
addition, the RMSE will decrease with more RIS elements as well as more AoA information. There-

fore, it is promising to deploy XL-RIS with more elements to enhance the localization accuracy.
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Fig. 6.10 RMSE versus the number of RIS elements.

In the following, another example of RIS-aided localization is introduced. First, the system

model employed for three-dimensional (3D) localization using the RIS is presented. Furthermore, we
introduce the near-field channel and a realistic amplitude-dependent phase RIS model to assess the

performance metrics including positioning error bound (PEB), RMSE for localization, and achievable-
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data rate for communication. We examine a wireless setup comprising of a single user transmitting
from position e e eeeeses’ and an ¢ -element RIS lens positioned in the XY plane with reference
point ee ==’ The RIS is placed near a single antenna equipped with a corresponding RF chain for
reception, located at « e+ *"as per Fig. 6.11. The figure illustrates the 3D coordinate system that
shows the positional and angular information of the user and RIS. The spacing between the hori-
zontal and vertical elements is sét to ¢ ¢ where ¢ is the wavelength at the carrier frequency. The ¢
-th element of the RIS is located at s ¢ ss®ee o eecse eses o oo herd ‘e refer to the element’s

distance from the RIS origin to the element and e _is the ¢ -th element azimuth angle.
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Fig. 6.11 Localization system coordinate.

The RIS is composed of ¢ 2500 elements arranged ina * ¢ ¢ grid, where o o o o ee¢ at
a frequency of 28 GHz with ‘o/element area. A single receive antenna is positioned behind it at
coordinates e®ee o The transmit power is T mW, the noise power spectral density is -174 dBm/
Hz, -and the receptiolw noise figure is set to 8 dB. We choose the number of time instances to be ¢ =
200 and the bandwidth to be 1 MHz. In our analysis, we focus on a user who possesses a wavevec-
tor ¢ oriented in the direction e« . The channel gains to and from the RIS are set in the near-field
regime [341]. -Tre prij)r knowledge about the user's location is represented by a (pdf) denoted as
esse e o sesee .where ¢ o e  This prior information is solely employed for designing the
directional beams of the RIS, and it is not utilized during the localization process or in the(calcula- )
tion of the (PEB). The standard deviation in each dimension (XYZ) of the prior covariance of the user
position is set to ¢ « es » ® e m to evaluate the localization performance in the random, directional,

and positional phase profiles.
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Fig. 6.12 PEB as a function of distance to the RIS using random, directional and positional RIS
phase profiles.

In Fig. 6.12 we notice that by using a basic random phase configuration, we can achieve rela-
tively low PEB, specifically below 1 meter, for user positions within a 10-meter distance from the RIS
&ndht different values of « _ _. By employing directional or positional phase profiles (+ * ¢and e
. .**=),itis possible to significantly decrease the Position Error Bound (PEB). The positional phase
profile exhibits slightly superior performance compared to the directional phase profile, although
the disparity between the two is negligible. Similarly, we observe that employing directional or po-

sitional phase profile allows us to achieve relatively enhanced (PEB), specifically below 1 meter, for

Fig. 6.13 Data Rate versus RIS distance

Fig. 6.13 shows the data rate against the distance to the RIS. Generally, the data rate is inverse-
ly proportional with the distance, and this is due the decrease in (SNR) in the reflected path, which
is inversely proportional to the distance from the RIS. The realistic RIS phase shift model is adopted,
and the data rate performance gap is evident when e is changed from the ideal case which is o

..* *totheactual case whichis o o o=,
6.1.3 Near-field Localization Based on Controllable Beam Squint

For wideband massive MIMO systems using OFDM modulation, beamforming based on phase
shifter (PS) structure will lead to beam squint effect. Far-field beam squint effect causes the beams
of subcarriers with different frequencies to focus into different angular directions [342][343], while
near-field beam squint effect causes the beams of subcarriers with different frequencies to focus
at different positions. Fig. 6.14 shows an example of near-field beam squint, where a total of M+1
subcarriers are enabled. As the frequency of subcarriers increases, the beamforming of different
subcarriers will focus at different positions and can be connected into a trajectory. The starting
point of the trajectory is determined by the 0-th subcarrier, while the ending point of the trajectory
is determined by the M-th subcarrier. In Fig. 6.15, the lowest frequency of subcarrier is 30 GHz, and
its near-field beamforming is focused at position ee e eeeee The highest frequency is 36 GHz,
and its near-field beamforming squints to position ese®ee eeeweee |t can be seen that near-field

beam squint phenomenon cannot be ignored in wideband systems.
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Fig. 6.14 Schematic diagram of near-field beam squint.
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Fig. 6.15 Schematic diagram of near-field controllable beam squint.

As shown in Fig. 6.15, it is considered to cascade a true time delay (TTD) line for each PS in the
BS. By carefully setting the values of PSs and TTDs, the starting point and ending point of the near-
field beam squint trajectory can be reversely controlled, which is beneficial for BS to realize user
localization with low pilot overhead. Specifically, Fig. 6.15 shows examples of several near-field con-
trollable beam squint trajectories, where a total of 2048 subcarriers are enabled. Trajectories T1 and
T2 are two radial straight lines. If the angle of user or target has already been obtained, using radial
trajectories like T1 and T2 can quickly sense the distance of the user or target. Trajectory T3 spans
the entire range of angle and distance, providing full area sensing. Trajectory T4 exhibits a symmet-
rical trend in angle, which is more conducive to obtaining the angle of user or target. Trajectories T5
and T6 are squinting in a smaller area, which facilitates beam scanning in a known and narrow area,
such as a bus stop [356].

To realize fast near-field user localization, BS uses the beamforming scheme based on TTDs
assisted near-field controllable beam squint for sensing pilot signal transmission. A low-complexity
near-field user localization method is proposed, which includes the first angle sensing stage and the
second distance sensing stage.

In first angle sensing stage, it is planned to use one time beam sweeping to obtain the angle

estimates for all near-field users. Let the beamforming of subcarrier ¢ point to the starting pointee,
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e _...» by adjusting PSs, and let the beamforming of subcarrier e point to the ending point e _

.**...* by adjusting TTDs, where », __ and e, are two appropriate values between ¢ _ande,

X

e, .and e _ are the minimum and maximum distances required for the near-field sensing range,

! .

. ...°** * are the maximum and minimum angles of the near-field sensing range. Then BS uses
near-field controllable beam squint strategy to transmit pilot signals, and the beamforming focusing
angles of all subcarriers gradually squints from o to e, ., covering the entire angle sensing

LYYy

space. The beamforming focusing distance gradually squints from e _ to e _ ,and the near-field
beam squint trajectory of subcarriers is similar to trajectory T4 in Fig. 6.15. All near-field users re-
ceive all subcarriers and feedback the frequencies of the maximum power subcarriers to BS. The BS
can calculate the angle of each user using the frequency of these maximum power subcarriers and
the formula for near-field controllable beam squint angle.

After obtaining the angle sensing result, we can enter the second distance sensing stage.
Assuming there are some near-field user in the angle direction of ¢°....., the users’ distances will
be sensed in the g-th beam sweeping of distance sensing. Let the beamforming of subcarrier o,
point to the starting point es, _e**.....* by adjusting PSs, and let the beamforming at subcarrier
«_point to the ending point ss___ee°.....e by adjusting TTDs. Then BS uses near-field controllable
beam squint strategy to transmit focusing distance gradually squints from ¢ _to ¢ _ .The near-
field beam squint trajectory of thpilot signals. The beamforming focusing angle of all subcarriers is

always e, and the beamforming e subcarriers is similar to trajectory T1 in Fig. 6.15. The near-

field users receive subcarriers and feedback the frequencies of the maximum power subcarriers
to BS. The BS uses the frequency of the maximum power subcarrier and the formula for near-field
controllable beam squint distance to calculate the distance estimates of the user, thereby achieving
near-field localization.

The proposed near-field localization method based on controllable beam squint cleverly uti-
lizes the frequency-domain beam sweeping of beam squint instead of the traditional time-domain

beam sweeping, greatly reducing the time overhead compared to traditional near-field localization

Obstacle

. user

Subcarrier 1 Base station

Subcarrier N

Metaprism

Fig. 6.16 Localization in NLOS by exploiting a metaprism (each color represents a different
subcarrier).

Frequency selectivity can be successfully exploited also to provide localization in NLOS
conditions by using particular metasurfaces called metaprism, recently introduced to enhance
communication and subsequently localization at low cost [357][358]. A metaprism is a static-
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metasurface (i.e., not reconfigurable) that exhibits a controlled frequency selectivity within the

bandwidth of interest. In particular, one possibility is to design the phase profile of the metas-
urface such that it depends linearly with the frequency, i.e.,
® . 0000 o.000 0 o, 6.2)
where o eeeis the reflection phase shift of the n-th cell of the metasurface, e _is the carrier fre-
quency, and ¢ _is a cell-dependent coefficient to be properly designed according to the desired
reflection behaviour (beamsteering in the far field, focusing in the near field) [357].

For example, in Fig. 6.16 each subcarrier of the OFDM signal emitted by the BS is reflected by
the metaprism toward a specific direction thanks to its frequency selectivity property, thus mapping
different AoD to different subcarriers. Therefore, by analyzing at which subcarrier the signal is re-
ceived it is possible to infer the angle of view of the target user. In [358] it has been shown that while
in the far field only angle information can be obtained with an accuracy in the order of 1 degree or
less at millimeter waves, in the near field it is possible to obtain also distance information (and hence
position information) through the introduction of fingerprinting-like positioning algorithms. The
metaprism represents an appealing solution with several advantages compared to RIS such as: i) it is
fully passive so no power supply, no dedicated signaling, and no CSI estimation schemes are need-
ed; ii) it is transparent to the wireless communication protocol; iii) it allows parallel links pointing to
different directions, then lower latency in the presence of dense users; iv) it enables simple and really

low-cost positioning in NLOS conditions.

6.1.4 NLoS UE Localization with near-field effects
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Fig. 6.17 A single BS localization system with clock asynchronism and without LoS path.

While localization in LoS scenarios has reached a level of maturity, the localization of UE in the
absence of a LoS path, as shown in Fig. 6.17, has always been a challenge. It has been theoretically
shown that in far-field scenarios, NLoS signals do not contribute to the equivalent Fisher informa-
tion matrix for the UE's position and thus cannot improve localization accuracy if no prior informa-
tion about the scatterers is available [344]. As a result, without a LoS path nor any prior information
of the scatterers, accurate UE localization is impossible in far-field scenarios. From a mathematical
perspective, the process of localizing UE as illustrated in Fig. 6.1 involves solving the following sys-

tem of equations,

{(... cece.e )'.. (vroreenee ..)' % ee ces sees (6.3)
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In far-field scenarios with traditional smaller-scale arrays, assuming perfect synchronization
of clocks, i.e., * ¢ ¢, thevariables ¢ 2and ¢ * cdn.be estimated using array and radar signal
processing. However, other variables remain unknown, resulting in an under-determined system
with e e ¢ e unknown variables and only ¢ ¢ equations. On the other hand, it is noteworthy that
different from the LoS case, in NLoS scenarios, the distance calculated from the CoA of the spherical
wavefront is different from the distance obtained through the ToA. The former is the distance of the
scatterer while the latter is the length of the propagation path. Leveraging on this property, in near-
field scenarios with large-scale antenna array, since the array response vector is dependent on both
the AoA and the distance of the scatterers, estimation of scatterer locations using one single BS
becomes -possible using array signal processing. Provided that ¢ ¢ ¢, the additional estimation of
e« _sthrough array signal processing leads to an over-determined system, enabling the estimatioh”
of UE's location. Note that when clock asynchronism between the BS and UE is considered, i.e., * ¢
*, ¢ * e near-field scatterers are required for UE localization, and the clock difference ¢  can also be
estimated.

In [345], a tensor-based method is proposed to isolate each path from the space-time-frequen-
cy three-dimensional channel tensor obtained with OFDM reference signals, enabling the estima-
tion of the corresponding delay, Doppler shift, and scatterer position. These estimated parameters
are then used to solve for the UE position. It’s worth noting the tensor-based method proposed in
[346] requires each path's parameters, i.e., delay, Doppler shift and scatterer position to be different
for the canonical polyadic decomposition uniqueness conditions to hold. If any of the parameters
are too close, e.g., two paths have close delays, Doppler shifts or two scatterers are physically close,
thus having similar array response vectors, the paths may not be properly resolved due to rank
deficiencies.

Literature [346] proposes a single-BS simultaneous environment sensing and NLoS UE localiza-
tion scheme. This approach exploits the channel spatial sparsity and high spatial resolution of XL-ar-
rays to estimate the locations of each near-field scatterer, which then serves as virtual anchors for
UE localization. Specifically, first, successive Zero-Forcing (ZF) two-dimensional MUSIC (2D-MUSIC)
is used for scatterer localization. Then, the signal from each path is isolated and the corresponding
propagation delay is estimated. Finally, the above over-determined equations are solved to obtain
the UE location. Compared to the tensor-based method, this method demonstrates superior robust-

ness to closely spaced scatterers thanks to the super-resolution capability provided by 2D-MUSIC.
6.1.5 Near-field positioning technology based on the division of subarray

Due to the influence of near-field characteristics, targets are no longer absolutely located in
the far-field region where signals propagate with the uniform plane wavefront model. It is possible
that they may locate in the near-field region. In this case, the signal propagation model transitions

to a spherical wavefront model, with angle and distance information strongly coupled [347]. On
one hand, the near-field characteristics introduce new DoFs to the localization problem, allowing
for the simultaneous estimation of the target's direction of arrival (DoA) and distance. On the other
hand, due to the change in propagation models, traditional far-field localization algorithms will
experience significant inaccuracies in near-field scenarios. To achieve high-resolution near-field

localization capabilities, there is an urgent need to consider super-resolution algorithms tailored
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for near-fieldscenarios. A straightforward approach is to extend traditional one-dimensional (1D)
super-resolution algorithms, such as the MUSIC algorithm and the ESPRIT algorithm, into a 2D
angle-distance domain for exhaustive search [348]. However, exhaustive search within the 2D
angle-distance grid presents issues with excessive computational complexity. Thus, it's important to

develop new near-field algorithms for low-complexity target localization.
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Fig. 6.18 A single BS near-field sensing system with the division of sub-array.

As shown in Fig. 6.18, consider partitioning the BS's ULA into multiple non-overlapping subar-
rays. Thus, we can utilize the angle and distance information perceived by the subarrays to jointly
estimate the target's position, namely (¢, ). By appropriately partitioning the number of antennas
in each subarray, near-field targets can be located in the far-field region of each subarray. Conse-
quently, it is possible to leverage the time delay and Doppler information obtained by each subar-
ray to estimate the DoA and distance information, namely (¢ e ). Since the target is located within
the far-field region of each subarray, classical far-field sensing methods, such as the periodogram
algorithm or 1D-MUSIC algorithm, can be employed for parameter estimation within each subarray.
Furthermore, by utilizing the geometric relationship between the estimation results of subarrays
and the BS, the distance and DoA of the target relative to the BS ULA can be jointly estimated,

thereby achieving precise estimation of the target’s DoA and distance.

6.1.6 FFT-enhanced low-complexity near-field super-resolution localization

Traditional far-field super-resolution localization algorithms, such as MUSIC and ESPRIT, often
exhibit high computational complexity when extended to near-field conditions[347]. While algo-
rithms like RD-MUSIC and RR-MUSIC aim to reduce computational complexity, they face incompat-
ibility issues with existing communication architectures[351][352]. To address the challenges of re-
ducing computational complexity in near-field localization and meeting deployment requirements
of current communication architectures, a novel low-complexity super-resolution algorithm based
on FFT is proposed. By leveraging the FFT algorithm and 1D far-field beamforming, the proposed
method significantly narrows the angular-distance search range for 2D spectral peak research. This
enables effective complexity reduction while maintaining compatibility with existing communica-

tion architectures.
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Fig. 6.19 A near-field XL-MIMO system for target localization.

