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RECONFIGURABLE
INTELLIGENT SURFACE-
AIDED NEAR-FIELD
COMMUNICATIONS

FOR 6G

Opportunities and Challenges

Xidong Mu ", Jiagi Xu"“, Yuanwei Liu

econfigurable intelligent surface (RIS)-aided near-

field communications are investigated. First, the

necessity of investigating RIS-aided near-field com-

munications and the advantages brought about by
the unique spherical wave-based near-field propagation
are discussed. Then, the family of patch array-based RISs
and metasurface-based RISs is introduced along with
respective near-field channel models. A pair of fundamen-
tal performance limits of RIS-aided near-field communica-
tions, namely, their power scaling law and effective
degrees of freedom (EDOF), are analyzed for both patch
array-based and metasurface-based RISs, which reveals
the potential performance gains that can be achieved.
Furthermore, associated near-field beam training and
beamforming design issues are studied, where a two-
stage hierarchical beam training approach and a low-com-
plexity element-wise beamforming design are proposed
for RIS-aided near-field communications. Finally, a suite of
open research problems is highlighted for motivating
future research.

Introduction
With the rapidly spreading rollout of the 5G wireless net-
work across the globe, researchers have turned their
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attention to 6G concepts. One of the key objectives is to
enhance the data rate, latency, and space-air-ground
coverage and harness pervasive intelligence [1]. To fulfill
these stringent requirements, transmission technologies
have to be further enhanced, relying on the employment
of extremely large multiple-input, multiple-output
(MIMO) schemes, millimeter-wave (mm-wave)/terahertz
(THz) bandwidths, and satellite communications, just to
name a few directions [1]. Furthermore, hitherto
unknown groundbreaking technologies should be con-
ceived for revolutionizing the family of existing wireless
technologies. Among these new technologies, RISs, hav-
ing a massive number of low-cost electromagnetic (EM)
reflection elements, constitute one of the most promising
technologies for 6G. RISs can be deployed in wireless
networks for beneficially ameliorating the signal propa-
gation for much needed signal enhancement and interfer-
ence mitigation [2]. More importantly, the near-passive
full-duplex characteristics of RISs render them more
attractive than active relaying technologies that have
expensive power-hungry radio-frequency chains. There-
fore, RIS-aided wireless communications pave the way
for sustainable and ubiquitous 6G services.

Given the aforementioned benefits, extensive re-
search efforts have been devoted to RIS-aided wireless
communications, including but not limited to passive
beamforming coefficient design, channel estimation,
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and deployment location design [2]. However, the major-
ity of existing investigations relied on the assumption
of far-field propagation, where both the incident and
refracted/reflected wireless signals exhibited a planar
wavefront, as shown in Figure 1(a). By contrast, in RIS-
aided near-field communications, the wavefront of wire-
less signals should be accurately characterized by the
spherical wavefront, as in Figure 1(b).

From Planar Wave-Based Far-Field Propagation to
Spherical Wave-Based Near-Field Propagation

Again, the signal propagation of RISs can be divided into
near-field and far-field regions. One of the popular perfor-
mance metrics of distinguishing the near-field and far-
field regions is known as the Rayleigh distance, which is
given by 2D?/A [3]. Here, D and A denote the RIS aper-
ture and the wavelength, respectively. According to [4],
the cascaded transmitter-RIS-receiver channel falls
within the near-field region if either the transmitter-RIS
distance or the RIS-receiver distance is shorter than the
Rayleigh distance. Although near-field signal propagation
is not a new phenomenon, due to the low operating fre-
quencies and small antenna apertures employed in lega-
cy wireless networks, the near-field coverage area has
been negligible. Since the far-field region was dominant,
planar wave-based far-field propagation has routinely
been assumed for communication designs. However,
when designing RISs for 6G, they will have a large aper-
ture for realizing considerable array gains. They are emi-
nently suitable for mm-wave/THz communications for
circumventing their blockage issues [5]. Therefore, the
near-field region in future RIS-aided communications
becomes much larger and can no longer be ignored. For
example, for a RIS with an aperture size of 1 m employed
at the frequency of 28 GHz, the resultant Rayleigh dis-
tance is approximately 187 m.

Advantages of Near-Field Propagation for RISs

Given the above discussion, considering RIS-aided near-

field communications is not a choice but a necessity.

