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Near-Field Communications for Extremely
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ABSTRACT

Extremely large-scale multiple-input multiple-out-
put (XL-MIMO) is regarded as one of the key
techniques to enhance the performance of future
wireless communications. Different from regular
MIMO, the XL-MIMO shifts part of the communi-
cation region from the far field to the near field,
where the spherical-wave channel model cannot
be accurately approximated by the commonly-ad-
opted planar-wave channel model. As a result, the
well-explored far-field beamspace is unsuitable for
near-field communications, thereby requiring the
exploration of specialized near-field beamspace.
In this article, we investigate the near-field com-
munications for XL-MIMO from the perspective of
beamspace. Given the spherical wavefront charac-
teristics of the near-field channels, we first map the
antenna space to the near-field beamspace with
the fractional Fourier transform. Then, we divide
the nearfield beamspace into three parts, including
high mainlobe, low mainlobe, and sidelobe, and
provide a comprehensive analysis of these com-
ponents. Based on the analysis, we demonstrate
the advantages of the near-field beamspace over
the existing methods. Finally, we point out sever-
al applications of the near-field beamspace, and
highlight potential directions for future study in the
near-field beamspace.

INTRODUCTION

Future wireless communications are expected to
support many applications, such as smart cities and
vehicles to everything, that often demand ultra-
high-speed transmission or ultra-dense connections.
To enable these applications, extremely large-scale
multiple-input multiple-output (XL-MIMO) is devel-
oped as a candidate technique [1-3]. In XL-MIMO,
a base station (BS) typically adopts an antenna
array with far more antennas than massive MIMO,
for example, 1024 antennas vs. 64 antennas. As a
result, the BS can not only provide high beamform-
ing gains to improve the spectral efficiency but also
utilize the increased spatial degree of freedom to
enhance the system connectivity [1] .

On the other side, the considerable increase in
array aperture has differentiated channel models
of XL-MIMO from those of the massive MIMO.
According to the array aperture and the commu-
nication distance, the electromagnetic wave radia-
tion field is categorized into the far field, radiating
near field, and reactive near field, as depicted in

Fig. 1. In massive MIMO, the limited array aper-
ture results in a far-field-dominated BS coverage,
characterized by the planar-wave channel model.
Conversely, due to XL-MIMO's significant array
expansion, the near field, encompassing both
radiating and reactive components, constitutes
a substantial part of the BS coverage, where
the spherical-wave model is adopted for accu-
rate channel characterization [2]. The changes in
channel models have fundamentally differentiated
near-field communications from the existing far-
field ones, which necessitates the development of
dedicated signal processing techniques for near-
field communications.

In addition to the challenges posed by the dif-
ference in channel models, the XL-MIMO also
suffers from the high system processing com-
plexity due to the deployment of a large num-
ber of antennas. An effective way to reduce this
complexity is the beamspace processing [4]. By
exploiting the channel sparsity and transforming
the received signals from the antenna space to the
beamspace, the signal dimensions are condensed,
and consequently the processing complexity is
reduced. Besides complexity reduction, beam-
space processing has various other advantages,
including alignment with hybrid precoding struc-
tures, improved signal-to-noise ratio, enhanced
system robustness, spatial interference mitigation,
and signal feature extraction. In the far field, the
antenna space and the beamspace can be conve-
niently connected by the Fourier transform. Ben-
efiting from the classic Fourier transform theory,
the far-field beamspace processing methods have
been widely applied in numerous aspects, such as
beam training, beam tracking, and channel esti-
mation. Given the enlarging number of antennas
of XL-MIMO, there arises increasing demand for
the development of beamspace processing. How-
ever, the fundamental difference between far-field
and near-field channel models renders the well-ex-
plored far-field beamspace unsuitable for the near
field. Consequently, a crucial need arises for the
exploration of beamspace specifically designed
for near-field communications.

