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ABSTRACT

6G networks will be required to support higher
data rates, improved energy efficiency, lower latency,
and more diverse users compared with 5G systems.
To meet these requirements, electrically extreme-
ly large-scale antenna arrays are envisioned to be
key physical-layer technologies. As a consequence,
it is expected that some portion of future 6G wire-
less communications may take place in the radiating
near-field (Fresnel) region, in addition to the far-field
operation as in current wireless technologies. In this
article, we discuss the opportunities and challenges
that arise in radiating near-field communications. We
begin by discussing the key physical characteristics
of near-field communications, where the standard
plane-wave propagation assumption no longer holds,
and clarifying its implication on the modelling of
wireless channels. Then, we elaborate on the ability
to leverage spherical wavefronts via beam focusing,
highlighting its advantages for 6G systems. We point
out several appealing application scenarios which,
with proper design, can benefit from near-field oper-
ation, including interference mitigation in multi-user
communications, accurate localization and focused
sensing, as well as wireless power transfer with min-
imal energy pollution. We conclude by discussing
some of the design challenges and research direc-
tions that are yet to be explored to fully harness the
potential of nearfield operation.

INTRODUCTION

Along with the commercial deployment of

fifth-generation (5G) networks, the next sixth-gen-

eration (6G) wireless networks are gradual-

ly evolving from a vision into concrete designs.

Notably, 6G networks will be required to:

+ Support immense throughput, with peak data
rates on the order of terabits per second

+ Support ultra-massive communications, with
connection density of over 1 million per
square kilometre

+ Be highly energy efficient, with some appli-
cations expected to provide at least 1 terabit
per Joule

+ Operate with ultra low latency, which in sys-
tems such as industrial control should be as
low as 1 microsecond [1].

These performance requirements are necessary to

support exciting new technologies of the 6G era,

including the internet of everything, autonomous

vehicles, and tele-medicine, in addition to conven-
tional high-rate wireless communications.

In order to support the ambitious requirements
of 6G wireless networks, extremely large-scale (XL)
antenna arrays, deployed with hundreds or even
thousands of antennas at Base Stations (BSs) or at
passive reconfigurable intelligent surfaces (RISs), are
expected to be used. Also, high-frequency spectra,
i.e., millimeter wave (mmWave) and sub-terahertz
(THz) bands, can provide large available bandwidth
to support higher data rates, even though they
might be affected by the limited coverage range.
Consequently, future 6G networks are envisioned
to utilize high-frequency bands, in addition to tra-
ditional sub-six GHz bands. The deployment of
extremely large antenna arrays, especially in high-fre-
quency bands, implies that future 6G wireless com-
munications may take place in the near-field region
in addition to the farfield, as illustrated in Fig. 1. The
boundary between the near-field region and the far-
field region is dictated by the Fraunhofer distance
(also called Rayleigh distance) [2]. The Fraunhofer
distance represents the minimum distance for guar-
anteeing the phase difference of received signals
across the array elements of at most 22.5 degrees
[3], which is considered the limit under which wave
propagation can be viewed as planar. The Fraun-
hofer distance is proportional to the square of the
antenna aperture and inversely proportional to the
signal wavelength. As the antenna aperture of 6G
transmitters increases, the boundary can be up to
several dozen of meters. For example, for a planar
array with diameter of 0.5 meters transmitting at a
carrier frequency of 28 GHz, the radiating near-field
distance is up to 47 meters. In addition, the near-
field region can be further divided into radiating
near-field region and reactive near-field region. As
the reactive near-field region corresponds to signal-
ing in extremely close ranges (in the order of the
wavelength), in this article we henceforth indicate
with near-field the radiating nearfield, being the rel-
evant one for wireless communications.

While conventional wireless communications
operate in the far-field, where electromagnetic
(EM) wavefronts can be reliably approximated
as planar, in the near-field region the spherical
shaping of the wavefront cannot be neglected.
This property brings forth new opportunities and
challenges for future wireless communications
systems design. Spherical wavefronts can be
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exploited to generate focused beams in specific
spatial region, namely beam focusing, which is not
achievable with traditional far-field beam steer-
ing, where signals can only be pointed towards
a specific direction. While beam focusing can
be leveraged to facilitate multi-user communica-
tion by, e.g., enabling new levels of interference
mitigation [4, 5], it also gives rise to new design
and signal processing challenges. This stems from
the fact that the near-field spherical wavefront is
inherently different from that observed in con-
ventional far-field designs, and thus existing wire-
less communications models, schemes and results
derived assuming far-field operation may no lon-
ger be valid. This indicates the need to study the
properties, potential benefits, and new design
challenges, which arise from the radiating near-
field operation of 6G wireless communications.