As illustrated in Fig. 6.19, the BS employs an XL-MIMO array with M=2N+1 antennas to esti-
mate K targets. The algorithm operates in three stages. In the first stage, an FFT-based spectral peak
search is performed in the angular domain. Due to near-field spreading effects, the initial search
yields «® ¢ e peaks. These peaks are clustered into n angular clusters, each containing e peaks. Clus-
tersewith e =1 correspond to far-field targets, whose angles e  can be directly determined. Clus-
ters with  _>1 may contain mixed near-field and far-field targets, which requires further refinement.
In the second stage, for ambiguous angular clusters, far-field beamforming is applied to partition
the distance domain into  ( * <n) distance clusters, further reducing the search space. In the third
stage, a reduced-range 2D-MUSIC search is executed within the narrowed angular-distance regions
to achieve precise localization. Notably, the algorithm avoids Taylor approximations in angle and
distance estimation, eliminating the requirement for antenna spacing to less than a quarter-wave-

length.
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6.20 Comparison of localization accuracy of different near-field localization algorithms.

By leveraging FFT and beamforming to reduce the 2D-MUSIC search scope, the proposed algo-
rithm achieves substantial computational efficiency improvements while maintaining the compa-
rable localization performance of conventional 2D-MUSIC. As shown in Fig. 6.20, when antenna spac-
ing is set to half-wavelength, RR-MUSIC and RD-MUSIC exhibit severe estimation errors, whereas the

proposed algorithm maintains comparable performance with 2D-MUSIC. These resultsdemonstrate
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that the proposed method enables high-precision near-field localization while significantly reducing

complexity and compatible with existing communication architectures.
6.1.7 Near-field localization based on coprime array[355]

Wireless/radar sensing has found a wide range of applications in practice, such as high-preci-
sion positioning and tracking, high-resolution imaging, and simultaneous localization and mapping.
Moreover, with the technology trends evolving towards higher frequency band and larger trans-
mitter array aperture, the Rayleigh distance, which specifies the boundary between the near-field
and far-field, is greatly expanded, thus rendering environmental targets more likely to be located in
the near-field region of the large-aperture array. However, existing works mainly considered dense
arrays with a large number of sensors/array elements, which practically incur high power and hard-
ware cost, as well as demanding signal processing complexity. To tackle this issue, sparse arrays have
been proposed as an alternative array configuration to achieve large array aperture with a small
number of sensors only, hence greatly reducing the power consumption. The main challenges of tar-
get localization for sparse arrays are two-fold. Firstly, the angle estimation algorithms based on the
virtual array in the far-field cannot be directly extended to the near-field case, due to the nonlinear
phase delays across the array elements. Secondly, most existing near-field localization methods are
designed for uniform linear arrays. Although we can extend the subarray-based localization method
to the coprime array by decomposing the coprime array into two ULAs, this approach suffers from
degraded sensing DoFs due to the lack of inter-subarray mutual information. Motivated by the
above, we study in this paper a new and efficient near-field localization method for large-aperture
coprime array.

To resolve these challenges, we first leverage the symmetry property of coprime array to con-
struct an effective covariance matrix, which allows to fully exploit all elements of covariance matrix
and decouple the angle-and-range estimation. Then, a customized two-phase MUSIC algorithm for
coprime arrays is proposed, which first detects all possible targets' angles (including the true and
cross angles) by using an angular domain MUSIC algorithm, followed by the second phase to resolve
the true targets' angles and ranges by devising a range domain MUSIC algorithm. The key idea is to
utilize the fact that cross angles do not exhibit obvious spectrum peaks in the range domain, hence

allowing for the detection of true targets. It should be noted that the performance of range estima-
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Fig. 6.21 Angle spectrum.

139/232



f\-
!

Powar spactnum [dB)
] o

&

i 4 ] B DO
Range (m)
Fig. 6.22 Range spectrum.

=

Finally, we theoretically and numerically show that the results of spectral peak search in the
angular domain and range domain by using the coprime array, where the true targets locations are
marked by red stars. Furthermore, one can observe that even when two targets are positioned at

the same angle, they can still be distinguished in the range domain.
6.1.8 Near-Field Localization based on Power Sensors

In XL-MIMO communication systems, traditional subspace-based methods such as MUSIC
and ESPRIT face several challenges, including the high computational complexity that increases
polynomially with the number of antennas, as well as the loss of orthogonality among near-field
steering vectors, which can significantly degrade the performance of localization algorithms in near-
field scenarios. Against this background, back projection method that has been widely adopted in
microwave imaging can be considered as a practical alternative. In particular, it records the interfer-
ence pattern of the incident EM wave and then emulates the reverse propagation to reconstruct the
near-field wireless radio map, as demonstrated in Fig. 6.23.
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Fig. 6.23 The recording and reconstructing procedure of back projection method.
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To fully leverage the large aperture while maintaining minimal complexity, the transceiver
architecture can be realized using off-the-shelf power sensors to measure the power pattern of the
incident electromagnetic (EM) wave. Although phase information is neglected in this approach, two
key observations can still be made. First, the reconstructed radio map exhibits peaks exclusively at
the positions of users or scatterers, with the peak values determined solely by the distance and the
source power. Second, the fluctuations in the reconstructed map at other locations asymptotically
approach zero as the number of antennas and the carrier frequency increase. Typical reconstruction
results are illustrated in Fig. 6.24.
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Fig. 6.24 Typical reconstruction results of back projection method.

Notably, the EM wave transmission model based on uniform arrays can be expressed in a
convolutional form, which allows for implementation using fast Fourier transform (FFT). This sig-
nificantly reduces the computational complexity of the back projection algorithm and eliminates
the need for additional application-specific processors [353]. However, it is also observed that the
traditional ULA and UPA architecture are not well-matched to the near-field spherical wave model.
As the angle between the incident EM wave and the array normal direction increases, the effective
aperture of the ULAs and UPAs decrease sharply at the edges. This results in non-uniform service
performance for users at different near-field positions, with the best performance only achieved for
users directly in front of the array.
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Fig. 6.25 The reconstruction results of (a) ULA and (b) sectored UCA with two targets in the near
field

On the contrary, UCAs not only adapt well to the near-field model under polar coordinate
system, but also exhibit angular isotropy, effectively resolving the issue of performance imbalance.
The radio map reconstruction results under the UCA configuration are shown in Fig. 6.25. Compared

to the reconstruction results in Fig. 6.24, this approach enables rapid localization through simple
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6.2 Integrated Sensing and Communication in Near Field

6.2.1 From Far-field Sensing to Near-field Sensing

The angle, distance and velocity of the sensing target relative to the sensing node are three
important metrics in wireless sensing. In traditional far-field sensing, the sensing performance of
these three metrics depends on the size of the antenna array, the bandwidth of the sensed signal,
and the sensing duration, respectively. However, when the sensing target is located in the near-
field, the spherical wave propagation of the signal brings revolutionary changes to the sensing of

these three metrics, as follows.

X Joint angle and distance sensing in the spatial domain

In far-field sensing systems, angle and distance sensing usually need to be processed in the
spatial and frequency domains, respectively. This implies that far-field sensing systems usually
require a larger bandwidth or the collaborative support of multiple sensing nodes to achieve pre-
cise target localization. However, in near-field sensing systems, the employment of large aperture
antenna arrays is able to capture both angle and distance information, which makes accurate target
localization possible only through spatial domain signal processing techniques [359], no longer
requiring large bandwidth or the support of multiple sensing nodes, which greatly reduces the cost
and complexity of the system. Additionally, the performance limits in near-field sensing scenarios
are different from the traditional uniform planar wave model. In [360], a closed-form expression for
the received SNR in near-field sensing is derived. Different from the conventional UPW model where
the SNR scales linearly and unboundedly with the number of antennas, the SNR increases with
diminishing returns in near-field sensing. Furthermore, in [361], considering XL-MIMO radar and
XL-phased array radar, closed-form expressions for the Cramér-Rao bounds on angle and distance
parameters are derived for monostatic and bistatic sensing systems, respectively.
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Fig. 6.26 Near-field radar sensing with XL-MIMO.
Specifically, the near-field radar sensing system with XL-MIMO is shown in Fig. 6.26. Let M and
N denote the number of transmit and receive antenna elements, respectively, with inter-element
spacing denoted by d and dR . The distance between the transmit and receive ULAs is R . In the T
single-target scenario, the angles and distances from the target to the centers of the transmit and
receive antenna arrays are denoted as (X, r, X, | ) .When R is known, the receiver side range and

angleparameters can be expressed in terms of the transmitter side parameters to reduce the num-
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ber of parameters to be estimated, i.e,

| (r, M) \/RzM r2X 2Rr cos ¥

M(r,X) arcsinX rsinK X.
JR2|Z| r.X 2 Ros X (6.4)
The FIM can be expressed as
XX Xy X X Ky
X — XXMMY — MK (6.5)

No &I Xz K X gy

where W is the output of matched filter, Z is the parameters to be estimated, and NO is the power

g3 prispectral density of noise. Therefore, the CRB of angle and range can be expressed as and .11

It can be shown that the CRBs of angle and range in near-field sensing decrease with diminishing

return and approach to certain limits as the number of antennas increases [361]

i CRB& Xod | sin 2K
im X
DT o K8l X%
rcos X (6.6)
im <CRBE X.d cos @r’
DT XL Ksr
rcos X
where Ks the receive SNR, dT is the element-spacing of transmit antenna, X wavelength.

Is the signal
As a comparison, the CRB for angle with the conventional far-field UPW model can be derived based

on [362].

X,
G X , 6.7)
K2 KL 2 odpgM2 1) cos 2K

Fig. 6.27 shows the CRB of angle for monostatic XL-MIMO and XL-phased array radar, which
that with the increasing of antenna number, using inappropriate far-field model to analyze near-
field sensing with XL-arrays may cause severe errors. Besides, the CRBs for angle of phased array
radar mode is smaller than that of MIMO radar mode, since the former usually benefits from an ad-
ditional transmit beamforming gain. Fig. 6.28 shows bistatic near-field sensing CRBs, and compared

with near-field 2-D MUSIC algorithm and Capon algorithm.
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Fig. 6.28 CRB of range for bistatic sensing.

KMulti-dimensional velocity sensing [313]
As shown in Fig. 6.29, in a far-field sensing system, all antennas in an antenna array "see" the
sensing target at almost the same angle. Consequently, the Doppler shift in the sensing signal arises
solely due to the target's velocity projected in one direction, denoted as the radial velocity. As a
result, far-field sensing systems cannot fully capture the complete motion of the sensing target.
However, in near-field sensing, different antennas "see" the sensing target from different angles,
which enables the capture of the projected component of the target velocity at different directions,
as shown in Fig. 6.30. Therefore, near-field sensing is able to simultaneously sense the radial and
transverse velocities of the target, obtaining complete motion state information. This complete
motion state information makes it possible to accurately predict the target position at the next time
interval. In communication systems, this approach can be used to design beamforming for the next
communication period in advance, significantly reducing the need for channel estimation and beam
training. [313] presents a near-field velocity sensing algorithm based on the maximum likelihood
method. By solving a convexoptimization problem, the algorithm accurately estimates the target's
radial and transverse velocities. However, when extended to multi-target scenarios, the complexity
of maximum likelihood optimization increases dramatically. Therefore, there is a need to find new
low-complexity near-field velocity sensing algorithms. Following the concept of subarray partition-
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ing, as shown in Fig. 6.30, it is assumed that the extremely large scale ULA is evenly divided into M
non-overlapping subarrays, ensuring that the target is within the far-field region of each subarray.
This allows for the perception of the target’s Doppler information in each subarray, thereby ob-
taining the user's radial velocity perceived by each subarray. Due to the near-field effect, the radial
velocities perceived by each subarray makes a little difference. Since there is a geometric relation-
ship between < and radial and transverse velocities (¢ e ) relative to the BS, we can combine
these M geometric relationship to obtain an overdetermined system of equations. By solving such
an overdetermined problem, the target’s radial and transverse velocities (¢ ** ) can be obtained,
thus getting the target’s overall motion state.
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Fig. 6.30 Near-field Velocity Sensing.
6.2.2 Near-Field Integrated Sensing and Communications

ISAC represents a revolution at the intersection of sensing technology and wireless commu-
nication[363]. The core of ISAC is to optimize resource allocation and create harmonious synergies
between communication and sensing (C&S) by sharing the same spectrum and hardware facilities.

With the XL-array deployed in future wireless systems, wireless communication and sensing are ex-

pected to operate in the radiative near-field region, shifting from the traditional far-field channelm-
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odeling to near-field channel modeling [313][365]. This region needs to be considered characterized

by spherical waves rather than planar waves, a new channel property that will reshape near-field

communication and sensing.

In terms of wireless communications, unlike the far-field beamforming steering the beam ener-
gy along a specific direction, near-field beamforming based on spherical wavefronts achieves a new
function of beam-focusing, which concentrates the beam energy in a given region. This not only
enhances the received signal power at the desired user, but also eliminates interference to unde-
sired users. Furthermore, in the far field, users in the same or similar angle cannot be distinguished,
and interference between these users is inevitable. In the near field, the BS can focus the beams at
different distances, thus reducing interference between users. This effectively improves the DoF of
the channel and further increases the system capacity.

In terms of wireless/radar sensing, the spherical wavefront at the XL-array aperture can be
utilized to estimate both the target angle and range, thereby reducing the need for distributed
arrays and their synchronization. Besides, the enlarged array aperture provides finer-grained spatial
resolution in both the angular and range domains. In addition, the near field beam-focusing effect
can be exploited to enhance the sensing SNR of echo signals for achieving more accurate estima-
tion. While for other near-field sensing applications such as human-activity recognition, the spher-
ical wavefront provides additional features in the range domain, hence potentially improving the
recognition accuracy.

We will introduce the new opportunities and challenges brought by near-field ISAC from three
perspectives: sensing-assisted near-field communication, communication-assisted near-field sens-

ing, and joint near-field communication and sensing (JC&S) [315][366].

6.2.2.1. Sensing-assisted Near-field Communication

For near-field communication, beam training is an efficient approach in practice to acquire
necessary CSl for establishing initial high-SNR links. However, they generally require much high-
er training overhead than in the far-field region, due to the required two-dimensional (2D) beam
search over both the angular and range domains. For example, one promising approach is to exploit
environmental sensing information to reduce the near-field beam search space [315]. Specifically,
one can deploy a number of environment sensors in the user zone or along the user trajectory,
whose position information is known a priori at the BS and thus can be used as reference loca-
tion information, as shown in Fig. 6.31. As such, at the beginning of near-field beam training, the
sensors around the user notify the BS that the user is present within their sensing range. Then, the
BS performs low-cost beam training in a small space to obtain the optimal beamforming. Especially
in high mobility scenarios, fully utilizing sensing information to assist near-field beam tracking can
effectively reduce communication overhead and improve communication reliability. Then, wireless
sensing can also assist in the effective allocation of wireless resources, designing resource allocation
based on the sensing of vehicle motion status, and geometric relationships, while considering both
communication and sensing performance, so as to provide high-quality services with almost no
handover overheads [322].