The most widely adopted near-field beamspace
processing method is the near-field beam focus-
ing [5]. This approach utilizes the spherical wave-
front properties of the near field to concentrate
beam energy at specific locations. However, the
near-field beam focusing only concentrates on the
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region around the focused location and neglects
other extensive regions in the near field. To date,
there has been no comprehensive investigation
of near-field communications from a beamspace
perspective. To fill this gap, this article presents an
in-depth discussion on near-field beamspace for
XL-MIMO systems. Different from the far field that
connects the antenna space and the beamspace
by the Fourier transform, we first map the antenna
space to the near-field beamspace with the frac-
tional Fourier transform (FrFT) according to the
spherical wavefront characteristics of the near-field
channels. We divide the near-field beamspace into
three parts, including high mainlobe, low mainlobe,
and sidelobe. Then, we provide a detailed analy-
sis of the high and low mainlobes in the near-field
beamspace. Based on the analysis, we demonstrate
the advantages of the near-field beamspace over
the existing methods. Finally, we point out several
applications of the near-field beamspace and high-
light some potential directions for future study in
the nearfield beamspace.

NEAR-FIELD BEAMSPACE

In this section, we explore the near-field beam-
space for XL-MIMO. We commence by discuss-
ing far-field and near-field channel models and
introducing their corresponding beamforming
approaches. According to the spherical wavefront
characteristics of the near-field channels, we map
the antenna space to the near-field beamspace
with the FrFT. Then, we conduct a comprehensive
investigation on the near-field beamspace.

PLANAR- ViS. SPHERICAL-WAVE MoDELS

Electromagnetic waves have a spherical wavefront
when propagating through the free space. As a
result, the phase differences and amplitude varia-
tions among antennas are modeled based on the
distances between the transmit and receive anten-
nas, leading to the ground-truth spherical-wave
model. In this context, the channel coefficients
exhibit a high nonlinearity with respect to antenna
positions, which greatly increases the complexi-
ty of system implementation. For conventional
wireless systems, due to the small array aperture,
users are mainly located in the far field, where
the spherical-wave model can be simplified as the
planar-wave model, and phase differences among
antennas are only related to the channel angle. The
concise planar-wave model greatly simplifies the
spherical-wave model and has facilitated extensive
studies on conventional wireless systems. Howev-
er, for the emerging XL-MIMO, a significant pro-
portion of users are located in the near field due
to the expansion in array aperture. If we continue
to adopt the planar-wave model in the near field,
a large performance loss will be incurred. There-
fore, in the near field, we must stick to the original
spherical-wave model to characterize the channel,
where the phase differences among antennas are
related to both the channel angle and distance.

FAR-FIELD BEAM STEERING VS, NEAR-FIELD BEAM FOCUSING

The different channel models in the far and near
fields lead to different beamforming approaches.
In general, based on the phase differences among
antennas, beamforming can make full use of the
power of the antenna array to combat the prop-
agation attenuation. In the far field, where phase
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FIGURE 1. lllustration of characteristics of the near and far fields.

differences are primarily associated with channel
angles, the beamforming directs energy to spe-
cific directions, leading to far-field beam steer-
ing. In contrast, the near field, characterized by a
spherical wavefront, introduces phase differences
related to both channel angle and distance. By
carefully adjusting the beamforming weights to
compensate the phase differences, the near-field
beamforming can focus the energy on specific
locations, leading to the near-field beam focus-
ing [5]. The distinct beamforming approach in
the near field results in some unique applications.
For example, in the near-field multiuser commu-
nications, the BS can exploit the near-field beam
focusing to serve users at the same angle but dif-
ferent distances. In addition, since electromagnet-
ic waves exhibit a spherical wavefront in the near
field, the near-field steering vector depends on
both the angle and distance, which enables near-
field sensing and localization.

FAR- VS, NEAR-FIELD BEAMSPACES

The deployment of a large number of antennas
necessitates the beamspace processing to reduce
the complexity or improve the performance. How-
ever, the far-field beam steering only concentrates
on the angular interval around the desired direc-
tion and neglects the other directions. Inspired by
the similarity between far-field channel steering
vectors and complex sinusoidal signals, the Fourier
transform has been introduced to map the antenna
space to the far-field beamspace [4]. As illustrated
in the left of Fig. 2, besides the desired direction,
the far-field beamspace, which can be divided into
the mainlobe and the sidelobe, reveals the over-
all characteristics of the far-field channel steering
vector across all the directions. For example, the
mainlobe exhibits an energy concentration within
a specific angular interval, where the beamwidth
depends on the number of antennas. Further-
more, the sidelobe demonstrates significantly lower
beamforming gain compared to the mainlobe, ren-
dering it negligible in certain scenarios. This com-
mon viewpoint leads to the extensive adoption
of far-field beamspace processing, promoting the
advancement of massive MIMO.