In this article, we provide a general overview
of the opportunities and challenges for future 6G
systems likely operating in the near-field region.
We first present the distinct physical features of
radiating near-field wireless communications,
including spherical wavefronts and distance-aware
channel models. We then detailed the principle
of exploiting the spherical wavefronts of the sig-
nals to implement beam focusing, and identify its
potential advantages over conventional far-field
beam steering. To show the potential benefits of
beam focusing for 6G systems, we discuss three
typical applications which rely on EM signaling
and possibly operate in the near-field region:

* Multi-user communications

* Localization and sensing

+ Wireless power transfer

In addition, using the multi-user communication
operated in the near-field as an example, we
numerically demonstrate the interference mitiga-
tion ability of beam focusing, showing that a near-
field aware design allows exploiting new degree
of freedom (DoF) to mitigate co-channel interfer-
ence in both angle and distance domains.

Next, we highlight key design challenges in
near-field communications and discuss the corre-
sponding potential solutions and research direc-
tions. We concentrate on several unexplored
algorithmic challenges imposed by the require-
ment to implement beam focusing for 6G net-
works, including near-field channel estimation;
mis-focusing/beam split effect in near-field wide-
band communications. In addition, we discuss
the opportunities and challenges of exploiting the
high-rank property of near-field line-of-sight (LOS)
multiple-input multiple-output (MIMO) channels
to enhance the MIMO multiplexing gain, as well
as hardware implementation challenges.

RADIATING NEAR-FIELD: PHYSICAL FEATURES
SPHERICAL VERSUS PLANAR WAVES

As widely known, when antennas radiate EM
waves in the surrounding free-space, they propa-
gate exhibiting a spherical wavefront. However,
in traditional wireless communications, the wave-
front can be well approximated as being planar
due to the large distances involved with respect
to the operating wavelength. Nonetheless, such
an approximation no longer holds in near-field
radiative conditions and, consequently, the wave-
front impinging on the receiver is spherical. This
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FIGURE 1. An illustration of a near-field wireless communication system. The radiating near-field region can be up to
tens of meters when the system operates in the mmWave frequencies with a large antenna array or RIS,
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FIGURE 2. Illustration of the principles of far-field beam steering and near-field beam focusing.

peculiarity, visualized in Fig. 2, indicates that one
can associate more information to an {EM} wave
compared with far-field planar waves, bringing
forth the possibility to improve communication per-
formance or to enable other applications relying
on EM radiation thanks to the availability of more
diverse radiation patterns. Indeed, incident spheri-
cal wavefronts carry not only angular information,
as typically happens in the far-field regime, but also
distance information. This property can be exploit-
ed to, e.g., determine the position of a transmitting
source without requiring an ad-hoc synchroniza-
tion procedure and the subsequent exchange of
several messages, as demonstrated in [6]. This posi-
tion-awareness affects the channel model for near-
field wireless communications, as discussed next.

NEAR-FIELD CHANNEL MODEL

The near-field channel model has been mainly con-
sidered and analyzed for free-space propagation.
In classic far-field free-space channel models, the
propagation distances from each antenna element
to one target user are approximately identical,
yielding the same path gain. Furthermore, antenna
arrays share identical angle of arrival/departure
and, thus, the phase of each element in the array
steering vector can be modelled as linear to the
antenna index [7]. Unlike far-field free-space chan-
nel models, in the near-field the aforementioned
approximations do not hold, and the antenna ele-
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Some of the surrounding
scatterers may reside in
the radiating near-field
with respect to either the
transmitter or the receiver,
while others might lie in
the far-field, so that hybrid
models should be accounted

for while representing the

channel characteristics.

ments have different distances with the target user
and different angles of arrival/departure. Thus, in
the near-field channel model, the wireless link from
each antenna element to the target user has differ-
ent path gain and phase variations [3].