Compared with the far-field case, the near-field sensing-assisted beam tracking is more
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challenging, since it tends to cause faster phase variations change over the XL-array. Furthermore,

robust radar sensing-assisted beam tracking needs to be designed for near-field scenarios, since-

nEsrmacion sharmyg ssssiied Devend-Los wosing

Infrmation shariig

x . hear-hickl
w prosy BS

Semving BS Cihstnche LAY

Sule Anlimalea gsanicd beam borasing

1 e
Py Lo, 1 |of il s Sem HI :."'F--ﬂﬂ

Fig. 6.31 Communication-assisted near-field sensing and sensing-assisted near-field communica-
tion.

In mmWave or THz communication systems, where LoS links become the dominant means of
signal propagation, one can directly generate the near-field beam aimed at the user by utilizing
location information of user (see Fig. 6.32)[320]. This approach bypasses the need for complex beam
training processes, leading to reduced signaling overhead and latency. One major challenge in lo-
cation-based near-field beam focusing is that due to the extremely narrow beamwidth of near-field
beams, the beam focusing gain is highly sensitive to positioning accuracy, necessitating ultra-pre-
cise positioning techniques. However, conventional 5G positioning techniques relying on time and
angle-based measurements typically offer only meter-level positioning accuracy. To address this
issue, one can employ visual sensing technologies. Recently, visual sensing technologies, together
with computer vision (CV) techniques to analyze visual sensing data, have made significant ad-
vancements in performing object classification, detection, and tracking from raw images with the
aid of DL. By leveraging visual sensing data acquired from RGB cameras and depth sensors along
with radio measurements, the BS can acquire accurate user position with centimeter-level accuracy,
using which the near-field beams directed toward the user are efficiently generated.

The fusion of visual sensing technologies and near-field communications extends beyond just
near-field beam focusing. Visual sensing data provides not only user position information but also
comprehensive contextual information about the surrounding environment such as obstacles, dy-
namic mobility patterns, and reflective or absorptive surfaces which can significantly impact signal

propagation. This integration will facilitate environment awareness, enabling adaptive and real-time
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services in near-field communications. For instance, by analyzing user trajectories using map data
andpredicting the corresponding signal changes, the BS can accurately anticipate future near-field
channel conditions. Furthermore, with these predicted near-field channel information, the BS can
proactively adjust the near-field beam pattern and reallocate wireless resources to mitigate inter-
ference, track near-field beams, and manage mobility. Such proactive network management will

prevent sudden radio link failures (RLF) arising from signal obstructions, thereby enhancing reliabili-
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Fig. 6.32 Vision-aided positioning and location-based near-field beam focusing.

6.2.2.2. Communication-assisted Near-field Sensing

Besides sensing-assisted near-field communication, communication functionalities in cellular
networks can also be used to assist near-field sensing to improve the sensing range, resolution,
accuracy, and reliability. Near-field radar sensing typically relies on the LoS channels between the
XL-array and targets, which, however, may not always exist due to random obstacles and environ-
mental scatterers. To tackle this issue, a promising approach is leveraging wireless network archi-
tectures to achieve near-field networked sensing through information fusion [323]. First, consider
a challenging scenario where the XL-array BS needs to sense a target located beyond its LoS due
to obstacles in between, as shown in Fig. 6.31. An effective solution is to delegate the sensing task
to a proxy XL-array BS, which is capable of establishing an LoS link to the target in its near-field. By
exploiting spherical wavefront propagation, the proxy BS can efficiently estimate the target range
and angle without the need of additional anchors as in the far-field case. Then, the proxy BS sends
its estimated information to the serving BS, which then can estimate the target location based on
the relative positions. In addition, in the near-field sensing system, the fusion of single sensing data
collected by multiple BSs can achieve better sensing performance than single-node sensing. The 6G
communication architecture is expected to provide a reconfigurable framework to support the need
for the transfer of large amounts of sensing data from multiple units to converged centers with
powerful computing capabilities.

Next, to further improve the radar sensing performance, an effective approach is to use widely
deployed BSs to achieve mixed-field networked sensing for which the target may be located in the
far-field or near-field of different BSs. In this scenario BSs can share their obtained angle and range

information with each other for jointly estimating the locations and velocities of targets. Among

others, an important design issue is how to effectively fuse all information to achieve accurate an-
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dhigh-resolution localization by taking into account various factors such as sensing SNR, number of

XL-array antennas, spatial correlation of proxy BSs.

In mixed-field network sensing, the spatial correlation of proxy BS is a critical issue. Accurately
determining the near-field or far-field relationship between a signal source and a BS is essential
for channel modeling, beamforming, interference mitigation, and localization. This is particularly
important in scenarios where near-field BSs, such as mmWave small cells, coexist with far-field BSs,
such as macro BSs. It is crucial to effectively integrate the available information based on the nature
of the BS. Fig. 6.33 illustrates a scenario where both a near-field BS and a far-field BS are jointly

localizing an UAV.
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Fig. 6.33 Mixed-field networked sensing with widely deployed BSs.

Distinguishing between the near-field and far-field relationships of target signal sources and BS
is crucial for improving localization accuracy. Firstly, it enables the optimization of distance estima-
tion methods—Time of Arrival (ToA) and Time Difference of Arrival (TDoA) are effective in far-field
conditions, while wavefront curvature and phase information can be leveraged for more precise
distance estimation in the near field. Additionally, the near-field and far-field characteristics signifi-
cantly impact AoA measurement accuracy. Traditional direction estimation algorithms are suitable
for far-field scenarios, whereas near-field conditions require spherical wave modeling to obtain more
accurate angular information. By integrating these insights, appropriate localization algorithms can
be selected, such as triangulation for far-field environments and beam focusing or polar coordinate
methods for near-field positioning[367]. Furthermore, by fusing measurement data from multiple

BSs, system robustness can be significantly enhanced.

6.2.2.3. Joint Near-field Communication and Sensing

For near-field ISAC, one design paradigm is to jointly optimize both C&S performance in a
shared system architecture and hardware platform. Therefore, several new near-field effects have
to be considered in balancing C&S performance trade-off for both narrow-band and wide-band
systems[368]. Consider a narrow-band near-field wireless system, where an ISAC BS equipped with
an XL-array simultaneously serves multiple communication users and senses surrounding targets in
its near-field region[369]. For JC&S, efficient beamforming designs need to be devised to compen-
sate for severe path-loss in high-frequency bands. Specifically, to enhance near-field communication
performance, communication beams should be tuned towards the communication users at fixed
locations by exploiting the near-field beam-focusing effect. On the other hand, the beam control

for near-field radar sensing generally depends on its estimation aim. For target parameter estima-
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tion such as angle anddistance, the sensing beams should dynamically scan the region of interest
in both the angular and range domains. To balance the C&S performance, one simple yet effective
method is to apply the multi-beam design based on array-partition, which divides the entire XL-ar-
ray into multiple sub-arrays, each responsible for controlling a sub-beam. However, this method
reduces the number of antennas allocated per sub-array; thus, communication users/sensing
targets may be located in the far-field of the sub-array, thereby reducing the beam-focusing effect.
Therefore, it is necessary to properly determine the number of sub-arrays for C&S services, as well as

optimize the antenna allocation for these sub-arrays to strike the C&S performance trade-off.

The spherical wave channel model assumption in the near-field can enhance the measurement
accuracy of positioning and sensing. In far-field scenarios, classical positioning depends on the
estimation of the RSS based positioning schemes, time of arrival (ToA) and time difference of arrival
(TDoA) based positioning estimation methods, and AoA based positioning estimation. Position-
ing estimation methods based on RSS and ToA are not limited by the transmission and reception
beams, and thus, these methods cannot leverage the hardware advantages of massive MIMO in the
near-field scenarios. The positioning and sensing techniques based on the AoA are more suitable
for the near-field communication systems, where the spherical wave channel model is assumed
between the transmitter and receiver. According to the near-field spherical wave channel model,
the AoAs of the reflected electromagnetic waves of the sensing target or the positioning signals
of the target are different for each antenna. The nonlinear phase characteristics introduced by the
spherical wave model are used to obtain the positioning and sensing results. Moreover, the posi-
tioning and sensing in the near-field scenarios reduce the requirement for signal bandwidth. Ref-
erences [370] and [371] validate the feasibility of sensing and positioning techniques in near-field
scenarios. The experimental results further reveal that the weak correlation between different signal
bandwidths and near-field positioning accuracy (ref. Fig. 6.34). Reference [370] further validate the

impact of increasing the antenna scale on the sensing accuracy.

Fig. 6.34 Experimental environment for near-field sensing, and measurement results for sensing
accuracy in terms of signal bandwidth [370].

6.3 Wireless Power Transfer in Near Field

WPT technology, capable of wirelessly charging low-power devices, holds significant promise
in the 6G era of the loT. Existing WPT technologies primarily focus on far-field scenarios, leading

to lower energy transfer efficiency. In 6G near-field scenarios, the use of near-field spherical wave-
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propagation characteristics enables beam focusing techniques to concentrate the energy of radio
frequency signals around the energy receiver, thereby significantly enhancing the efficiency of
energy transfer [372]. Meanwhile, beam focusing technology can effectively reduce electromagnetic
pollution and limit human exposure to radiated energy. This capability opens up broader prospects

for the future development of wireless energy transfer technology for 6G loT applications.
6.3.1 Electromagnetic Radiation-Based WPT

With the rapid development of the 5G/6G information age, more and more wireless smart
devices (such as mobile phones, laptops, and smart sensors, etc.) bring convenience to people's
lives, and these devices are widely distributed in different scenarios, so their energy supply is full
of challenges. WPT technology provides a new solution to the charging problem of these mobile
devices, as it can avoid complex wires while ensuring efficient and sustainable operation, so that has
obvious advantages in security and flexibility, which is an indispensable technology for the future
society. The existing near-field WPT mainly adopts electromagnetic induction, electromagnetic
resonance, electromagnetic radiation, and other forms [373], among which electromagnetic radia-
tion form can flexibly modulate electromagnetic waves, and carry out the ability of beamforming for
different functions, so that is suitable for long transmission distance, multiple targets and different
application scenarios. In the WPT system, the receiver of the electromagnetic radiation system can
be designed with a smaller aperture, so that it can be fully integrated with different devices and
scenarios. As electromagnetic waves can carry both information and energy, WPT technology can
be combined with mobile communications and construct the SWIPT system to greatly improve the

utilization of electromagnetic waves [374].

6.3.1.1. Transmitter Design

The electromagnetic radiation-based WPT can generally reach the transmission distance of
a meter level, among which the microwave power transfer (MPT) is not affected by weather con-
ditions so that it can work all the time. The transmitter of the system can be the antenna and its
array, such as parabolic antenna and microstrip array [375] to improve system performance through
advantages such as high gain and low profile. Electromagnetic meta-surface, as a two-dimensional
planar structure of electromagnetic metamaterials, is composed of sub-wavelength units, exhibiting
electromagnetic characteristics that natural materials do not possess, to achieve flexible modula-
tion of electromagnetic wave's amplitude, phase, polarization, and other dimensions [376], which
can be achieved by reflective, transmissive, holographic and other types. By loading the diode or
other active adjustable devices on the meta-surface unit, the function of the meta-surface unit can
be reconstructed by adjusting the state of the active adjustable device, and the digitally encoded
reconfigurable meta-surface can be formed to realize the real-time modulation according to the
requirements of specific scenes. To meet the demand for high power levels in the WPT scenario,

amplifiers can also be loaded on the meta-surface unit to realize different power level applications.
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Fig. 6.35 Adaptive intelligent near-field charging system based on programmable metasurface

[3771.

6.3.1.2. Design of the Energy Transmission Beams

The beamforming technology can be used to distribute the electromagnetic energy at a

specific region where the targets are located in the near-field range. Compared with the beams

suitable for far-field range such as directional high-gain beams, the focused beam can concentrate

the energy into the focal spot, which will significantly improve the receiving efficiency and reduce

the aperture of the receiver. If it is necessary to charge multiple targets at the same time, multi-

ple focused beams can be carried out and algorithm optimization can be used to improve beam

performance [378]. In addition, the non-diffraction beams can be used to obtain a larger WPT range

and a richer beam trajectory than the focused beam based on suppressing divergence. As shown

in Fig. 6.36, since the Bessel beam has both non-diffraction and self-reconstruction characteristics,

multiple targets can be charged at the same time in the beam's propagation path, thus expanding

the multi-target WPT from the 2D range to the 3D range [379]. In addition, Airy beam, Pearcy beam,

and other special beams with self-bending characteristics can also be included by non-diffraction

Fig. 6.36 Schematic diagram of multi-target WPT system based on quasi-Bessel beams [379].

6.3.1.3. Adaptive Wireless-Powered Network

The integration of radiative WPT technology shows promising potential to enable mobile ter-

minal tracking and dynamic energy delivery. This necessitates the establishment of position-aware

adaptive wireless power supply networks, requiring breakthroughs in two critical technological

domains: precise near-field localization and real-time focused beam steering. Metasurface plat-

forms emerge as a viable hardware solution due to their exceptional electromagnetic manipulation

capabilities and inherent wireless sensing functionalities. As illustrated in Fig. 6.39, a dual-band

152/232



information metasurface systememploys frequency-division cooperative operation to achieve simul-
taneous target localization and energy beam focusing [340]. To enhance positioning efficiency, the
STC techniques and CNN-based signal processing are adopted, effectively reducing computational
complexity and hardware implementation costs. This synergistic approach enables the metasurface
to perform continuous terminal tracking while dynamically redirecting energy beams to maintain
optimal power transfer efficiency during target movement. Thereby realize the wireless-power per-
ception, processing and communications. The adaptive wireless-powered network has potentials to
addresses the critical power sustainability challenge in ubiquitous connectivity scenarios, effectively

bridging the gap between energy availability and mobility requirements in 6G ecosystems.
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Fig. 6.37 Schematic diagram of adaptive wireless-powered network [340].

6.3.1.4. Receiver Design

The receiver of the WPT system needs to use the antenna and its array or the meta-surface to
receive the transmitted electromagnetic energy [381], which is similar to the transmitter. In addition
to the installation of a specific power transmitter at the transmitting end, wireless energy harvesting
(WEH) can also be performed on energy in the natural environment. With the continuous imple-
mentation of concepts such as the Internet of Everything (IoE) [382], the construction of smart cities
has increased the electromagnetic energy in the environment, and WEH technology has attracted
wide attention because it can avoid the battery replacement of electrical devices such as sensors.
After receiving the electromagnetic energy, it also needs to be converted into direct current (DC)
energy by a rectifier circuit, and then the energy is stored or supplied to electrical devices. The block
diagram of the whole system is shown in Fig. 6.38. Considering that there are also a large number of
natural energy sources such as solar, wind, and heat in the natural environment, mixing electromag-

netic energy with other forms for energy harvesting will also provide more possibilities for WEH.
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Fig. 6.38 Block diagram of wireless energy harvesting system.