Similarly, the near-field beam focusing only
concentrates on the region around the focused
location and neglects the others. Then, a problem
arises naturally: Can we develop the correspond-
ing near-field beamspace beyond the near-field
beam focusing?

As shown in Fig. 1, in the far field, all antennas
share the same spatial angle due to the planar
wavefront characteristics. However, in the near
field, spherical wavefront characteristics cause
the spatial angles to vary across different antenna
indices. As a result, the near-field channel steering
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FIGURE 2. Comparisons of far-field and near-field beamspaces.

vectors are more similar to the frequency-modulat-
ed signals than to the complex sinusoidal signals
with constant frequencies. Specifically, by employ-
ing the Fresnel approximation [6], the phases of
antennas are quadratic functions of the antenna
indices, which are similar to the linear frequency
modulation (LFM) signals or chirp signals [7]. Since
the Fourier transform typically captures the over-
all frequency characteristics of a signal, it cannot
characterize spherical wavefront characteristics of
near-field channels, and therefore is not suitable
for the near-field beamspace analysis. A common
way to deal with the frequency-modulated signals
in the existing literature is the FrFT [8]. Different
from the Fourier transform that uses the complex
sinusoidal signals as the basis, the FrFT uses the
quadratic phase signals as the basis, which matches
perfectly with near-field channel steering vectors
based on the Fresnel approximation. In light of this,
we propose to map the antenna space to the near-
field beamspace with the FrFT.

As illustrated in the right of Fig. 2, by perform-
ing the FrFT, we transform the near-field chan-
nel steering vector from the antenna space to
the near-field beamspace. Before delving into
the characteristics of the near-field beamspace,
we provide some clarifications. The Fourier trans-
form basis is the complex sinusoidal signal and
only has one parameter. As a result, the far-field
beamspace is two-dimensional with the angle
and the beamforming gain being the x-axis and
y-axis, respectively. However, the FrFT basis is the
quadratic phase signal and has two parameters,
which leads to the three-dimensional near-field
beamspace. In addition, the linear and quadratic
coefficients of the FrFT basis correspond to the
angle and distance dimensions of the near-field
channel steering vectors based on the Fresnel
approximation, respectively. Consequently, we
designate the coefficient of the quadratic term
as the “surrogate distance” and the coefficient of
the linear term as the “angle.” As illustrated in the
right of Fig. 2, the x-axis and y-axis of the near-
field beamspace are the angle and the surrogate
distance, respectively. Therefore, every point in
the near-field beamspace corresponds to a specif-
ic location in the near field. Since complex sinu-
soidal signals exhibit linear phases and are special

cases of quadratic phase signals with zero qua-
dratic terms, the Fourier transform is a particular
case of the FrFT. Consequently, the far-field beam-
space is a subset of the near-field beamspace
when the surrogate distance is zero. Therefore,
the near-field beamspace can also be utilized to
analyze far-field channels. When the basis of the
FrFT aligns with the near-field steering vector, the
energy can be concentrated on a specific location
in the near field, that is, the focused location in
the right of Fig. 2, which is named as the near-
field beam focusing [1, 5. Besides the focused
location, the near-field beamspace also demon-
strates other characteristics. Notably, according to
the beamforming gains, we divide the beamspace
of a near-field channel steering vector into three
parts: high mainlobe, low mainlobe, and sidelo-
be. It is evident that the beamforming gain of the
sidelobe is significantly smaller than that of the
mainlobe, encompassing both the high and low
mainlobes. Therefore, we focus our analysis on
the mainlobes and omit the sidelobe.

DETAILED ANALYSIS OF THE HIGH AND LOW MAINLOBES

In addition to the focused location of the near-
field beam focusing [5], analysis on the charac-
teristics of both high and low mainlobes is crucial
and will be detailed as follows.