The characterization of multipath environments
gives rise to additional channel modelling challeng-
es. As previously discussed, 6G fosters the adoption
of electrically large antenna arrays with hundreds or
even thousands of radiating elements. Thus, in con-
trast to traditional communication systems, the large
array aperture makes the spatial channel proper-
ties experienced across the array non-stationary [8].
This means that some multipath components might
be detected by certain elements of the array but
not from the others and, thus, each set of antennas
requires proper channel characterization. Traditional
fading models are no longer suitable for describing
such non-stationary channels. In addition, some of
the surrounding scatterers may reside in the radiat-
ing near-field with respect to either the transmitter or
the receiver, while others might lie in the far-field, so
that hybrid models should be accounted for while
representing the channel characteristics. Recently
proposed modelling approaches, relying on Fou-
rier plane-wave series expansion of the channel
response [8] or by representing the environment
using discrete coupled dipoles [9], allow to implicitly
account for such hybrid scattering scenarios. None-
theless, complete modelling of near-field wireless
channels is still an active area of research.

BEAM FOCUSING
FAOM BEAM STEERING T0 BEAM FOCUSING

In conventional far-field wireless communications,
transmit beam steering refers to an array signal pro-
cessing technique where a multi-antenna transmitter
sends EM signals to a specific direction, as shown
in the left side of Fig. 2. Transmit beam steering is a
key method for improving spectrum efficiency and
controlling co-channel interference in farfield com-
munications. However, as the EM wavefronts are
planar, the transmitter can only control the relative
angle towards which most of the energy is radiated.
Differently, in the radiating near-field region,
beam focusing takes advantage of the non-negligi-
ble spherical wavefront to focus the radiated energy
in a specific spatial location, i.e., not only by angle,
but also by a specific depth along the direction of
propagation, as shown in the right side of Fig. 2.
Indeed, similarly to beam steering, beam focus-
ing is a transmit technique based on precoding of
the outgoing signal to achieve a desired radiation
pattern. In particular, in order to properly gener-
ating focused beams, one must separately weight
the spherical wave signals from each individual
antenna such that they are added constructive-
ly at the desired focal point, yielding high signal
strength, and have the radiated spherical wave
signals added destructively in other points (e.g., to
suppress interference). As in conventional beam
steering, the most flexible design is achieved using
fully-digital arrays, where one can individually
control the outgoing wavefront at each antenna,
while typically resulting in costly and power-hun-
gry designs for large-scale antennas and high-fre-
quency radiation. Nonetheless, beam focusing
can also be achieved using hybrid analog/digital
techniques and even with purely analog beam

steering using, e.g., phased arrays, though typical-

ly with reduced flexibility compared with fully-dig-

ital arrays, especially when aiming for complex

patterns with multiple focal points [4].

The ability to generate focused beams can be
exploited to facilitate future 6G wireless commu-
nications. The advantages of beam focusing when
working in the near-field include:

* Beam focusing provides a new DoF to shape the
interference. Beam focusing can not only con-
trol multi-user interference in the angle domain,
as traditional beam steering, but also control
the interference in the distance domain.

+ Beam focusing enables capacity-approaching
near-field MIMO communications. Capac-
ity-approaching MIMO communication in
near field leads to complex array phase
profiles. As shown in [10], these can be effi-
ciently approximated using a combination of
simpler multiple focusing beams.

In the next section we illustrate some specific

application examples of these advantages.

APPLICATION SCENARIOS

In the following, we list some of the typical scenar-

ios in 6G networks where near-field aware beam

focusing can be exploited to enhance performance:

* Near-Field Multi-User Communications: 6G
BSs and access points will support a multitude
of users. Such application scenarios result
in multiple spectrum sharing users, which in
turn is likely to result in notable interference.
When the users are located in the radiating
near-field region of the BS, co-channel inter-
ference can be mitigated via beam focusing,
even when the users lie in the same relative
direction [4]. This interference mitigation
ability, which is not present in convention-
al far-field communications, gives rise to the
possibility to support multiple coexisting
orthogonal links, even at the same angles,
thus allowing spatial user densification.