To obtain more abundant electromagnetic energy, the receiving antenna should work in mul-
ti-band or wide-band and can receive or transform electromagnetic waves with different polariza-
tion. When the subwavelength unit of the electromagnetic meta-surface is used, the stability of the
incoming wave's incidence angle and polarization insensitivity characteristic can be further expand-
ed, to comprehensively harvest electromagnetic energy of different frequencies, polarizations, and
directions [383]. The corresponding rectifier circuit also needs to be designed in multi-band and
should have high efficiency over a large input power range [384][385]. Combining the receiving
meta-surface with the rectifying circuit can further form the rectifying meta-surface. As shown in
Fig. 6.39, the rectifying meta-surface achieves miniaturization, dual frequency bands, wide incidence
angle, polarization insensitivity, and high rectifying efficiency, showing high performance based on

removing complex circuit design [386].
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Fig. 6.39 Schematic diagram of the rectifying metasurface.
6.3.1.5. Function Expansion -SWIPT

In addition to carrying energy, electromagnetic waves can also load information, and the com-
bination of the above two functions can form a SWIPT system, which is of great significance for the
future scenario of the IoE. In the applications of SWIPT, energy, and information transmission are re-
quired to achieve their functions and do not interfere with each other, which has high requirements
for the transmitter design, receiver design, and system framework. For this reason, there are systems
such as SWIPT systems, wireless-powered communication networks (WPCN), wireless-powered
backscatter communication (WPBC) systems [385], and other forms, which divide electromagnetic
energy through different dimensions such as time, space, frequency, polarization, etc., to achieve
energy transmission and communication functions respectively. Fig. 6.40 shows the SWIPT system

based on frequency diversity [387] and polarization diversity [388] respectively. Through themodu-
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lation of the energy ratio of different functions, the application of different beams, and the design
of holographic meta-surface and amplifying programmable meta-surface, the energy allocation of
energy transfer and information transfer can be balanced to optimize the overall performance of

the system.
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Fig. 6.40 SWIPT systems based on (a) frequency diversity and (b) polarization diversity
6.3.2 Wireless Power Transfer through Power Amplifier

In advanced transmitter systems, the PA has become an increasingly important part of sending
data to faraway places by amplifying the RF signal. The PA is a crucial component in the WPT system
for 6G communication because it provides outstanding power transfer. The drain efficiency (DE),
power added efficiency (PAE), and output power (Pout) of the PA could have a tremendous impact
on the efficacy of WPT systems.

In the WPT system, it is challenging to transmit the power efficiently from one end to the
other end. While transmitting the power wirelessly from one antenna (at the transmitting end) to
the other antenna (at the receiving end), there is a leakage of power. This leakage power generally
depends on the input power fed to the transmitting antenna through PA and the received power

received at the receiving antenna, as given in (6.7).
000000 000G OO O ® eeeee ® 0000000 (68)

The leakage power can also be formulated as given in (6.8)

0000000000 00 o ( )0'---" (69)

where the reflection coefficient (¢ ) is expressed as

(=) (6.10)

by putting the values from (6.8) and (6.9) in (6.7), we get

( ()) L S, 6.11)

So, it is essential to find the amount of power transmitted from the transmitting side to the

receiving side after the impact of leakage power. To formulate the expression for power transmitted
to the receiver, we need to define the equation of other factors on which the WPT depends [390].

These factors are propagation loss (PLoss), absorption loss (ALoss), reflection loss (RLoss), transmis-
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sion loss(TrLoss), mismatch loss (MisLoss), transmitter loss (TLoss), medium loss (MLoss), and re-
ceiver loss (ReLoss). In the above equations, the values of the transmission coefficient (Tcoefficient),

medium attenuation (Mattenuation), and receiver attenuation (Rattenuation) can be preassigned by

the user. Then the power received by the receiving antenna can be obtained[391].

X Need of PA for WPT

WPT can be classified as either near-field (operating range Hz to MHz) or far-field (operating
range MHz to THz) transmission. In general, near-field power transmission methods are more effi-
cient than their far-field counterparts.

In [391], A switched-capacitor-based stimulator integrated circuit that enables efficient harvest-
ing of RF power for applications involving neuro-stimulation is given. A radiating near-field (RNF)
RF harvester containing a rectenna and source/transmitter with a 47.7\% efficiency at 2.4 GHz was
developed and produced [392]. A class E amplifier is developed for systems that utilize capacitive
coupled wireless power transfer (CCWPT) in the MHz band [393]. Also, Casanova suggested the de-
sign and optimization of a Class E PA that utilizes inductive coupling for wireless power technology
[39411. In [395], gallium nitride (GaN) -based class F PA designed at 3 GHz for wireless applications
is discussed. A hybrid class E/F3 PA is analyzed and discussed in [396]. On reviewing some of the
articles, it is suggested that there is a need for an efficient, high-power PA to perform WPT from the
transmitter to the receiver associated with a bio-implant device.

Fig. 6.41 Representation of schematic with the fabricated view of the developed PA.

A Class F' PA is designed by keeping load impedance with the even harmonics as open-circuit-
ed and odd harmonics as short-circuited [397]. Following the optimization of the transmission lines
(TL) dimensions, a 10-W Cree CG2H40010F [398] GaN-based class F~' PA is designed at 4.6 GHz with
the operating point (Vgs = -2.7 V and Vds = 28 V). The schematic of GaN-based class F~' PA with
the utilization of optimized values of design parameters of microstrip TLs is shown in Fig. 6.41. The
harmonic balance simulation is performed to check the small and large signal parameters of the
proposed PA. The transient response of current-voltage (I-V) waveforms of the developed class F™'
PA is represented in Fig. 6.39, having voltage as half sinusoidal and current as a square waveform in

nature.
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Fig. 6.42 Simulated IV curve of 10-W PA at 28 dBm input power.
The actual area of the whole PA is 88 mm x 80 mm. We have utilized a driver amplifier [397] of
17 dB gain, a signal generator (N5172B), a spectrum analyzer (N9020A), an attenuator (BWS40W20+)
from mini-circuits, a 3 dB coupler, a power sensor, and a DC power source. The measured results of
the suggested PA show that both DE and Pout have an effective value (in Fig. 6.40 (a) and Fig. 6.40
(b). All other parameters are compatible with the requirements of such a type of PA for WPT. Also,
this proposed PA follows the safety and regulatory guidelines required for performing WPT for 6G

communications.
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Fig. 6.43 Obtained results of (a) PAE, Pout, DE, and Gain (b) IMD3 and IMD5 w.r.t Pout of PA
6.3.3 Far/Near-Field SWIPT

Apart from serving as information carriers, wireless signals can also facilitate energy WPT em-
ploys microwave signals for energy transmission which enables the capability to charge low-power
devices. WPT has found extensive application as a cable-free alternative for charging devices in
diverse environments, including mobile edge computing, rapid data aggregation, mobile crowd
sensing, and ISAC. As shown in Fig. 6.44, near-field SWIPT emerges as a promising technology
capable of wirelessly transmitting both data and power simultaneously. In this scenario, the re-
ception of both information and power can be carried out through either time switching or power
allocation [401]. The integration of information and energy transmission eliminates the requirement
for separate power or wired connections, enhancing the flexibility, mobility, and convenience of

devices. Thus, SWIPT has the potential to bring about a revolutionary impact on various industries
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Although most of the existing work considers either near-field or far-field communication, it is
probable that a hybrid communication model will arise, incorporating both near-field and far-field
users within the system [402]. This indicates that in typical communication scenarios, users may
be located in near-field and far-field regions at a distance from the BS, leading to more complex
interference problems. Specifically, in [402], due to the energy diffusion effect, the authors reveal a
noteworthy phenomenon that when the spatial angle of the far-field beam based on the DFT is in
the vicinity of the far-field user's angle, the near-field user may suffer from strong interference from
the far-field beam. On the other hand, this power leakage phenomenon can also be used to benefit

the near-field users, leading to new application scenarios for SWIPT with mixed fields.

In [401], a new practical scenario i.e., hybrid near-field and far-field SWIPT is considered, where
the energy harvesting (EH) and information decoding (ID) receivers are located in the near-field and
far-field regions of the BS that is equipped with an ultra-large-scale array, respectively. Specifically,
a weighted sum power harvesting maximization problem subject to ID sum rate and BS transmit
power was formulated by jointly designing the BS beamforming scheduling and power allocation.
To efficiently solve this non-convex optimization problem, binary variable elimination and succes-
sive convex approximation methods were proposed to obtain a suboptimal solution.

In THz-based SWIPT system or RIS-assisted SWIPT system supported by multi-BS/multi-RIS
fitted with ultra-large scale antenna arrays, the introduction of distinct channel models and beam
splitting gives rise to the presence of mixed near/far fields. In this case, it is necessary to collabora-
tive scheduling of beamforming along all BSs during the power allocation design [403]. Most stud-
ies on THz-based or RIS-aided SWIPT systems have primarily concentrated on optimizing the beam
design of either the BS or RIS to fulfill the system's performance requirements. With the application
of ultra-large scale array antennas, the THz channel model and beam splitting characteristics will
change, resulting in traditional beam design/transmission schemes no longer being practical. There-
fore, under the hybrid near/far field model, it is necessary to design a low-power and high-perfor-

mance SWIPT system, in terms of transceiver structure/RIS structure, power allocation method and
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Fig. 6.44 Near-Field SWIPT.
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6.3.4 Holographic SWIPT

6.3.4.1. Continuous-Aperture SWIPT System

With the development of metamaterials, reconfigurable holographic surface (RHS) with sub-
wavelength spacing antenna elements can achieve nearly continuous antenna apertures and thus
have powerful electromagnetic manipulation capabilities [404]. Imagine a SWIPT system that makes
full use of the propagation characteristics of electromagnetic channels to achieve maximum energy
aggregation for energy users and maximum interference cancellation for information users, so as to
infinitely approach the performance limit of SWIPT. This is the concept of holographic SWIPT [405].

For near-field communication scenarios, the information user is still in a position relatively far
from the transmitter, and its distance to the BS is usually considered to be much larger than the

aperture of the antenna array. Based on the Fresnel approximation, the near-field channel model is

VB x2x 2) [406]. TR 1K x/2 / 8 KO (x However, for SWIPT, the energy user has a high

probability of being located in the area very close to the transmitter, and the error of the near-field
channel based on the Taylor series expansion will degrade the performance of SWIPT. Therefore, it is

necessary to adopt a more accurate electromagnetic channel model [407]:

(Gre) o|®Ze.mxp|3gpN@M | 3N IZI B N g

A Mp RRREp i B 612

where s are the position coordinates of the points in the transmitting region and receiving region,
p X r Ks respectively. . The latter two terms correspond to evanescent waves that propagate only

over the metamaterial surface and become negligible at distances of a few wavelengths. The former
term corresponds to the radiation field, and the well-known Fresnel zone is further divided in the first
term based on the Fresnel approximation.
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Fig. 6.45 Continuous- aperture RHS- based WPT performance [405]
A holographic metasurface with a length of 1.5m and a width of 0.5m is considered in refer-
ence [405], and the single-energy user is located on the central axis of the continuous-aperture
RHS. It can be seen from Fig. 6.45 that the energy user can harvest more energy under the electro-

magnetic channel model. As the distance from the transmitter increases, the error of the near-field
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channel model underthe Fresnel approximation decreases gradually, so as to obtain the same WPT

performance as the electromagnetic channel.
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Fig. 6.46 Continuous-aperture RHS-based SWIPT transceiver [405]

For the multiuser SWIPT scenario, a careful design of the current on the continuous-aperture
RHS is required to implement holographic SWIPT, including the amplitude, phase, and polarization
direction of the current. In order to meet the trade-off between communication and WPT, the elec-
tromagnetic waves carrying information of different users are focused at the energy user and or-
thogonal at the information user as much as possible. A holographic SWIPT system is considered in
[405], where the transmitter and multiple information users and energy users are equipped with ho-
lographic metasurfaces. Specifically, an optimization problem is designed to maximize the sum-rate
of the information users while satisfying the energy harvesting requirements of the energy users. To
solve this non-convex optimization problem, continuous-aperture RHS beamforming schemes are

proposed based on block coordinate descent and successive convex approximation.

6.3.4.2. Discrete-Aperture SWIPT System

Continuous-aperture holographic metasurface offers the theoretical limit for SWIPT. Howev-
er, as an idealized model, continuous-aperture metasurface is challenging to fabricate in practice.
To address the practical limitations, the discrete-aperture RHS are employed to approximate the
performance of their continuous-aperture RHS, achieving superior beam focusing in the near-field
scenarios. As shown in Fig. 6.47, the RHS is composed of numerous dynamically tunable metamate-
rial elements [408]. The current signal output from the RF chain is first converted into electromag-
netic waves through the feeds, becoming the reference wave. Then, the reference wave propagates
along the waveguide. At each slot, it transforms into leaky waves and radiates into the free space.
By controlling the radiation amplitude or phase of each element through diodes or liquid crystals,
the holographic beamforming can be designed following the optical holography principles, ena-
bling adjustable beamforming. The discrete-aperture RHS-based SWIPT transmitter is shown in Fig.
6.48. At the BS, the digital beamforming is first performed. Then, the digital signals are converted to
analog signals through the RF chains and are driven by the nonlinear power amplifiers. As a result,
the current signals are input into the discrete-aperture RHS for transmission. The discrete-aperture
RHS leverages the propagation distance differences from the feeds to each element to generate
phase shifts and employs tunable circuits to create holographic beamforming. This approach elimi-

nates the need for numerous phase shifters, significantly reducing the fabrication cost of transceiver
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Fig. 6.48 Discrete-aperture RHS-based SWIPT transmitter.

In a pure near-field SWIPT scenario, considering an ultra large-scale discrete-aperture RHS with
sufficiently large antenna aperture, the data users and energy users are situated within the near-field
region. Therefore, the dedicated near-field beamforming needs to be designed for improving the
SWIPT performance. The discrete-aperture RHS offers three beam control schemes [409]: 1) Discrete
amplitude control: By controlling the on-off state of each element, the holographic beamforming
design is achieved; 2) Continuous amplitude control: By adjusting the radiation amplitude of each
element on the discrete-aperture RHS, the holographic beamforming design is implemented; 3)
Lorentz-constrained phase control: By manipulating the phase shift of each element, the holograph-
ic beamforming design is realized. Through the precise design of the amplitude or phase of the
discrete-aperture RHS elements, the optimal near-field beam focusing can be achieved, which leads
to the optimal SWIPT performance. The SWIPT performance of three types of discrete-aperture RHS,
i.e., continuous amplitude control-based discrete-aperture RHS, discrete amplitude control-based
RHS and Lorentz-constrained phase control-based discrete-aperture RHS, are compared in Fig. 6.49,
where the Lorentz-constrained phase control scheme achieves the optimal SWIPT performance. It
can be observed that the continuous and discrete amplitude control schemes exhibit nearly iden-
tical SWIPT performance. This indicates that when the number of elements is very large, these two
types of discrete-aperture RHS have the same beam control capability. Therefore, using the low-
er-cost discrete amplitude control-based discrete-aperture RHS can achieve the same SWIPT perfor-

mance as the continuous amplitude control-based discrete-aperture RHS.
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Fig. 6.49 The trade-off between the WIT and WPT performance of the discrete-aperture RHS-based
transceiver.

Considering that the number of elements in the discrete-aperture RHS is extremely large, the
scale of the holographic beamforming optimization problem is significantly larger, which is difficult
to be solved efficiently. By considering the sparsity of wireless channels[410], the spatial orthog-
onality of near-field channels can be leveraged to design analog beamforming, which simplifies
the holographic beamforming optimization problem and enables practical deployment. The RHS

provides a cost-effective and energy-efficient solution for near-field SWIPT.

6.4 Physical Layer Security in Near-Field

6.4.1 Design of Near-Field Physical Layer Security

The broadcast nature of wireless channels exposes wireless signals to free space and makes
them susceptible to eavesdropping by malicious eavesdroppers. To solve this problem, researchers
have proposed the concept of physical layer security (PLS). PLS is able to utilize the physical char-
acteristics of the wireless channel (e.g., interference, fading, noise, directionality, and discreteness)
to enhance the security of the communication, thus avoiding the complexity of the generation and
management of the secret key and compensating for the shortcomings of cryptography.