High Mainlobe: In Fig. 3, we analyze the char-
acteristics of the high mainlobe in the near-field
beamspace. In the middle of Fig. 3, we begin by
duplicating the near-field beamspace from the
right of Fig. 2 and then mark the focused loca-
tion, the angle cross-section across the focused
location, and the distance cross-section across the
focused location.

Angle Cross-Section: In the left of Fig. 3, we
illustrate the angle cross-section of the near-field
beamspace across the focused location. Since the
angle cross-section passes through the focused
location, the surrogate distance of the FrFT basis
aligns with the quadratic coefficient of the chan-
nel steering vector. In this context, the FrFT of
the channel steering vector would become the
Fourier transform of a far-field channel steering
vector. As a result, the properties of the angle
cross-section of the near-field beamspace are sim-
ilar to those of the far-field beamspace in the left
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FIGURE 3. Characteristics of the high mainlobe in the near-field beamspace.

of Fig. 2. Specifically, the 3 dB beamwidth of the
high mainlobe along the angle is approximately
two divided by the number of antennas, which
indicates that the ability of beam focusing in the
angle dimension increases linearly with the num-
ber of antennas.

Distance Cross-Section: In the right of Fig.
3, we illustrate the distance cross-section of the
near-field beamspace across the focused location.
Since the distance cross-section passes through
the focused location, the angle of the FrFT basis
aligns with the linear coefficient of the channel
steering vector. In this context, the FrFT of the
channel steering vector would be the summa-
tion of quadratic phase signals. By approximat-
ing the summation as the integral and employing
the Fresnel function [6], we can determine that
the 3 dB beamwidth of the high mainlobe along
the distance is approximately seven divided by
the square of the number of antennas. Interested
readers can refer to [9] for more details. This out-
come indicates that the ability of beam focusing
in the distance dimension increases quadratically
with the number of antennas.

Overall High Mainlobe: Inspired by the anal-
ogous Taylor series expansions of the Gaussian
function and the beamforming gain within the
high mainlobe, we approximate the high main-
lobe using a Gaussian function, which is referred
to as the Gaussian approximation [10]. From
[101, this approximation is highly accurate, with
an average deviation of only 0.5 percent. This
approach provides a clear and comprehensive
understanding of the high mainlobe. Based on the
Gaussian approximation, the beam gain contours
of the high mainlobe can be expressed as elliptic
functions. Then, the analyzed properties of the
angle cross-section and the distance cross-section
can be extended to the overall high mainlobe.

Low Mainlobe: Now we analyze the char-
acteristics of the low mainlobe in the near-field
beamspace. From the near-field beamspace in the
right of Fig. 2, the beamwidth of the low main-
lobe along the angle increases with the deviation
between the surrogate distances of the focused
location and an arbitrary location, which is termed
as the surrogate distance deviation for simplicity;
and the beamforming gain of the low mainlobe
decreases with the surrogate distance deviation.
Understanding the variations of the beamwidth
and beamforming gain with the surrogate dis-
tance deviation is the key to exploring the charac-
teristics of the low mainlobe.

Spatial Region and Intensity Distribution of
the Low Mainlobe: In the low mainlobe, there is a

misalignment between the FrFT basis and the near-
field channel steering vector. As a result, given a
fixed location, the beamforming gain along the
angle can be seen as the Fourier transform of qua-
dratic phase signals [7]. However, deriving closed-
form expressions for this problem is challenging
due to the quadratic phase terms. Numerical meth-
ods may provide well-approximated results for
this problem but cannot provide enough insights
for the understanding of the low mainlobes. Note
that the classic principle of stationary phase (PSP)
provides a concise and insightful analysis for the
spectrum of the quadratic phase signals [7, 10].
Based on the PSP, the beamwidth of the low
mainlobe along the angle increases linearly with
the increase of the surrogate distance deviation,
while the square of the average beamforming gain
of the low mainlobe increases inversely with the
increase of the surrogate distance deviation. This
succinct relation provides an effective and intuitive
approach to characterize the low mainlobe of the
near-field beamspace, which can facilitate several
applications, as will be stated later. In Fig. 4, we
illustrate the spatial region and intensity distribution
of the low mainlobe in the near-field beamspace.
From the figure, the calculated average beamform-
ing gain and beamwidth show a striking similarity to
their approximations based on the PSP. From Fig.
4, the approximated beamforming gain deviates
by less than 2 percent from the calculated value,
and the approximated beamwidth deviates by less
than the inverse of the number of antennas from
the calculated value. This similarity underscores the
effectiveness of the PSP-based approximation in
capturing the characteristics of the low mainlobe.