+ Near-Field Localization and Sensing: The
diverse heterogeneous nature of 6G net-
works indicates that some devices will utilize
EM radiation not solely for communications,
but also for probing the environment, e.g.,
for sensing and/or RF localization. Wire-
less localization and sensing are expected
to be enhanced by the consideration of
distance-aware channels. As an example,
preliminary results have shown the possibil-
ity to perform holographic localization by
exploiting the DoF offered by the spherical
wavefront, so that positioning is boosted at
an unprecedented scale thanks to the posi-
tion information encapsulated in the wave-
front and without the need to deploy more
ad hoc nodes to triangulate signals [11].

* Near-Field Wireless Power Transfer: Wireless
Power Transfer (WPT) is an emerging tech-
nology that allows an energy transmitter to
charge multiple remote devices wirelessly,
and has many potential applications in 6G net-
works [12]. Two core challenges in WPT are
associated with the fact that energy transfer
efficiency is relatively low due to the path loss
degradation, and the need to avoid energy
pollution, i.e., radiating energy at specific sen-
sitive location. When WPT is carried out in the

74

IEEE Communications Magazine ¢ April 2023



radiating near-field, beam focusing enables

to jointly tackle these challenges, allowing to

achieve efficient power transfer with minimal

energy pollution, as shown in [12].

While the above applications arise from the
main expected usages of EM radiation in 6G net-
works, there are also many other exciting appli-
cation-oriented opportunities related to near-field
communications. First, some emerging technol-
ogies aim at combining EM radiation for dual
purposes. These include integrated sensing and
communications, where beam focusing can great-
ly contribute to facilitating co-existence, and simul-
taneous wireless information and power transfer.
An additional communication aspect which can
benefit from beam focusing is physical-layer secu-
rity, which aims at exploiting the physical features
of wireless channels to convey information while
keeping it concealed from eavesdroppers. In the
conventional far-field case, beam steering and
noise jamming are two commonly used signal
processing tools to enhance the achievable secre-
cy rate. As the communication devices move to
the radiating near-field, one can apply focused
beams to focus the confidential messages on
legitimate users and avoid information leakage to
eavesdroppers. In this case, beam focusing can
increase the secrecy rate and potentially enhance
the energy efficiency of the whole system because
jamming signals may be unnecessary.

NUMERICAL RESULTS

To demonstrate the potential of near-field beam
focusing for 6G wireless communications, we sim-
ulate a multi-user communications setup, and pres-
ent numerical results to illustrate the interference
mitigation ability of beam focusing. We consider
a near-field multi-user communication scenario
where the BS deploys a fully-digital uniform pla-
nar array (UPA) positioned in the xy-plane, and
two single-antenna users are placed in the z-axis,
i.e., in the same angular direction. In practice, the
antenna architecture imposes some limitations on
the ability to generate different beam patterns,
which obviously affect the beam-focusing capa-
bilities of the transmitter. Here we consider the
ideal case of fully digital architecture to study
the performance limits of near-field-aware beam
focusing, although constrained and hybrid anten-
na architectures may be more commonly used
in future 6G networks. We consider the length
and width of the UPA are 0.8 and 0.4 meters, the
space between each element is one-wavelength,
and the carrier frequency is 28 GHz. Under
such parameter settings, the Fraunhofer distance,
i.e., the limit of the radiating near-field region, is
approximately 149 meters. This setting is used to
exemplify the beam-focusing abilities for near-field
communications and does not target a specific
peak data rate. In our simulation, as in [4, 5], we
adopt the free-space line-of-sight channel model.
The maximum transmit power is set to 10 dBm,
noise power spectral density is =174 dBm per
Hertz, and signal bandwidth is 100 MHz.

We first illustrate the performance gain of
beam focusing compared to beam steering for
a single-user scenario. Figure 3 shows the spec-
trum efficiency when the receiver is located at
different points along the z-axis, achieved by the
fixed beam focusing and beam steering anten-
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FIGURE 3. Comparison of beam focusing and beam steering in terms of
spectrum efficiency.
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FIGURE 4. Spectrum efficiencies per user versus location along the z-axis.

na configurations. The transmit pattern used for
beam focusing is based on the scheme proposed
in [4], and is pointed at the focal point of (0, O,
10) meters, located in the near-field region. Beam
steering is designed using classical antenna array
design tools valid for far-field conditions to steer
the beam towards the same direction, i.e., along
the z-axis, with the objective of maximizing the
received power. In Fig. 3, it is clearly shown that
beam focusing can significantly increase the spec-
trum efficiency compared to beam steering when
the user is located in the proximity of the focal
point. This is because beam steering is designed
for the far-field scenario, resulting in performance
loss when operating in near-field users due to
channel mismatch. Moreover, we can observe
that when the user is located on the z-axis but far
away from the focal point, the spectrum efficiency
of beam focusing is lower than that of far-field
beam steering, which implies the ability of beam
focusing on reducing radiating interference.