In order to meet the demand for dramatically increasing data rates in 6G networks and be-
yond, emerging technologies such as mmWave, THz, and ultra-massive multiple-input-multiple-out-
put (UM-MIMO) are being researched incessantly. The realization of most of these techniques relies
on extremely large-scale antenna arrays and tremendously high frequencies. However, deploying
extensive antenna arrays and utilizing very small wavelengths substantially extends the Rayleigh
distance. This extension leads to a noteworthy expansion of the near-field range, highlighting the
imminent need for research in the near-field region of wireless communications.

The Rayleigh distance functions as a vital metric for distinguishing between far-field and near-
field transmissions, generally, transmissions ranges beyond the Rayleigh distance are assumed to
be conventional far-field plane waves. When the wireless transmission occurs within the Rayleigh

distance, the conventional assumption of far-field plane waves becomes obsolete, instead, near-

field effects come into play, prompting a shift in the transmission model towards a more accurate

representation using spherical waves. Conventional far-field wireless communication scenariostyp-
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ically use plane-wave channel propagation models [415], which limit the security gains offered by
spatial beamforming for near-field communication. As shown in Fig. 6.50, in near-field communica-
tion scenarios, when the eavesdropper is located between the BS and the legitimate user, its chan-
nel is highly correlated with the legitimate channel in terms of angle and is difficult to distinguish.
Therefore, in near-field secure communication, the crucial factor is the substantial difference in
distance between the legitimate user and any potential eavesdropper. The EM propagation in near-
field communication is explained by the spherical wave channel model [416]. In contrast to the
plane wave model, this model incorporates both direction and distance information of the receiver.
This feature enables the antenna array to concentrate its beam on a specific point in free space, a
phenomenon known as beam focusing. Therefore, near-field communication can leverage the addi-

tional dimension of distance to achieve more precise signal enhancement and effective interference
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Fig. 6.50 Near-Field PLS.

Currently, studies have initiated to utilize the distance dimension in the spherical wave chan-
nel model to enhance communication security [417], however there is still a lack of research on
secure beam focusing schemes for MIMO networks. In addition, the large-scale antenna arrays and
full-digital beamforming structures commonly used in near-field MIMO communications result in
a substantial hardware cost, so exploring cost-effective beam-focusing schemes for secrecy MIMO
networks has become a current research priority. In this background, a novel near-field secure trans-
mission framework can be used to securely transmit information to a user via a BS in response to
the presence of a potential eavesdropper. When the eavesdropper is located between the user and
the BS, a secure beam focusing technique based on a hybrid beamforming architecture can be used
to effectively reduce the RF link overhead. It has been shown that the security rate can be further
improved even the eavesdropping user is closer to the BS compared to legitimate user in near-field
communication [418]. Therefore, in near-field PLS communication, its secure communication perfor-
mance mainly depends on the distance between the eavesdropping user and the legitimate user,

rather than the distance between the eavesdropping user and the BS.

6.4.2 Near-field secure wireless communication with delay alignment modulation

Motivated by the super spatial resolution of XL-MIMO and the multi-path sparsity of mmWave/
THz channels, a novel transmission technology termed delay alignment modulation (DAM) was re-
cently proposed to address the ISl issue in [419]. The key idea of DAM is path delay pre-/post-com-

pensation and path-based beamforming. In particular, the unprecedented spatialresolution of

XL-MIMO and ISAC endow the transmitter/receiver with the capability of extracting the features of
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each multi-path, e.g., AoA/AoD, propagation delay, and Doppler frequency [420]. In this context, by
judiciously performing delay pre-/post-compensation matching the respective multi-paths, and in
conjunction with path-based beamforming, DAM enables all multi-path signal components to reach
the receiver concurrently and constructively. As a result, the original time-dispersive channel can be
transformed into the simple AWGN channel, yet free from the sophisticated channel equalization
or multi-carrier transmissions. Besides the perfect DAM targeting for zero delay spread, the gener-
ic DAM technique was further developed in [420] for manipulating the channel delay spread to a
certain value, which enables a flexible framework for efficient single-or multi-carrier transmissions.
Furthermore, to address the Doppler shift and ISl issues in the more general time-variant frequen-
cy-selective channels, DAM can be extended to delay-Doppler alignment modulation (DDAM) to
achieve the Doppler-ISI dual mitigation [421][422], where the time-variant frequency-selective

channels can also be transformed into time-invariant ISI-free channels.

In addition to the ISl issue caused by the multipath propagation, the open and broadcast
nature of wireless environment renders legitimate communications susceptible to malicious eaves-
dropping and attacks. In particular, DAM achieves ISI elimination at the desired receiver, while for
other locations with different spatial signature from the receiver, it inherently causes ISI. Such an ISI
may play the same role as the AN to degrade the eavesdropping link without sacrificing the trans-
mit power, rendering DAM quite promising for secure transmissions [423]. Specifically, as shown in
Fig. 6.51 a near-field secure wireless communication with the transmitter-side DAM is considered,

where the transmitted signal of Alice is [423]
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where L denotes the number of multi-paths between Alice and Bob, f denotes the path-based s
beTmf rming, and MX O is the deliberately introduced delay for the symbol sequence, with |®I|Z| @I
XI X IX , as7illustrated in Fig. 6.51 .
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(a) A near-field secure communication system (b) Transmitter architecture for DAM Fig. 6.51
Near-field secure wireless communication with DAM.
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For the asymptotic case, when the antenna number of Alice is much larger than the number of
multi-paths for Bob and Eve, the near-field channel vectors tend to be asymptotically orthogonal,
as shown in Fig. 6.52. This eases the requirement for different channel vectors with distinct AoDs in
the far-field region, thanks to the super-spatial resolution brought by XL-ULA. Thus, without rely-
ing on the CSI of Eve, DAM is able to achieve an “ISI-and information leakage-free communication”
with delay pre-compensation and low-complexity path-based Maximum Ratio Transmission (MRT)

beamforming.
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Fig. 6.52 The absolute square of the normalized inner product for two near-field channel vectors,
where (r,,®)K(30m,0 ¥) and (r,, ®,)K(45m, K KXKK) .

Fig. 6.53 shows the secrecy rate versus the number of antenna elements M for the DAM
transmission and AN-based OFDM schemes. It is observed that compared to the AN-based OFDM
scheme, the two DAM beamforming schemes achieve considerable gain, which is due to the follow-
ing two reasons. On the one hand, compared to the OFDM scheme that inserts a CP at each OFDM
symbol, DAM is able to significantly reduce the guard interval overhead. On the other hand, DAM
secure transmission inherently introduces the ISI to Eve, which saves the power allocating to the AN.
This can be reflected by the observation that the DAM secure transmission is still superior to AN-
based OFDM when the impact of CP overhead is excluded.
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Fig. 6.53 Secrecy rate versus the number of antenna elements at Alice.
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6.4.3 RIS Empowered Near-field Physical Layer Security Transmission Design

Due to the characteristics of the double-fading effect in reflective cascaded channels and
high path loss in the high-frequency band, the performance improvement of traditional RIS-as-
sisted wireless communication is limited. Considering that the RIS array gain is proportional to the
square of the number of reflection elements, increasing the number of RIS elements can effectively
compensate for the severe double-fading effect in cascaded channels. Therefore, traditional RIS is
evolving towards extremely XL-RIS. XL-RIS-assisted communication systems are more likely to es-
tablish near-field communication, where the distance between the transmitter and XL-RIS, or XL-RIS
and the receiver, is less than the Rayleigh distance, allowing XL-RIS-assisted wireless communication
systems to operate in the near-field region [35].

In far-field covert communication systems, positive covert communication rates cannot be
achieved when the warden and the legitimate receiver are at the same direction and the warden
is closer to the XL-RIS. Near-field communication systems have DoFs in both angle and distance,
whereas distance freedom allows covert communication systems to achieve positive covert rates in
the above scenario. The authors in [424] studied an XL-RIS-assisted near-field covert communication
system. In this study, the achievable covert rate is maximized by optimizing the BS's hybrid precod-
ing and the reflection coefficient matrix of the XL-RIS. A beam diffraction pattern is also revealed in
this study, i.e., a transitional state between beam steering and beam focusing. Fig. 6.54 shows the
normalized heatmap of beam diffraction, with XL-RIS located at coordinates (0,0). It can be observed
that the beam first splits and creates a null region at the warden and then converges at the legiti-

mate receiver, Bob. The beam diffraction phenomenon can be extended to XL-RIS-assisted multi-us-
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Fig. 6.54 Beam diffraction in near-field.
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6.4.4 Near-field Physical Layer Secure with Beam Focusing Effect
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Fig. 6.55 A near-field PLS system.

This beam focusing effect can also be leveraged to reduce the information leakage from both
the angular and distance domains, thereby effectively safeguarding the legitimate information
transmission. However, most of the existing works either numerically demonstrated the performance
improvement by exploiting the beam focusing effect or directly applied conventional far-field de-
signs to near-field secure transmission. This thus fails to fully unveil the potential of near-field PLS,
highlighting the need for more in-depth research on the sophisticated secure transmission design.
For example, AN has been extensively utilized in conventional far-field secure communications for
PLS enhancement, which is designed deliberately to impair the channel of the eavesdropper while
at the same time having a limited effect on the signal-to-interference-plus-noise ratio (SINR) at the
legitimate users. However, it still remains unknown whether AN is advantageous to the near-field
beam focusing-based PLS, and the analytical secrecy performance characterizations of near-field
PLS remain lacking. More specifically, the following aspects are worthy of investigation: 1) wheth-
er the AN can utilize the beam focusing property embedded in near-field spherical wavefront; 2)
under what conditions is AN most beneficial. To answer these questions, the authors of [425] studied
the security provisioning for a near-field communication system, where the BS equipped with an
XL-array transmits confidential information to multiple near-field legitimate users in the presence
of one near-field eavesdropper. Several insightful observations are provided for the case with one
legitimate user and one eavesdropper involved. In particular, it is shown that incorporating AN into
the beam focusing-based PLS can bring two prominent benefits. On the one hand, AN is essential to
security provisioning, being capable of transforming an insecure system into a secure one. On the
other hand, we reveal an interesting fact that allocating only a small proportion of power to AN can

lead to significant security gain enhancement compared to the case without AN taken into account.

6.5 Near-Field Based OAM

Wireless communication technology carries information through the frequency, amplitude,

phase, polarization, and other dimensions of electromagnetic waves, but the linear momentum and
its combined application are limited by the existing dimensions, and it is difficult to achieve signif-
icant efficiency improvement. As a new technology for next-generation mobile communication,
orbital angular momentum (OAM) has the property different from that of electromagnetic wave

radiative linear momentum and is expected to be used to expand the communication dimension,
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which can beused to transmit data or as a new DoF to control beam, to increase communication

capacity and improve system performance.

6.5.1 OAM and Vortex Waves

OAM is an inherent physical quantity of electromagnetic wave belonging to angular momen-
tum, and electromagnetic wave carrying OAM can be called electromagnetic vortex wave (also
known as vortex wave or vortex beam) [426]. Compared with conventional plane waves, vortex
waves have helically distributed phase wavefronts and can be distinguished by the periodicity of
the helical phase, which is also embodied as their intrinsic modes. In theory, the OAM carried by
vortex waves has an infinite variety of mutually orthogonal modes, which can be used as a new
physical dimension independent of time, frequency, polarization, and other DoFs. As spectrum
resources are increasingly scarce and the communication rate is close to the limit of Shannon's the-
orem, OAM shows important research and application value in wireless communication, imaging,
detection, and other fields.

OAM differentiates the space resources in the same direction, provides a new dimension, and
realizes the high DoF spatial multiplexing transmission under LOS channel without multipath, so
that can solve the problem of limited multiplexing layer number of single users in high-frequency
LOS channel. OAM greatly improves channel capacity and spectral efficiency by expanding new
dimensions, its mode orthogonality can be used for interference elimination (such as inter-cell
interference, upstream and downstream interference, full-duplex self-interference, etc.), and can be
used to enhance communication security and avoid eavesdropping.

The technology based on OAM has a wider application prospect in the future of wireless
communication. The characteristics of OAM apply to microwave wireless backhaul links, achieving
more efficient and high-speed wireless self-backhaul, effectively reducing the construction cost
and laying difficulty of optical fiber, and improving the flexibility of network deployment. OAM has
high spectral efficiency, realizes high-speed data interaction, and can support 6G new scenarios
such as digital twin domain and intelligent interaction. In addition, OAM can be used for point-to-
point high-speed communication and short-distance single-user ultra-high-rate data transmission.
OAM technology in near-field transmission can make full use of the high DoF of the LOS channel
and reduce OAM mode crosstalk caused by multipath. The application of OAM is more suitable
for high-frequency communication, as the probability of near-field transmission is significantly
increased at this time, the combination with high-frequency architecture is a development trend of
OAM technology in the future.

The generation, modulation, reception, and detection of vortex waves are the basis of its
practical application. To realize the phase factor of &'® corresponding to the spiral phase of vortex
waves (where j is the imaginary unit, | is the OAM mode of the vortex wave, and @ is the spatial
azimuth angle), the UCA or a reasonably optimized UCA model should be formed using generation
devices. The existing methods can be used in the form of spiral phase plates, antenna arrays, single
antenna, electromagnetic meta-surface, etc. At the receiving end, the beam can be received by the
receiving device corresponding to the transmitting end. If the OAM mode needs to be detected,
the Fourier transform relationship between the spatial azimuth domain and the OAM mode domain

can be used to analyze the OAM mode spectrum of the vortex wave based on the Fourier transform
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6.5.2 Near-Field Modulation of Vortex Beams

The propagation environment is usually uncontrollable, and the reflection, scattering, and
refraction caused by obstacles will affect the LOS channel and destroy the orthogonality of modes.
The multipath effect is significantly reduced in near-field transmission, which better guarantees the
orthogonality between OAM modes, reduces beam diffusion, realizes the expansion from SU to MU,
and supports the simultaneous transmission of multiple users.

The traditional vortex beam has obvious divergence characteristics, so the application of long
distance is often limited, and it is easier to make use of its advantages in the modulation of vortex
beams in the near field region. The modulation for vortex beams in the near-field has also become a
key technology in the research and application of OAM. In particular, the non-diffraction beam can
be combined with the vortex beam by using the diffractive suppression characteristic embodied in
transmission, to realize the non-diffraction vortex beam within a certain propagation distance. Be-
cause the modulation of the non-diffraction beam and vortex beam is very complicated, it is often
necessary to use the array with many elements such as antenna array or meta-surface.

Typical non-diffraction beams include the Bessel Beam, Airy Beam, Mathieu Beam, etc., of
which the high-order Bessel beam itself has vortex characteristics, and other non-diffraction beams
can often form non-diffraction vortex beams by combining the non-diffraction beam with the spiral
phase. Fig. 6.56 shows the design of a transmissive electromagnetic meta-surface to generate a
quasi-Bessel vortex beam through simultaneous modulation of amplitude and phase [427]. It can
be seen that combining the non-diffraction beam with the traditional OAM beam can effectively
suppress the divergence in the near field region, to achieve better application. Another approach is
to combine OAM with focusing functions as proposed in [428], where the impact of different solu-
tions is investigated in terms of achievable communication modes. While focusing functions allow a

better performance, they make the receiver design dependent on the actual distance between the
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Fig. 6.56 Comparison of the electric field between (a) conventional OAM beam and (b) non-diffrac-
tion Bessel vortex beam [427].