PROPERTIES OF THE NEAR-FIELD BEAMSPACE

The near-field beamspace is obtained by apply-
ing the FrFT to the near-field channel steering
vector, which allows leveraging FrFT properties
to enhance the analysis and computation of the
near-field beamspace.

Parseval’s Relation (PR) in the Near-Field
Beamspace: A significant property of the FrFT is
its adherence to the Parseval’s theorem [8]. Based
on this property, we can obtain that the accumu-
lated energy of the near-field beamspace is the
same for different surrogate distances. In far-field
scenarios, the beamforming gain deteriorates
when the beam is directed toward multiple dis-
tinct directions compared to pointing to a single
direction. However, in the near field, due to this
property, the BS can provide beamforming gains
for locations in low mainlobes without degrading
the beamforming gain of the focused location.
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the near-field beamspace.

Translation Invariance (TD) in the Near-Field
Beamspace: The previous analysis of the near-
field beamspace is based on a specific chan-
nel steering vector, which may limit its general
applicability. Thankfully, as demonstrated in [9],
the FrFT of the near-field channel steering vec-
tor exhibits the property of translation invari-
ance, which means that a change in the channel
steering vector results in a corresponding trans-
lation of the near-field beamspace. In this con-
dition, the focused location can change without
affecting the characteristics of the mainlobe and
sidelobe in the near-field beamspace. Conse-
quently, the properties of the mainlobe and sid-
elobes analyzed for one channel steering vector
can be directly extended to any other channel
steering vector.

Fast Calculation (FC) of the Near-Field
Beamspace: In XL-MIMO systems, the anten-
na array typically consists of a large number of
elements, resulting in high-dimensional channel
steering vectors. Moreover, the FrfFT is a two-di-
mensional transform involving both angle and
distance, further complicating the near-field
beamspace analysis. To alleviate this complex-
ity, the fast FrFT algorithm, which achieves the
same order of computational complexity as the
fast Fourier transform, can be employed [11].
This approach significantly enhances computa-
tional efficiency and supports timely processing,
making it highly suitable for practical near-field
beamspace analysis.

COMPARISONS WITH THE EXISTING WORKS

Existing works have explored various methods to
analyze the channel properties of XL-MIMO sys-
tems, including the far-field beamspace [4], near-
field beam focusing [5], polar domain [6], k - b
domain [7], and wavenumber domain [12]. Table
1 compares the near-field beamspace with these
methods based on eight criteria: applicability to
far-field channels, applicability to near-field chan-
nels, focus on the high mainlobe, focus on the
low mainlobe, inclusion of analysis for both high
and low mainlobes, adherence to PR, consider-
ation of Tl, and capability for FC. The table shows
that the proposed near-field beamspace offers a
more comprehensive approach to analyzing near-
field channels compared to the existing methods,
highlighting its effectiveness in addressing the
complex characteristics of near-field channels in
XL-MIMO systems.

APPLICATIONS OF NFAR-FIELD BEAMSPACE

The near-field beamspace analysis has revealed
several properties that are not addressed by the
existing works. By exploiting these properties, sev-
eral promising applications can be developed.

NEAR-FIELD BEAM TRAINING

As an effective way to accomplish the beam align-
ment, beam training explores the communication
channels by testing predefined codewords. In
the context of near field, a straightforward meth-
od to perform beam training is the near-field
beam sweeping [13]. This approach first sam-
ples the space in angle and distance, and then
leverages the near-field beam focusing to evalu-
ate each sampled position. However, its training
overhead depends on the samples in both angle
and distance and therefore is extremely high. For
example, with 512 angle samples and 11 dis-
tance samples [14], the training overhead will be
512 x 11 = 5632. In fact, the high training overhead
of the near-field beam sweeping is attributed to the
exclusive emphasis on high mainlobes and neglect
of the low ones. Previously, the low mainlobe can
also provide considerable beamforming gain and
has much wider beam coverage than the high one,
which indicates much fewer codewords are needed
to cover the whole near-field beamspace. In [10],
only 15 codewords are needed to cover the space
for beam training, which is much less than the beam
sweeping, for example, 15 v.s. 5632. Therefore, the
near-field training overhead can be substantially
reduced by exploiting the low mainlobes and care-
fully designing the codebook [71.