Compared to conventional RIS-aided far-field communi-

cations, the unique spherical wave-based near-field prop-

agation leads to the following main advantages:

m High-rank line-of-sight channels: Recall that RISs are
generally harnessed for circumventing the lack of line-
of-sight (LOS) channels between transmitters and
receivers. In RIS-aided far-field multiantenna/multiuser
communications, the LOS channels usually exhibit a
low rank; they may even have rank 1. This limits the
achievable spatial multiplexing gains of RISs. By con-
trast, the near-field propagation channels tend to
exhibit high rank, even potentially full rank, which pro-
vides enhanced DOF in RIS-aided near-field communi-
cations [4].

m Precise near-field beam focusing capability: In contrast
to far-field beam steering, where the energy of wireless
signals is concentrated to a specific angle, the spheri-
cal wavefront of RIS-aided near-field communications
can be exploited to realize so-called beam focusing,
where the energy of wireless signals is concentrated
on a specific location at a given angle and distance.
Given this new capability, the signal’s energy in RIS-
aided near-field communications can be more precise-
ly delivered to the target receiver and prohibited from
leaking to other receivers, thus achieving efficient mul-
tiuser communications in the vicinity of RISs [6].

Since the investigation of RIS-aided near-field com-
munications is still in its infancy, its benefits have not
been widely recognized. Hence, this article aims to pro-
vide a systematic easy-reading introduction to RIS-aided
near-field communications, including near-field channel
models, fundamental near-field performance analysis,
near-field beam training, and near-field beamforming

((«-5}_\,{]-’))
A

y\'~~-\__Far-Field Propagation
\

; 2
I

Refracted | .+~ L \\
M RIS N
Receiver . Reflected
. Receiver

i Transmitter

Transmitter

" Spherical-Based
& Near-Field Propagation
Refracted
Receiver

—

/
S
S

\

N
Reflected
Receiver

(a)

(b)

FIGURE 1 RIS-aided farfield and near-field communications, where the RIS can refract and/or reflect the incident signal to surrounding
users. (a) Planar wave-based far-field propagation and (b) spherical wave-based nearfield propagation.
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design, complemented by a suite of future research chal-

lenges. The main contributions of this article can be

summarized as follows:

m We classify RISs into two categories, namely, patch
array-based RISs and metasurface-based RISs. For each
type of RIS, we discuss key features, advantages, dis-
advantages, and near-field channel models.

m We characterize the fundamental performance limits
of RIS-aided near-field communications, namely, power
scaling laws and EDOF. We highlight RIS-aided near-
field communications performance differences with
regard to those in RIS-aided far-field communications.

m We discuss the associated beam training and beam-
forming design issues of RIS-aided near-field communi-
cations. In particular, a two-stage hierarchical beam
training approach and an element-wise beamforming
design are proposed, which significantly reduce the
complexity of RIS-aided near-field communications.

Categories of RISs and Near-Field Channel Models

In this section, we first introduce the family of patch
array-based and metasurface-based RISs. Then, we dis-
cuss their respective near-field channel models.

Patch Array- and Metasurface-Based RISs
Based on Figure 2, we introduce the key features, advan-
tages, and disadvantages of these two types of RISs.

Patch Array-Based RISs

Again, RISs are composed of numerous low-cost elements
capable of reconfiguring their phase-shift and amplitude
responses. To mitigate their grating lobes, these elements
are typically spaced at half-wavelength intervals. We refer
to these conventional RISs as patch array-based RISs, as
the phase-shift profile across the surface exhibits discon-
tinuities. As illustrated in Figure 2(a), each element in the

patch array-based RIS possesses its own unique phase-
shift response. The phase-shift coefficient remains con-
stant within an individual element and independently
changes among the elements. Patch array-based RISs are
promising for employment at low frequencies, where the
half-wavelength criterion suggests that the dimension of
the elements is on the order of a few centimeters [7].
Therefore, a number of low-cost positive—intrinsic-nega-
tive diodes, varactor diodes, or delay lines can be
installed at each element to realize high-resolution tun-
ability. However, due to the short wavelength at high fre-
quencies, the efficiency of patch array-based RISs
diminishes; hence, their benefits might become marginal.