6.5.3 The Reception of Vortex Beam and the Detection of OAM

b L o] B

Effective reception and OAM detection of vortex beams are important topics in theory and ap-
plication research. Typical reception methods of vortex beam are aperture sampling, which can be
divided into full aperture sampling and partial aperture sampling according to the type of sampling

aperture, as shown in Fig. 6.57. The full aperture sampling and receiving method can effectively
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ensurethe orthogonality between different OAM modes, while the OAM modes that can be received
by partial aperture need to differ by a certain multiple. In addition, the receiving and demodulation
of OAM can be realized under the condition of minimal sampling receiving aperture based on the
analysis of the sampling matrix [430]. This method abstracts the receiving of OAM mode as a matrix
equation-solving problem, so that the relevant matrix equation-solving methods (such as singular
value decomposition, least square method), or some signal processing methods can be used, which
greatly expands the research idea and realization means of OAM reception and detection. Other

coherent and partially-coherent demodulation schemes have been recently proposed in [428].
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Fig. 6.57 Schematic diagram of (a) full aperture sampling and receiving method and (b) partial aper-
ture sampling and receiving method [429].

6.6 Near-Field Based Intelligent Communications

6.6.1 Near-Field Based Semantic Communication System

In order to further improve the transmission efficiency of wireless communication and make
full use of the computation power of the device, the original data is first subjected to feature ex-
traction to obtain relevant semantic information, and then the lightweight semantic information is
transmitted through the near field communication architecture to achieve high efficiency transmis-
sion. The difference from traditional communication is that the semantic communication architec-
ture based on near-field communication needs to take the near-field channel into account in the

joint training of semantic proposing at the joint transmitter and semantic recovery at the receiver,
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Fig. 6.58 An illustration of the near-field based semantic communication system.
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6.6.2 Near-Field Based Federated Learning Framework

Consider a federated learning system over the wireless communication network. In order to
protect the privacy of user data, each user will transmit the calculated local federated learning mod-
el through the wireless channel and retain local privacy data. The BS will collect the local federated
learning model to further perform model aggregation. Considering that the channel between the
user and the BS is a near-field channel, it is necessary to re-derive the convergence model of the
federated learning system based on near-field channels to establish the energy and delay model of
the federated learning system based on near-field communication. Jointly optimizing communica-

tion and learning parameters in the near-field communication obtains the optimal resource alloca-
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Fig. 6.59 An illustration of the near-field based federated learning framework.
6.6.3 Al-based Near-field Wideband Beamforming Design

The 6G system exhibits significant trends in the development of extremely large-scale antenna
arrays and tremendously high frequencies, thus is more likely to operate in the near-field region. In
wideband communication, traditional phase shifter-based analog beamforming methods experience
beam splitting phenomenon, resulting in a reduction in beamforming gain. To enhance near-field
beam focusing and alleviate wideband beam splitting, a hybrid beamforming architecture based on
true-time delay is designed at the transmitter. The true-time delay can apply different phase shifts to
different frequency components, thereby achieves beam focusing in wideband large-scale antenna
communication systems. For the design of true-time delay-based hybrid beamforming, traditional
approaches employ fully digital approximate optimization to jointly solve the digital beamforming
matrix, analog beamforming matrix, and delay matrix. For instance, one can utilize the weighted
minimum mean square error (WMMSE) method to find the optimal fully digital beamformer, then
use block coordinate descent to approximate the delay-based hybrid beamforming to the fully-dig-
ital beamformer. However, the near-field wideband beamforming design based on fully-digital
approximate optimization methods faces challenges such as high computational complexity and
susceptibility to changes in channel environments. In this regard, the near-field wideband intelligent
beamforming, as illustrated in Fig. 6.60 (left), is proposed. For example, deep reinforcement learning
(DRL) algorithms can interact with the environment in real-time to obtain channel capacity informa-
tion as rewards for updating the network, addressing issues associated with traditional optimization
methods. As shown in Fig. 6.60 (right), DRL methods can significantly reduce optimization iteration

time and achieve 90% performance compared to the WMMSE-based optimization method [431].
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Fig. 6.60 Near-field intelligent beamforming (left) and performance comparison (right).
6.7 Near-field On-chip Wireless Communications

6.7.1 On-chip Wireless Communication Based on On-chip Antenna

With the continuous development of the field of mobile communication, the demand for
miniaturization of communication systems has become increasingly urgent. On-chip antennas refer
to the antenna structures integrated within the chip. It has the characteristics of miniaturization,
low cost, collaborative design with the circuit, high integration and suitability for large-scale mass
production. They serve as a feasible alternative within chips to wired signal interconnection. For the
future 6G communication systems operating in the THz frequency range (100 GHz to 10 THz), the
physical size of antennas is significantly reduced. This provides feasibility for utilizing on-chip anten-
nas to achieve high-frequency interconnectivity with chips, enabling the realization of fully integrat-
ed on-chip wireless communication systems. Compared to traditional communication systems, this
not only significantly improves data transmission rates but also greatly enhances system integra-
tion. Therefore, on-chip antenna technology emerges as a highly attractive research direction in the
field of 6G communication.

On-chip communication typically adopts the system architecture illustrated in Fig. 6.61[432].
At the transmitter, the modulated signal is amplified by a power amplifier (PA) and then transmitted
by the on-chip antenna. The on-chip antenna at the receiver transmits the received signal to the
low noise amplifier (LNA) for low noise amplification, enhancing the sensitivity of the entire receiver.
The signal is filtered, frequency-shifted, amplified, and then demodulated to extract the baseband
signal. The distance between the transceivers in on-chip communication systems is small, and the
required output power is low. The most commonly used on-chip antennas for on-chip communica-

tion are monopole and dipole antennas.
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Fig. 6.61 Commonly used on-chip communication system block diagram[432]
In reference [433], researchers developed two planar on-chip antenna topologies on a SiPh

platform, as illustrated in Fig. 6.62, for intra-chip RF transmission and network-on-chip (NOC)
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communication. Furthermore, by suppressing electromagnetic radiation, Electromagnetic bandgap
(EBG) structures have been used to package open microstrip line baluns to enhance the overall
wireless inter-chip link budget [434]. Previous research has integrated Substrate Integrated Wave-
guide with Metamaterials technologies and present a THz planar on-chip antenna for intra-chip
wireless communications. This antenna operates in a single thin substrate layer, resulting in signifi-

cantly reduced losses introduced by the antenna substrate[435].
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Fig. 6.63 Cross-section of the on-chip top-hat antenna [437].

The majority of on-chip antennas currently available for wireless communication systems are

based on silicon technology[436]. In standard silicon-based processes, the silicon substrate has

a high relative dielectric constant and a substantial substrate thickness, leading to a significant
increase in antenna radiation losses. To address the above issue, researchers have proposed several
methods to enhance the radiation efficiency of on-chip antennas. For instance, a novel interconnec-
tion device utilizing an on-chip vertical top-hat monopole antennas instead of horizontally placed
antennas, as shown in Fig. 6.63, is used in 225 GHz on-chip wireless communication. This approach
mitigates the challenges associated with the low transmittance in the plane of the chip and the lim-
ited radiation resistance of the silicon substrate when the radiation orthogonal to the plane of the
chip[437]. Researchers have also proposed manufacturing THz on-chip antennas on SiC substrates

based on GaN technology, as illustrated in Fig. 6.64. This approach enables on-chip full integration
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with GaNmonolithic microwave integrated circuit (MMIC) chips, further enhancing the radiation

efficiency and gain of the antennas[438].
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Fig. 6.64 On-chip antenna based on GaN technology [438].

On-chip antennas can be utilized as implantable devices for military, medical and commercial
applications. For example, implanted antennas for biomedical therapy and diagnostics, have been
designed to monitor various physiological parameters. Furthermore, in conjunction with various
kinds of sensors, on-chip antennas can be implanted as part of a biomedical telemetry system,
facilitating wireless communication between implantable devices and external instruments. The
integration of on-chip antenna technology within wireless transmission systems holds the potential

to provide an array of possibilities for the advancement of wireless communication in the 6G era.
6.7.2 On-chip Wireless Communication Based on 3D Stacking Chips

The development of integrated circuits has driven the emergence of system-on-chip (SoC)
technology, enabling more functions to be implemented on the same chip. However, the design
and manufacturing of SoCs still face challenges, such as increased size due to complex functionali-
ties and difficulties in integrating heterogeneous functional modules with existing process technol-
ogies. To address these challenges and meet the demands of 6G communication, researchers have
proposed three-dimensional (3D) stacking chips technology, which involves stacking different chips
together to form a 3D structure, thereby further enhancing system integration.

However, 3D stacking technology needs to address the interconnection issues between

stacked chips, which are crucial for the overall performance of the system[439]. Currently, inter-
connection technologies used in 3D stacking chips can be classified into two main categories:
wired and wireless. Wired interconnection technologies include multi-chip packaging (MCP) and
through silicon via (TSV)[440]. MCP involves vertically stacking several chips, with the signals

and power pads of each chip connected to a Printed Circuit Board (PCB) through solder joints for
communication. TSV technology utilizes vertical silicon vias to achieve interconnection between
chips. While these two communication methods can solve interconnection and packaging issues
between stacked chips, they also have drawbacks. For example, MCP technology suffers from issues
like long solder wires and different resonant frequencies, while TSV technology faces problems like
high development costs and low yield rates. At the same time, both of these technologies need to
introduce additional electrostatic protection devices. Wireless interconnection technologies applied
to 3D stacking chips eliminate the need for wires and silicon vias for communication between chips,
effectively overcoming the aforementioned issues. This represents an important direction for future

chip design and system integration technologies. Wireless interconnection technologies for chip-to-
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chip communication in 3Dstacking chips mainly include coupled wireless interconnection technolo-

gies and on-chip antenna interconnection technologies as mentioned in section 6.7.1.

Utilizing coupling wireless interconnection technologies: In chip-to-chip near-field communi-
cation within stacked chips, coupled interconnection technologies are commonly employed in the
mid to low-frequency bands of 6G communication, primarily achieved through capacitive coupling
or inductive coupling. Capacitive coupling requires the two plates of the capacitive structure to
be placed as close as possible, necessitating face-to-face stacking of chips. As a result, capacitive
coupling is not only limited by the number of communicating chips (applicable only to 2-chip con-
figurations) but also constrained by communication distances. Furthermore, capacitive coupling has
a larger area and is susceptible to interference from other channels. In contrast, inductive coupling
has more advantages than capacitive coupling. Inductively coupled interconnect is not only an
efficient and low-cost way of interconnecting chips, but also can reduce power consumption and
parasitic effects of complex circuits. Fig. 6.65(a) illustrates the traditional inductive coil array struc-
ture used for wireless chip-to-chip communication[441]. By inserting a shielding structure between
adjacent coils, as shown in Fig. 6.65(b), crosstalk can be reduced. Additionally, to address crosstalk
issues and minimize chip area, researchers have further proposed a zigzag structure, depicted in Fig.
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Fig. 6.65 (a)Typical coil array structure, (b)Coil array structure with a shielding pattern, (c)Proposed
zigzag-shaped coil array for wireless chip-to-chip communication.

On-chip antenna wireless interconnection technology: In chip-to-chip near-field communica-
tion within stacked chips, on-chip antenna technology is predominantly employed in the mid to
high-frequency bands of 6G communication. While 3D integrated circuits boast high integration
density, the flexibility of communication between these circuits is constrained by internal and
external links. Wireless data communication between on-chip antennas can alleviate issues such
as high latency, low flexibility, and poor scalability associated with wired communication. It can
also address the challenge of lower signal frequencies when transmitting wireless communication
through coupling. Wireless interconnection systems consist of transmitters and receivers integrated

with on-chip antennas. The most commonly used on-chip antennas for chip-to-chip communication
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monopole and dipole antennas, zigzag antennas, linear antennas, curved antennas and through

glass via (TGV)-integrated antennas[442].
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Fig. 6.66 lllustration of wireless in-plane/out-of-plane intra-/interchip communications utilizing
TGV-integrated antennas in 3D System-in-Packaging (SiP).

With the advancement of 6G wireless communication, there is a growing demand for higher
circuit integration density to exponentially increase the number of transistors per unit area. To meet
this current requirement, researchers have proposed three-dimensional stacking chips technology.
Traditional wired interconnections such as MCP and TSV face numerous challenges in integration
and packaging, including increased power consumption, significant delays, high crosstalk, and
complex manufacturing processes associated with wiring across multiple in-plane and out-of-plane
dimensions. In comparison to wired methods, wireless interconnection can reduce signal delays, in-
crease communication distances, and decrease chip size. The utilization of wireless interconnection
technology employing inductive/capacitive coupling and on-chip antennas provides a solution for

on-chip communication and chip interconnection.

6.8 Near-field and Material Sensing

Material sensing technology is playing an increasingly important role in intelligent manufactur-
ing, environmental monitoring and other fields. Traditional material perception technology mainly
relies on visual image analysis, which has many limitations in low light, line-of-sight occlusion, bad
weather and other scenes. Recent studies have shown that BS massive MIMO arrays have the poten-
tial to estimate the electromagnetic coefficient of near-field objects by using OFDM communication
signals, and then realize near-field-based object material perception[443]. The near-field material
perception problem belongs to one of electromagnetic inverse scattering problems, so the electro-

magnetic inverse scattering model should be established first.
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As shown in Fig. 6.67, consider a system model consisting of a multi-antenna transmitter, a
target, and a multi-antenna receiver. For the system shown in Fig. 6.67, the forward scattering chan-
nel model is built using the Lippman-Schwinger equation. Because OFDM signal contains many
sub-carrier signals of different frequencies, it is necessary to establish a forward channel at each
frequency. Due to the fact that objects occupy only a small part of the sensing domain, the electro-
magnetic coefficient vector to be sensed can be estimated by combining the compressed sensing
method. In particular, it can be solved by using the optimization method of mixed norm minimiza-
tion. Because permittivity contrast and conductivity contrast have the same support set, a model
based on generalized multiple measurement vectors (GMMV), the key is to use the joint sparsity
structure to improve perception.

Suppose that the known object is made of one of several possible materials whose permittivity
and conductivity have been accurately measured in advance. It should be noted that only materials
with significant differences in dielectric constant or conductivity can be distinguished. The material
identification method consists of two steps: first, clustering, and then classification.

In order to determine the material of the target, we first need to distinguish between the
part of D occupied by air and the part occupied by the target. To achieve this, we use the K-means
clustering algorithm to divide the sampling points in D into two categories. K-means is an unsu-
pervised algorithm with strong generalization ability for clusters of different shapes and sizes, and
convergence is guaranteed regardless of the target. Since the relative permittivity and conductivity
have different dimensions, we use dimensionless and scale-invariant Mahalanobis distances in the
K-means clustering algorithm. The number of clusters is predetermined at 2, representing air and
target respectively. The cluster centroid of air, representing the average permittivity and conduc-
tivity values of air, is expected to approach the point (1,0). On the other hand, the centroid of the
target cluster, which represents its average permittivity and conductivity, is expected to be signifi-
cantly farther away from the (1,0) point.

After the clustering is complete, the next step is to determine the material category of the
target. This is done by calculating the Mahalanobis distance between the cluster centroid of the tar-
get material and the true values of the permittivity and conductivity of each possible material. The

target is then classified into the material category with the shortest Mahalanobis distance, which
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7 Engineering Practice and Standardization

7.1 Engineering Implementation

In addition to technical research of near-field technology introduced in above section, the
practical application of near-field technology in engineering implementation also requires attention

with several challenges present that must be addressed[1][2].