NEAR-FIELD BEAM REFINEMENT

One fundamental problem with beam training is the
limited resolution due to the quantization. A straight-
forward way to improve the estimation accuracy is
to reduce the quantization intervals. However, the
smaller quantization intervals will inevitably lead to a
larger codebook size, and a higher training overhead
is needed to test the codewords in the enlarged
codebook. In this condition, the low-complexity
beam refinement can be considered [14]. From Fig,
3, the high mainlobe of the beam pattern can be
highly approximated as a two-dimensional Gaussian
function. By exploiting this property, the parameter
estimation of the nearfield channels can be convert-
ed to the parameter estimation of the two-dimen-
sional Gaussian function. Based on the well-explored
parameter estimation of Gaussian functions, closed-
form estimates of channel angle and distance can be
derived [10]. Then, the estimated parameters can be
exploited to improve positioning performance and
achieve accurate beam alignment.

NEAR-FIELD BEAM TRACKING

To further reduce beam alignment overhead, a
near-field beam tracking method has been devel-
oped [14]. This approach leverages the correlation
of channel state information across different time
slots to estimate real-time user positions. During
beam tracking, when a user moves beyond the
mainlobe coverage, the BS adjusts the beamform-
ing vectors to maintain high beamforming gain.
A crucial step in this process is to determine the
extent of the high mainlobe coverage. By utilizing
the Gaussian approximation, the detailed cover-
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Channels Beam Pattern Properties
Methods :

g | e | e | s v | m | e
Far-Field Beamspace [4] v x x x x v x v
Near-field Beam Focusing [5] v v v x x x x x
Polar domain [6] v v v v A x x x
k-b domain [7] v v x v A v x x
Wavenumber domain [12] v v x x x x x v
Near-Field Beamspace v v v v v v v v

Note: The symbol v indicates that the corresponding criterion is addressed in the method; The symbol x indicates that
the corresponding criterion is not addressed in the method; The symbol A indicates that the corresponding criterion is

partially addressed in the method.

TABLE 1. Comparisons of different methods that explore the channel properties of XL-MIMO systems.

age of the high mainlobe in all directions can be
conveniently assessed. Based on this assessment,
the beams can be adaptively adjusted to achieve
effective near-field beam tracking. These enhance-
ments to beam tracking are essential for optimizing
performance in beam alignment.

NEAR-FIELD SENSING AND LOCALIZATION

Besides the conventional communication ability,
future wireless networks can also utilize ubiquitous
communication signals to sense surrounding tar-
gets. In the context of XL-MIMO, changes in chan-
nel models have shifted the focus to the near-field
sensing and localization [15]. Previous works have
demonstrated that, near-field beam focusing can
localize targets based solely on spatial information
by exploiting the spherical wavefront. In addition
to the focused location in near-field beam focusing,
attention should also be given to the wide-coverage
low mainlobe. On one hand, the low mainlobe may
have higher received power than the high mainlobe
if the targets in the low mainlobe are closer to the
BS than the focused location. On the other hand,
the radiating of the low mainlobe will not deterio-
rate the performance of the high mainlobe due to
the Parseval’s relation in the near-field beamspace.
Consequently, utilizing the high and low mainlobes
in near-field beamspace is essential for enhancing
the sensing capabilities of XL-MIMO systems.

NEAR-FIELD CHANNEL ESTIMATION

XL-MIMO systems typically employ a large number
of antennas, which results in high-dimensional chan-
nel matrices that present significant challenges for
channel estimation. To reduce the estimation com-
plexity, the channel sparsity can be exploited. Since
the beam energy can be concentrated via the FrFT,
the near-field channels exhibit sparsity in the near-
field beamspace. Due to the translation invariance
property, the sparsity is uniform throughout the
beamspace, which is significantly different from the
polar-domain sparsity [6] that has uniform sparsity
in angle but nonuniform sparsity in distance. Lever-
aging this uniform sparsity, efficient sparse channel
estimation algorithms can be developed [9].