Next, we demonstrate the advantage of
beam focusing in distinguishing different users
with the same angular direction. As in [4], the
focused beams are designed to maximize the
sum spectrum efficiency of two near-field focal
points located at coordinates (0, 0, 8) meters
and (0, 0, 22) meters. We also design the far-
field steered beams towards the same direction.
Figure 4 illustrates the spectrum efficiencies of
each of the two users along the z-axis (when
one user is moving along the z-axis, the other
is fixed at the focal point), obtained using near-
field beam focusing and far-field beam-steering

To demonstrate the potential
of near-field beam focusing
for 66 wireless commu-
nications, we simulate a
multi-user communications
setup, and present numer-
ical results to illustrate the
interference mitigation

ability of beam focusing.
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Beam focusing enables
sending signals on target
regions with weak signal
power leakage on other

regions, as stated above,
which makes it an appealing
technique for various future
66 applications.
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FIGURE 5. The normalized signal power measurement of two focused beams: a) focused beam for user 1; b) focused beam for user 2

antenna configurations. We observe in Fig. 4 that
the peak spectrum efficiencies of each of the
two users occur when they are located around
their corresponding focal points, implying that
the designed focused beams are all capable of
yielding reliable communications with minimal
degradation due to interference. In contrast, only
one user can achieve a favorable spectrum effi-
ciency for the far-field steer beams whereas the
spectrum efficiency of the second user is approx-
imately zero. This is because the two focal points
have the same angular direction, and will gen-
erate strong interference, and thus beam steer-
ing allocates all the transmit power to one user
with the better channel (i.e., smaller path loss) to
maximize the sum spectrum efficiency.

In Fig. 5 we visualize the co-channel inter-
ference mitigation ability of beam focusing. In
particular, we plot the normalized signal power
measurement of two focused beams on the
xz-plane, where the focused beams are designed
and used as in Fig. 4. From Fig. 5, we can observe
that near-field focusing can not only enhance
the signal strength at the focusing point, but also
eliminate the co-channel interference to other
users. For example, as shown in Fig. 5a, the ener-
gy of the beam designed for user 1 is mainly
focused around user 1, and it generates negligible
co-channel interference to user 2, even if the two
users lies in the same angular direction. Figure 4
and Fig. 5 indicate that, by properly accounting
for the expected near-field operation via dedicat-
ed beam focusing, it is possible to give rise to new
levels of interference mitigation not achievable
in the conventional far-field, as one can not only
control the multi-user interference in the angle
domain, but also balance interference in the dis-
tance domain. This aspect is particularly appealing
in realizing ultra-massive networks.

DESIGN CHALLENGES AND RESEARCH DIRECTIONS

Beam focusing enables sending signals on target
regions with weak signal power leakage on other
regions, as stated above, which makes it an appeal-
ing technique for various future 6G applications.
Approaching the near-field beam focusing per-
formance boost, however, necessitates carefully
addressing several challenges, opening up numer-
ous fascinating research opportunities and direc-
tions. Some of them are discussed briefly below.

CHANNEL ESTIMATION

The ability to achieve focused beams heavily relies on
accurate knowledge of the wireless channel. Since
the aim is to have the signal energy concentrated
on a small region around the desired focal points,
beam focusing is more sensitive to inaccurate chan-
nel knowledge than far-field beam steering. =Con-
sequently, a relevant research direction involves
studying the accurate near-field channel estimation
techniques, and designing robust beam focusing
approach to cope with the CSI inaccuracy problem.

For far-field high-frequency communication
systems such as 5G mmWave, the steering vector
of the antenna array is only related to the angle
of arrival, and thus wireless channel can be repre-
sented by a Fourier dictionary-based sparse model.
However, for the near-field case, the array steer-
ing vector depends on both the angles of arrival
and the user distance. Therefore, the Fourier dic-
tionary which only samples in the angular-domain
is not appropriate to model near-field channels.
One elegant solution is the polar-domain near-field
channel modeling scheme [71, which has strictly
proved the non-uniform sampling criterion in the
distance dimension for the first time. Consequent-
ly, new channel estimation methods based on the
polar-domain near-field channel modeling are high-
ly desired and an important research direction.