K ConstructinP Near-field Propagation Environments

The traditional research on near-field communication mainly focuses on the BS equipped with
large scale centralized antenna array, and the near-field propagation effect can be clearly observed
with such configuration. However, the lack of flexibility in antenna placement and the high cost
associated with the installation and maintenance of large antenna systems hinder the widespread
and flexible implementation of near-field technology. To overcome these challenges, alternative and
flexible configurations shall be explored, such as deploying smaller, distributed antenna systems
that can realize the performance of large antennas. Additionally, the potential key technologies for
the 6G, such as RIS, show promise in artificially creating controh/able near-field propagation environ-
ments [316].

® Network deployment

In traditional cellular network deployment based on far-field proEagation assumptions, the
main focus of deployment optimization is to ensure that each cell in the network can effectively
communicate with mobile devices within its coverage area. However, in near-field-assumption-
based network deployment, the optimization objective must consider not only signal strength
distribution but also the changes in spatial freedom caused by near-field propagation characteris-
jcicsI [?j] 6]. Therefore, optimizing near-field network deployment requires consideration of factors,
including:

X Near-Field Distance Conditions: The distance of devices to the antenna array is related
the signal's transmission behavior compared to far-field scenarios. The signals transmission in
near-field distance exhibit more complex spatial patterns, requiring a detailed understanding of
near-field propagation characteristics.

X Aperture Size: Physical dimensions of antenna arrays play an important role in determin-
ing the radiation patterns of signals. Larger apertures may offer advantages in terms of directivity
and beamforming capabilities but also introduce challenges in terms of device size and deploy-
ment feasibility.

X Deployment Density: In dense urban environments, where multiple antennas are closely
spaced together, near-field effects may become more pronounced, which may need further con-

sideration when deploying the antenna arrays.

® Spectrum
Compared to conventional mobile communication systems, 6G will operate in higher-frequen-
cy bands, which not only presents new opportunities for enhanced communication capabilities but
also introduces unique challenges in network deployment and operation. The transition to higher
frequency bands enabling 6G networks to achieve greater near-field propagation distances since
the near-field distance increases with frequency for a given antenna aperture size. For example, at
present, the frequency bands below 6 GHz are either fully utilized or rapidly being occupied Ey ex-
isting 4G and 5G commercial networks. For the foreseeable future, several newly allocated frequen-
cy bands above 6GHz are anticipated to become the primary carriers for 6G communications, e.g.,
upper 6 GHz bands, mmWave Eands, and even sub-THz bands (ref Fig. 7.1).
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Fig. 7.1 6G Potential Spectrum

7.2 Potential Standardization Impacts

From the perspective of standardization, the impact of near-field communication standards is
reflected primarily in the following aspects. On the one hand, traditional standards, such as the 5G
channel model standard TR38.901, are based on far-field assumptions. Their parameters and mod-
els exhibit biases in the near-field region, necessitating corresponding improvements and exten-
sions. In December 2023, the 3GPP approved a project to enhance the 7-24GHz channel model at
the RAN#102 plenary session [444]. This project will be based on the channel model standard in
TR38.901, adding modeling for new frequency bands, near-field propagation, and spatial non-sta-
tionary characteristics to compensate for the limitations of existing 5G channel model standards, in
order to cover existing and potential near-field application evaluation needs in the future. On the
other hand, signal propagation in near-field environments, characterized by spherical wavefront,
requires redesigning and adjusting technical solutions to optimize system performance across mul-
tiple dimensions, such as angle and distance. With the development of key 6G technologies such as
RIS, ELAA, ISAC, and WPT, near-field effects directly influence protocol design and system implemen-
tation for these technologies. Standardization efforts urgently need to provide systemic solutions

from a holistic perspective.

7.2.1 Near-Field Channel Modeling

Near-field channel modeling, as the primary task of standardization, faces challenges in
accurately characterizing propagation characteristics due to the inadequacy of far-field models.
Traditional 5G channel models, like TR38.901[445], assume electromagnetic waves propagate in the
form of plane waves. However, in the actual near-field region, the prominent presence of spherical
wavefront effects results in significant differences in channel characteristics, including the number
of paths, path strength, cluster structure, and spatial non-stationarity, compared to far-field scenar-
ios[446]. Consequently, the establishment of near-field channel models requires improvements and
extensions in the following areas:

X Modeling Methodologies

When constructing near-field channel models, different methodologies have their advantag-
es and disadvantages. Common methods include the Geometry-Based Stochastic Channel Model
(GBSM), the Map-Based Hybrid Channel Model (MHCM), and deterministic models, such as ray-trac-
ing.

GBSM is relatively simple in structure, easy to implement, and computationally efficient, making
it widely used in preliminary channel modeling. It generates channel parameters through geometric
modeling and stochastic distribution rules, and is suitable for large-scale simulations and parameter
adjustments. However, its accuracy is limited, particularly in describing detailed phenomena and
local propagation effects, such as spherical wavefront.
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MHCM combines deterministic environmental information with stochastic statistical character-
istics. By utilizing geographic and environmental map data, it can more accurately simulate the real
effects of obstacles, reflections, and scattering on signals in the near field, while maintaining statis-
tical sampling capabilities. This method performs better in terms of accuracy but is more complex
compared to GBSM.

Deterministic methods, which describe details such as the transmission environment, antenna
positions, and reflectors, can simulate each propagation path with high precision, providing the
most detailed results. However, they are computationally intensive and are typically used to validate
other models or conduct in-depth analyses of specific scenarios.

In the actual standardization process, it is necessary to balance the accuracy and complexity
of different models based on application scenarios and computational resources. Standardization
should aim to build a channel model system that reflects near-field characteristics while meeting
practical application needs, providing theoretical support and technical foundations for subsequent
standardization efforts.

X Parameter Adjustment and Model Extension

In near-field communication environments, channel models based on far-field assumptions
struggle to accurately describe propagation phenomena under spherical wavefronts. To reflect the
actual characteristics of channels in the near field, it is necessary to modify and extend the channel
parameter generation modules in existing standards (e.g., TR38.901).

Traditional parameter generation modules assume all antenna elements on the same antenna
panel are co-located, thereby generating a unified set of channel parameters. In near-field scenarios,
however, significant physical position differences between antenna elements cause variations in
channel parameters (e.g., delay, phase, Doppler shift) for each antenna element, typically following
certain patterns. Therefore, when modifying parameter generation modules, the impact of positional
differences between antenna elements on channel parameters must be considered. For delay pa-
rameters, the influence of delay resolution needs to be factored in, while for phase parameters, the
relative positions of antenna elements and clusters must be accounted for.

To generate channel parameters with near-field characteristics, the physical location informa-
tion of clusters can be incorporated. Using statistical models to aid modeling can better capture the
variations of LoS and NLOS paths in the near field, dynamically adjusting the channel parameter
generation modules. This method balances the deterministic information of local details and the
overall statistical features of near-field propagation, providing a more precise and extensible techni-
cal basis.

The near-field channel model established through parameter adjustment and model extension
can accommodate various dynamic propagation phenomena in the near field and provide a solid
data generation foundation for more complex modeling methods in the future.

X Continuity Issues
In practical channel modeling and simulation, far-field and near-field channels often coexist
in the same scenario. However, due to fundamental differences in propagation mechanisms and
parameter generation methods, treating far-field and near-field separately with different models or
algorithms may lead to discontinuities between them. Such discontinuities not only affect the over-
all consistency of system models but also make simulation results unreliable, potentially misleading
subsequent system design and performance evaluations. For example, in scenarios where far-field
and near-field channelscoexist, discontinuities can cause abrupt changes in channel parameters,
leading to transmission anomalies or distorted simulation data that fail to reflect the real-world
signal propagation accurately.
One solution to ensure continuity is to adopt the same implementation framework for both
far-field and near-field modeling. This approach guarantees continuity, ensuring that key parameters
(e.g., delay, phase, and power attenuation) evolve gradually and continuously during the transition
from far-field to near-field, rather than undergoing abrupt changes.

X Spatial Non-Stationarity
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In near-field communication, the spatial non-stationarity of channels is more pronounced, es-
pecially in scenarios involving large-scale antenna arrays or complex obstacles. Accurately describ-
ing and simulating the correlation variations of channel parameters in space has become a signifi-
cant challenge in current standardization efforts. Common methods include physical blocker-based
approach and stochastic based approach[447].

Spatial non-stationarity is largely influenced by surrounding obstacles. Physical blocker-based
approach can more accurately describe the attenuation effects of obstacles of different sizes and
positions on signal propagation, demonstrating superior accuracy and flexibility.

Compared to Physical blocker-based approach, stochastic based approach generate visible
ranges and obstruction losses based on statistical characteristics. These methods are computation-
ally less intensive and suitable for large-scale simulations. However, they often lack flexibility, failing
to capture subtle local variations and accurately distinguish between different obstacles.

By conducting in-depth research and standardizing spatial non-stationarity, future communi-
cation systems will be better equipped to adapt to dynamic environments, improve the accuracy of
channel parameter estimation, and enhance the reliability of simulation results, thereby providing a
robust technical foundation for near-field communication and 6G networks.

7.2.2 Standardization of Near-Field Technology

Far-field protocols typically assume wireless propagation as plane waves, focusing on an-
gle-domain techniques such as channel estimation, beamforming, codebook design, and beam
training. In near-field environments, however, signals exhibit spherical wave characteristics, re-
quiring technical solutions to consider spatial distance effects in addition to angle precision. This
necessitates upgrades to existing standard designs.

Existing pilot signals and channel estimation principles are affected by spherical wavefronts in
near-field environments, reducing the accuracy of traditional methods. To adapt to the high spatial
correlation of near-field channels, new pilot design methods based on spherical wavefront must be
explored, along with sparse channel estimation algorithms tailored to near-field scenarios. These
ensure the accurate capture of channel information in both the distance and angle domains.

In far-field environments, beamforming is mostly limited to angle-domain optimization. In
near-field environments, spherical wave focal effects can be exploited to design beams in both an-
gle and distance domains using polar coordinate systems. New beamforming standards will enable
dynamic beam adjustment, precisely focusing energy to enhance signal strength, reduce interfer-
ence, and improve system coverage quality.

Traditional codebook designs rely on plane wave assumptions and may fail to capture
near-field-specific channel variations. Codebook designs based on spherical wavefronts need to
incorporate dynamic adjustment mechanisms to adapt to multidimensional variations. Beam train-
ingshould expand the search space and use hierarchical searches or machine learning techniques
to achieve low-complexity, fast optimization, ensuring efficient beam configuration selection in
dynamic near-field environments.
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The improvement and redesign of standards not only ensure foresight and flexibility but also
provide unified design principles and technical foundations for the integration of various key tech-
nologies (e.g., RIS and ELAA) in future 6G networks.

In March 2025, the 3GPP held a 6G workshop in Incheon, Korea, where various companies
presented their research and proposals on 6G technologies, including advancements in near-field
communication. Multiple companies, including ZTE, DOCOMO, InterDigital, CEWIT, and Xiaomi,
highlighted the significance of near-field technology and the challenges it may present [448]-[460].
The discussions covered key aspects of channel characteristics, beam management, CSI enhance-
ment, codebook design, and MIMO improvements to optimize near-field communication. Compa-
nies explored techniques to overcome the challenges posed by large-scale antenna arrays and the
transition from far-field to near-field communication.

2

7.2.3 Standardization of Enabling Technologies

The 6G era will introduce new key technologies, such as RIS, ELAA, ISAC, and WPT. These tech-
nologies must also be optimized under the influence of near-field effects, requiring corresponding
updates to related standards.

RIS can alter the wireless propagation environment by controlling reflection and refraction
phases. In near-field regions, where spherical wavefront effects are significant, RIS systems require
redesigned beamforming, channel estimation, and codebook protocols. For example, standards for
RIS links based on spherical wavefront models can be developed to design high-precision reflection
coefficient control algorithms and customized signal processing schemes, ensuring beam focusing
and adaptability in twoor three-dimensional spaces.

In ISAC systems, near-field effects influence not only communication links but also the accuracy
of sensing information. Innovative signal processing and interference cancellation techniques can
help achieve seamless integration of communication and sensing on the same hardware platform.
Under near-field conditions, the interplay between communication and sensing, as well as energy
allocation, must be regulated through new standard designs to maximize both functionalities.

For ELAA systems, near-field beamforming design must consider the propagation characteris-
tics of electromagnetic waves in large antenna arrays, using spherical wavefront analysis to achieve
precise energy control and target positioning.

WPT technologies must focus on energy focusing and safe transmission in near-field envi-
ronments, incorporating power control and beam focusing techniques in the distance domain to
enhance energy transfer efficiency and system safety.

In designing 6G standard protocols, unified and scalable standards must be established to
support both traditional far-field designs and seamless transitions to emerging near-field scenarios,
ultimately realizing high-precision, high-efficiency, and wide-coverage wireless networks.

’3GPP workshop on 6G, Incheon, Korea, 10th — 11th March, 2025.
https://www.3gpp.org/component/content/article/6gworkshop-2025?catid=67&Itemid=101
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7.2.4 Standardization Activities

Recently, several organizations have undertaken activities to promote the standardization of
near-field technology, advancing research in this area significantly (ref Fig. 7.2).

(1) In December 2023, 3GPP Rel-19 approved the 7-24GHz channel measurement and mode-
ling research project, with a key focus on near-field characteristics (Note: Work item Rapporteur(s):

Lee, Daewon, Intel, Zhang, Nan, ZTE).

(2) On March 15, 2024, ZTE led the successful establishment of the “Near Field Model and
Mechanism Project” in ETSI ISG RIS.

(3) On April 25, 2024, ZTE Corporation, in collaboration with China’s three major telecom oper-
ators, initiated a near-field technology research project under the CCSA TC5WG6.0n April 18, 2024,
the “New Technologies and Materials” sub-forum of the 6G Conference released the “6G Near-Field
Technology White Paper’On April 27, 2024, the initiative “Jointly Promote 6G Near-Field Technol-
ogies Research and Standardization” was released at the first “Near Field Communication Theory
and Application” forum hosted by the Institute of Electronics.On February 25, 2025, organizations
including ZTE Corporation, Tsinghua University, Beijing University of Posts and Telecommunications,
Zhejiang University, China Unicom, etc,, jointly led the establishment of the "Near-Field Communica-

tion Task Group" within the China IMT-2030 (6G) Promotion Group.
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Fig. 7.2 Activities to promote the standardization of the near-field technology
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7.3 Technical Experiment and Prototype Test

7.3.1 Measurement on Terahertz Near-Field Channel

7.3.1.1. Terahertz Near-Field Channel Measurement System

The THz MISO channel measurement system is composed of three parts, as shown in Fig. 7.3,
including the computer (PC) as the control platform, the Ceyear 3672C VNA, the displacement plat-
form carrying the THz Tx module, and the rotator carrying the THz Rx module [461][443].

3https://www.ccsa.org.cn/
“https://www.c114.com.cn/wireless/2935/a1261616.html
Shttps://mp.weixin.qg.com/s/OHpjf-ETKwvGPH_K-SyQIQ
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Fig. 7.3 The diagram of the measuring system.

The measuring part consists of Tx and Rx modules and the VNA. The VNA generates radio
frequency (RF) and local oscillator (LO) sources. The 9.6296 GHz-11.8518 GHz RF signal is multiplied
by 27 to reach the carrier frequencies. The 10.8336 GHz-13.3336 GHz LO signal is multiplied by 24.
As designed, the mixed intermediate frequency (IF) signal has a frequency of 7.6 MHz. Two IF signals
at Tx and Rx modules, i.e., the reference IF signal and the test IF signal, are sent back to the VNA,
and the transfer function of the device under test (DUT) is calculated as the ratio of the two fre-
quency responses. The DUT contains not only the wireless channel, but also the device, cables, and
waveguides. To eliminate their influence, the system calibration procedure is conducted, which is
described in detail in our previous works [462][463].