NEAR-FIELD EFFICIENT BEAMFORMING STRATEGIES

Based on the analysis on the spatial region and
intensity distribution of the mainlobes in the near-
field beamspace, more efficient beamforming strat-
egies can be devised. For instance, in multiuser

communications, low-complexity user grouping
can be efficiently implemented by grouping users
with low channel coherence through near-field
beamspace analysis. Additionally, in beam alloca-
tion, when beam conflicts among users arise, beam
scheduling can be adjusted to balance beamform-
ing gain and multiuser interference based on the
beam pattern analysis in the near-field beamspace.

CONCLUSION AND FUTURE DIRECTIONS

Different from traditional communication systems
that operate in the far-field regime, the evolution
of XL-MIMO systems has introduced the near-field
communications. In this article, we have investi-
gated the near-field communications for XL-MI-
MO from the perspective of beamspace. We have
pointed out that the antenna space and the near-
field beamspace should be connected by the FrFT
instead of the commonly-used Fourier transform.
Then, we have divided the near-field beamspace
into the high mainlobe, the low mainlobe and the
sidelobe. Based on the comprehensive analysis on
the near-field beamspace, we have presented sev-
eral applications of the near-field beamspace that
are not addressed by the existing works.

Note that the research on the near-field beam-
space is still in its initial stage compared to the
well-explored far-field one. In the following, we
highlight some important challenges and potential
directions for future study.

NEAR-FIELD BEAMSPACE FOR WIDEBAND COMMUNICATIONS

In millimeter wave or terahertz systems, which typ-
ically employ large bandwidth, the near-field beam-
space will encounter the beam squint or beam split
effects. Different carrier frequencies result in differ-
ent properties for both the high and low mainlobes
across different subcarriers, where the different
properties can be distinct for wideband communi-
cations. However, the connections among the near-
field beamspace for different subcarriers remain
unknown, which is worthy of further exploration.

NEAR-FIELD BEAMSPACE FOR DoUBLE-SIDE XL-MIMO

In the far field, the beamspace of double-side mas-
sive MIMO can be decomposed into the combi-
nation of the beamspace for both the transmitter
and the receiver. However, this relation does not
hold for the double-side XL-MIMO because of the
spherical wavefront in the near field. Therefore,
extending the near-field beamspace for single-side
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The exploration of the near-field
beamspace together with the
corresponding signal process-
ing techniques can improve the
beamforming efficiency and
flexibility. However, the compli-
cated features of the near-field
beamspace pose significant

challenges to classic methods.
Fortunately, leveraging the

powerful learning and predic-

tion capabilities of Al especially
for nonlinear problems may

offer promising approaches to
further explore the near-field
communications.

XL-MIMO to that for double-side XL-MIMO is not
straightforward, which calls for specialized studies
on the properties of the near-field beamspace of
double-side XL-MIMO.

NEAR-FIELD BEAMSPACE FOR RECONFIGURABLE INTELLIGENT
SURFACES (RIS)-AIDED WIRELESS COMMUNICATIONS

RIS has recently gained significant attention for
its ability to modify the electromagnetic environ-
ment in wireless communications. As the size of
RIS increases, the near-field region also expands,
covering a substantial portion of the service area.
In this context, analyzing the near-field beam-
space becomes crucial for efficient beamforming
in RIS-assisted systems. Unlike traditional com-
munication channels, RIS channels require con-
sideration of both incident and reflected signals,
necessitating a near-field beamspace specifically
designed for RIS applications.

ARTIFICIAL INTELLIGENCE (Al)-EMPOWERED APPROACHES

The exploration of the near-field beamspace
together with the corresponding signal processing
techniques can improve the beamforming effi-
ciency and flexibility. However, the complicated
features of the near-field beamspace pose signif-
icant challenges to classic methods. Fortunately,
leveraging the powerful learning and prediction
capabilities of Al especially for nonlinear prob-
lems may offer promising approaches to further
explore the near-field communications.
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