Beam MiSFocus/SpLT ISSUE

In order to focus beams on the target locations in
near-field communications, the phase of each anten-
na should be designed to compensate for the signal
transmission delay from the element to the target
focal point. As a result, the phase of each transmit
antenna element should depend on the transmis-
sion distance and frequency/wavelength, i.e., one
should use frequency-selective precoding to achieve
focused wideband beams. However, in common
phased array-based communication systems, phase
shifters are usually designed to be approximate-
ly frequency-flat within the communication band.
Attempting to realize near-field wideband beam
focusing using frequency-flat phase shifter hardware
results in the so-called beam misfocus or beam split
[13] phenomenon, where the generated beams at
different frequencies will focus on different locations.
The misfocus effect limits the effective bandwidth of
the phased array, resulting in poor performance of
wideband communication systems. As a result, it is
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highly desirable to reduce or eliminate the beam
misfocus problems, either via signal processing tech-
niques or by design of flexible precoding hardware,
to overcome the harmful effects of this phenome-
non in near-field wideband communications.

MIMO MuLTIPLEXING GAIN

The additional DoF of the near-field distance-aware
channel model compared with its far-field coun-
terpart gives rise to potential MIMO multiplexing
gains. Unlike conventional far-field LOS MIMO
channels, which are represented by rank-one matri-
ces, the near-field LOS MIMO channel matrix,
depending on the geometric configuration, can
potentially become full-rank thanks to the richer
information carried by spherical waves propaga-
tion. This implies that near-field LOS MIMO chan-
nels provide increased spatial DoF, which can be
translated into multiplexing gain [10]. The exploita-
tion of this channel property depends on the ability
to address several design challenges. For once, the
corresponding optimal precoding and decoding
matrices are very sensitive to the geometric config-
uration of antennas normalized to the wavelength,
thus making the channel state information (CSI)
estimation process as well as hardware constraints
more critical, especially at high frequency. As previ-
ously outlined, optimal precoding/decoding can be
efficiently approximated by beam focusing opera-
tions, thus reducing the requirements on hardware.

HARDWARE IMPLEMENTATION

The realization of extremely large-scale antenna
arrays especially operating at high-frequency bands,
which naturally results in nearfield operation whose
potential is discussed in this article, is still subject to
a multitude of implementation challenges. In par-
ticular, the hardware technology which can realize
extremely large-scale antenna arrays with high-fre-
quency signals is an area of ongoing research. For
example, the efficiency of power amplifiers is typi-
cally frequency-dependent and tends to decrease as
the carrier frequency increases. A possible solution
is to design energy-efficiency high-frequency hard-
ware devices based on advanced semiconductor
technology such as scaled SiGe bipolar technology
for supporting 6G wireless networks [14]. For exam-
ple, ADC/DAC in traditional transceiver architecture
will consume an excessive amount of power for a
terabit-per-second data rate. Therefore, one import-
ant research opportunity is how to explore new
architectures, like those implementing high-order
modulation in analog/RF domain directly to over-
come this challenge [15]. Although these important
hardware implementation challenges are not spe-
cific to near-field communications, they need to be
carefully addressed for implementing efficient 6G
near-field communication systems in practice.

CONCLUSION

To date, wireless communications are mainly stud-
ied and designed in the far-field region, where the
wavefronts can be well-approximated as planar.
However, for future 6G networks, some portion
of devices may operate in the radiating near-field
region, where the conventional plane wave prop-
agation assumption in far-field is no longer valid.
In this article, we provided an overview of the
opportunities and challenges of radiating near-
field wireless communication systems. We first

presented the key characteristics of near-field radi-
ation where the spherical waveform propagation
model holds, and clarified the new properties of
the near-field channel model. Then, we discussed
the emerging near-field beam focusing capability,
highlighted its advantages for wireless commu-
nications, and pointed out its several appealing
6G-related applications. We concluded with some
of the design challenges and potential research
directions. It is acknowledged that while near-field
wireless communications are promising for 6G,
more research is still necessary to address the
daunting challenges for more realistic evaluation
and possible commercialization.
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