The mechanical part is composed of the displacement platform and the rotator. The displace-
ment platform carries the Tx module to move linearly in the e -axis (horizontally) and the ¢ -axis
(vertically). The rotator carries the Rx module to scan the horizontal plane to receive angular-re-
solved multi-path components (MPCs). In the static environment, virtual antenna array measure-
ment is free of mutual coupling and represents the ideal case of the actual antenna array.

The PC alternately controls the movement of Tx through the displacement platform, the
movement of Rx through the rotator, and the measuring process through the VNA. The measure-
ment starts from the virtual antenna element in Tx at the left bottom corner, and all elements in the
uniform planar arrays (UPAs) are scanned first horizontally (in the e -axis) and then vertically (in the
« -axis). At each element in Tx, the Rx scans horizontally and measures the THz channel once per

angle.

7.3.1.2. Channel Measurement Deployment

In measurements, we investigate the THz frequency band ranging from 260 GHz to 320 GHz,

which covers a substantially large bandwidth of 60 GHz. As a result, the time and space resolution
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Fig. 7.4 Overview of the LoS measurement.

Then, a small-scale measurement, from Tx1 to Rx1, is carried out [461]. The goal of the meas-
urement is to investigate the cluster parameter from scatterers (the wall, in this deployment) in
the NF region. A virtual UPA that spans 56 mm x 56 mm is considered. In this case, the Rayleigh
distance is 12.1259 m. For the center carrier frequency of 290 GHz, the half-wavelength spacing is
0.517 mm, which means the antenna array of this size consists of over 3000 antenna elements. To
save the measuring time, channels at 64 uniform element positions are measured at Tx, as illustrat-
ed in Fig. 7.5(a).

The scale of the scenario is 2.5 m x 3 m, which guarantees that the reflection happens in the
NF region. Furthermore, the small scale of the scenario enables the reduction of the maximum
detectable path length to 10 m, corresponding to the frequency sweeping interval of 30 MHz and
sweeping points of 2001 for each channel measurement. To increase the angular resolution, the Rx
rotator scans from 0° to 90° with the step of 2°. Furthermore, high-directive antennas are integrated

at both Tx and Rx modules, with gains of around 25 dBi.

T

e

(a) Measurement deployment.
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(b) The photo of the measurement. Fig. 7.5 Overview of the meas-
urement.

After that, another measurement is carried out in a larger-scale scenario [461], as shown by Tx2-
Rx2 and Tx3-Rx3 in Fig. 7.5(b). The UPAs span 56 mm X 56 mm and 48 mm X 48 mm as comparison.
Different from the setup in the first measurement, the maximum detectable path length is increased
to 30 m, corresponding to the frequency sweeping interval of 10 MHz and sweeping points of 6001
for each channel measurement. Besides, the scan range of arrival angles covers 0° to 360°. Under this
circumstance, the measuring time at each antenna element is multiplied by 12. Therefore, to balance
the measuring time, we measure the channels at four vertexes of the antenna array, where the
variation of parameters can be best observed. Moreover, another antenna with a larger HPBW, 60°, is

equipped at the Tx. The height of Tx and Rx is 1.05 m, and the distance between Tx and Rx is 5.9 m.
7.3.1.3. Measurement Result

(1) LoS Measurement

Table 7.2 summarizes the phase change along horizontal (e -axis) and vertical (* -axis) posi-
tions. Colored lines indicate phase change among horizontal/vertical elements at different vertical/
horizontal positions. In the FF case, the maximum phase difference across each column and each
row are both smaller than e ee, which accords with the definition of Rayleigh distance and can be
regarded as a linear phase change. When the UPA expands to 32x32 in Case 2 and 64x64 in Case 3,
the phase difference gradually exceeds e, and a non-linear phase change can be clearly ob-
served. In particular, the phase change among vertical elements is less smoother, since the measure-
ment scans the UPA first in the e -axis and then in the e -axis. In other words, the measurement at

vertical elements is not continuous and is affected by the positional accuracy of the displacement
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Table 7.2 Phase of the LoS ray across the UPA.
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(2) Measurement 1

Fig. 7.6 illustrates the variation of cluster parameters, i.e., delay and azimuth arrival angle,

across different positions in the UPA, respectively. The cluster contains the wall-reflected ray and

surrounding scattering rays. The cluster delay is the mean of delays inside the cluster, while the

cluster angle is determined by the azimuth angle of the strongest ray inside the cluster.
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ties of cluster parameters.
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First, as shown in Fig. 7.6(a), the variation in cluster delay is 0.0878 ns, corresponding to the
variation in distance of 26.34 mm. Due to symmetry of the scenario, the distance from each ele-
ment at Tx to the scatterer is half of the total path length. Hence, the deviation of the distance from
elements at Tx to the scatterer exceeds is 13.17 mm, larger than 1/16 of the wavelength, 0.065 mm.
Second, the theoretical variation in the departure angle is about 1.5° across 64 elements at Tx. Due
to the reflection, scattering, and influence of antenna radiation patterns, the variation in the arrival
angle reaches 4°, as shown in Fig. 7.6(b). Despite the inevitable superposition of power inside the
received beam in the practical measurement, in the simulation of cross-field channels, the depar-
ture/arrival angle of the MPC should still be carefully modeled when scatterers are in the near-field

region, as the antenna gain differs in the antenna radiation pattern at different angles.

(3) Measurement 2

In the measurement in a larger indoor scenario, as shown in Fig. 7.7, power-delay-angle pro-
files (PDAPs) are similar at four Tx antenna elements for Tx2-Rx2 and Tx3-Rx3 channels, respectively.
According to the multi-path component distance (MCD) based Density-Based Spatial Clustering of
Applications with Noise (DBSCAN) clustering algorithm [465], 8-14 clusters are observed from Tx2 to
Rx2, and 9-13 clusters are observed from Tx3 to Rx3, while the difference in the number of clusters
comes from the difference in received power and the classification method which distinguishes
MPCs and noise samples by thresholding [462]. At Tx2-Rx2, the delay spread varies from 9.4651 ns
to 17.4153 ns between different antenna elements at Rx, and the azimuth angular spread varies
from 16.6728° to 26.7276°. At Tx3-Rx3, the delay spread varies from 3.3929 ns to 4.3441 ns between
different antenna elements at Rx, and the azimuth angular spread varies from 11.0671° to 12.8708°.
According to the PDAP results, more scatterers are located in the NF region for Tx2-Rx2 channel
than for Tx3-Rx3 channel. Therefore, the variation in large-scale parameters is more significant be-

tween antenna elements at Tx2.
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(a) Tx2-Rx2 (b) Tx3-Rx3
Fig. 7.7 Power-delay-angle profile of channels for (a) Tx2-Rx2, (b) Tx3-Rx3.

The channel from the e -th antenna element at the Tx to the Rx (¢ ¢ ¢ ® eseees ) is represented

tion matrix as

o e e 1r° (7.1)
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wherﬁzoor;,?] the complex conjugate transpose of the matrix||, wherg{t*e.|t. *jt* ¢ ||*  is thie Ffolpenius
- )
For the MISO channel, we assess the distinction between channels from different Tx antenna

elements to the single Rx antenna. In specific, the impact of transmitter correlation can be evaluat-

ed by a real number [466], the EDoFs constrained by the transmitter spatial correlation matrix, as

e (L) 72)

The value of e« ee varies from 1 to the number of Tx antenna elements ¢ .When e ee

is closer to e, it represents that channels from different Tx antenna elements to the single Rx an-
tenna are distinctive, and can support beamforming or diversity. Moreover, it indicates that channels
in the cross-field have the potential for multiplexing if there are adequate antennas at the receiver.
On the contrary, when e e ee s close to 1, these channels are correlated so that they barely offer
diversity or multiplexing gain.}

The assessment of the measurement result is elaborated as follows. In the measurement, ¢ o «
. The EDoF constrained by the Tx antenna array is 3.3460 for Tx2, and the counterpart is 3.3031 for
Tx3, which are both close to e . These values indicate the distinction between antenna elements
at the Tx for near-field and cross-field channels, and the necessity of element-level modeling of
channels with scatterers in the cross-field, even though the physical array size is small. Besides, the
Rayleigh distance is 12.1 m for the antenna array at Tx2, and the counterpart is 8.9 m for the antenna
array at Tx3. Therefore, more scatterers are located in the NF region for the Tx2-Rx2 channel than
for the Tx3-Rx3 channel. The comparison between Tx2-Rx2 and Tx3-Rx3 channels indicates that the
MIMO channel with more scatterers in the near-field has larger potential for diversity or multiplex-
ing.

Furthermore, we simulate the MISO channel in indoor and UMa-cellular scenarios at 290 GHz.
In the indoor scenario, the height of Tx and Rx is 1.05 m. In the UMa scenario, the height of Tx and
Rx is 25 m and 1.5 m, respectively. The 2D Tx-Rx distance varies from 1 m to 150 m for the indoor
scenario and 10 m to 5 km for the UMa scenario. We simulate each antenna element as a custom
antenna with 3-dB beamwidth of 360° horizontally and 60° vertically. We evaluate the system capac-
ities by using near-field, far-field, and the proposed cross-field models at 290 GHz, in both indoor
and outdoor scenarios at different distances between BS and UE. The system is composed of two
distributed ELAAs at BS and UE, respectively. * ¢ eeand ¢ e eeantenna elements, planar-shaped
with the antenna spacing of 1 m are equipped in each ELAA. The transmit power is 10 dBm, and the
power allocation scheme over parallel element-to-element channels is based on water-filling. The
simulation result is illustrated in Fig. 7.8. It is observed that the capacity of the proposed cross-field
model lies between the counterparts of near-field and far-field models. In specific, for communica-
tions between ELAAs at short BS-UE distances, the capacity of the cross-field model reaches 80%

that of the near-field model, while the far-field model leads over 50% reduction in capacity caused
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7.4 RIS-assisted Near-Field for Wireless Hot-Spot Applications

Channel measurement with holographic RISs presents a significant challenge due to the time
and resources required, and the variability in RIS designs complicates achieving consistent results.
Factors such as transmitter-receiver distance, aperture size, near-field and far-field effects, and an-
tenna radiation patterns influence free-space path loss in RIS-assisted wireless communications.

To evaluate performance in both near-field and far-field conditions, channel sounding meas-
urements are essential. A study in [467] presented an indoor channel measurement campaign using
a holographic RIS to create virtual LoS hot-spot scenarios in both near-field and far-field environ-
ments. The study used a Keysight M8195A arbitrary waveform generator and a standard gain horn
antenna for signal transmission, and a Keysight Infiniium series UXR0334B real-time oscilloscope for
analyzing the received signal as shown in Fig. 7.9. Measurements were conducted in a controlled
environment, ensuring no human presence or moving objects to maintain time-invariance. The
center frequency of the radio signal was set to 3.5 GHz, utilizing a varactor diode voltage-controlled

2-bit holographic RIS with 1,850 unit cell elements.

Fig. 7.9 Indoor channel sounding measurement campaign with a 3.5 GHz RIS.

The study focused on evaluating the performance of the RIS in both active and inactive states
and examining the effects on the timing of multipath signal arrivals and associated performance
enhancements using Power Delay Profiles (PDPs). Key findings of this study include:

X Activating the RIS enhances gain in the direction of the virtual LoS, with improvements of
up to 13 dB at a 2m distance in the near-field and 4-5 dB in at a 12m distance in the far-field, com-
pared to when the RIS is off or configured with a random pattern

X The RIS increases the delay spread when active, indicating that the beamforming capabilities
introduce additional multipath components directed toward the receiver

X The RIS's improvement on PDP sharply drops when the UE is moved a few tens of centim-

eters when configured at a specific angle with the near field radiation pattern i.e. its beamwidth is
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X When the RIS is wrongly configured with a far-field pattern for a near-field UE position, its
PDP peak is 8 dB lower, indicating a strong dependency on the distance-based codebook design as
shown in Fig. 7.10 and Fig. 7.11.

Fig. 7.10 RIS near-field beam pattern for the reflection angle 6 = 40K, K = 0K at 2 m distance (r), and
the corresponding peak of the PDP in the near-field for both RIS on and RIS off cases.

m

Fig. 7.11 RIS linear phase gradient far-field response pattern for the reflection angle 6 = 40X, X = OK,
and the corresponding peak of the PDP in the far-field at 12 m separation distance between RIS and
RX for both RIS on and RIS off cases.

The study also explored the feasibility of using first-order reflections within the virtual LoS to

enhance performance in targeted hot-spot regions. The findings can be used to validate simula-
tion results of commercial network planning software that considers holographic metasurfaces for
equalizing channel response and integrating RIS into ray-tracing software can optimize the RIS’s
radiation pattern for selected environments, as shown in Fig. 7.12 where a typical office room is
modelled in a commercial raytracing software and the EM field distribution for a fixed TX position is
calculated. Secondly, a RIS is introduced into the room based on a measured radiation pattern, and
the EM field distribution for the room is calculated that validates the PDP improvement with the
RIS presented earlier. This method provides an accurate result of the total received power at the RX
from the TX through various multipaths and the channel impulse response. The resulting software
is able to extract the power from each path (each ray) and can estimate the key parameters of the
channel such as the strongest path and delay between different paths. These findings validate the
potential of utilizing RIS in hot-spot scenarios, where precise control of first-order reflections is

essential for optimal performance.
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Fig. 7.12 Raytracing simulations in the near field with and without RIS.
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8 Summarization and Prospects

In conclusion, the exploration of near-field propagation characteristics has garnered significant
attention and achieved substantial progress. This article represents a pioneering industry effort as
the first comprehensive and systematic white paper on the subject. It meticulously compiles and
summarizes research findings across various aspects of near-field technology, including application
scenarios, foundational theories, channel measurement and modeling, transmission technologies,
and cross-domain technological integration. Special emphasis is placed on advancements in both
engineering implementation and standardization processes, addressing primary 6G spectrum allo-
cation, enabling technologies for near-field propagation, and network deployment strategies. This
compilation aims to establish a robust theoretical foundation and provide actionable guidelines for
future research directions in near-field technology.

Challenges persist, however, in advancing near-field technology research and its practical engi-

neering applications. These multifaceted hurdles include:

1) The need for deeper theoretical exploration to develop more rigorous frameworks;

2) Significant gaps in measurement data for near-field channels, highlighting the necessity

for methodological refinements in channel modeling;

3) Persistent oversimplifications in assumptions about transmission technology assump-

tions, necessitating investigations into complex, real-world scenarios and solutions.

4)  Further efforts are needed to strengthen the engineering and standardization of near-

field technology.

The synergy between near-field technology and other domains emerges as a novel research
frontier. Further study is warranted to unravel the unique attributes of near-field propagation and
develop optimal harnessing strategies. Critical to practical implementation is standardization—the
3GPP's initiation of standardization research on near-field channel models marks a constructive first
step. Balancing academic rigor with proactive engineering and standardization efforts will be pivot-
al to enabling effective near-field technology deployment in emerging 6G networks.

Looking forward, near-field technology promises to unlock new electromagnetic spatial di-
mensions for future wireless communication systems. It is increasingly recognized as a cornerstone
technology for achieving ultra-high data rates, precise sensing capabilities, and efficient WPT in
6G frameworks. Its potential to serve as a key enabling technology for the 6G wireless air interface
is particularly compelling. Anticipation remains high for groundbreaking research outcomes, with
expectations for near-field technology to play an augmented role in shaping the next-generation

wireless network landscape.
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