Metasurface-Based RISs

Metasurface-based RISs are realized using massive peri-
odic cells with dimensions ranging from a few millime-
ters to micrometers or even to the molecular scale [7]. As
described in Figure 2(b), metasurface-based RISs have
the capability of quasi-continuous operation across the
entire surface. Consequently, metasurface-based RISs
require advanced control of the EM properties, including
their conductivity and permittivity. Compared to patch
array-based RISs, metasurface-based RISs are capable of
operating at higher frequencies and exhibit beneficial
phase-shift profiles, which leads to improved power scal-
ing laws and EDOF (see the “Fundamental Performance
Limits of RIS-Aided Near-Field Communications” section
for details). However, the sophisticated control of meta-
surface-based RISs increases both their optimization and
implementation complexity.

Near-Field Channel Models

Based on the above two types of RISs, we continue by
introducing the representative near-field channel models
for RIS-aided near-field communications.
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FIGURE 2 (a) Patch array-based RISs and (b) metasurface-based RISs.
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Patch Array-Based RISs

For patch array-based RISs, the RIS-aided near-field
MIMO channel can be accurately represented using a
channel matrix having dimensions equal to the number
of transmit and receive antennas. The entry (i, j) of the
near-field channel is generally given by

[GH5],, = S Bume 2 ln-mll+ -t m
m=1

where Bi;» denotes the distance-dependent path loss of
a cascaded link; sy, is the Cartesian coordinate of the mth
RIS element; r; and t; represent the Cartesian coordi-
nates of the ith receive antenna and jth transmit anten-
na, respectively; and A denotes the wavelength. Observe
that the near-field channel model in (1) has nonuniform
channel gains and nonlinear phases.

Metasurface-Based RISs

For metasurface-based RISs, the channel modeling pro-

cess is more complex due to their quasi-continuous

phase profile. Note that the key distinguishing feature of
metasurface-based RISs is the presence of surface elec-
tric currents. To demonstrate this, we characterize the
incident signal refracted/reflected by metasurface-based

RISs to the receiver in the following three stages, with

reference to Figure 3:

m From incident signals to electric currents: In the first
stage, the RIS can be regarded as a source distribution
system that produces a particular current density in
space. When the wireless signals impinge upon the
RIS, the incident EM field induces currents within the
entire volume of the RIS.

m From electric currents to scattered fields: In the second
stage, the time-varying electric currents radiate a con-
trolled scattered field. We refer to the mapping from
electric currents to the scattered field as radiation.
Note that the process of radiation is the key factor
determining the achievable DOF in the near field,
which is discussed in the “EDOF” section.

B From scattered fields to received signals: In the third
stage, the receiver can be regarded as a signal obser-
vation system, where the strengths of the received

electric field at different points on the aperture are cal-

culated as a weighted sum.

In the first stage of metasurface-based RISs, continu-
ous electric current distributions should be adopted for
capturing the EM responses, instead of discrete phase-
shift matrices. For the ideal scenario, where the receiver
is completely accurate, the observation of the above
third stage can be characterized by an identity matrix. In
this case, the end-to-end channel gain between a trans-
mitter and receiver associated with a RIS source current
Jis given by [7]

GAr
4nd?

2 *

lh()H [ = fVTJ (sl)fVTK(sl, sy, P)dsids: ()
where G is the directivity of the transmit antenna, Ar is
the aperture size of the RIS facing the transmitter, d is
the distance between the transmitter and RIS, s; and s>
are source points within the metasurface-based RIS, Vr
denotes the volume of the metasurface-based RIS,
K(s1,s2,1) is the kernel function of the radiation opera-
tor, and r denotes the coordinates of the receiver. Note
that the end-to-end near-field channel gain in (2) is sub-
ject to a given normalized source current distribution
J"(s). In practice, the current distribution has to be opti-
mized by harnessing specific near-field receivers.

Fundamental Performance Limits of RIS-Aided
Near-Field Communications

Having highlighted the near-field channel models of RISs,
in this section, we characterize the fundamental perfor-
mance limits of RIS-aided near-field communications and
discuss the performance differences both between the
near-field and far-field regions as well as between both
types of RISs.

Power Scaling Law

In the context of our discussion, the power scaling law is
defined as the ratio between the received power B and
transmit power P, which is a function of the RIS size. To
study the power scaling differences between RIS-aided
near-field communications and far-field communications,
we consider a single-user system, where the RIS
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FIGURE 3 The three stages of a signal being refracted/reflected by a metasurface-based RIS to a receiver.
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phase-shift coefficients are configured according to the
cophasing condition for maximizing the end-to-end chan-
nel gain. We first discuss the different power scaling laws
of RIS-aided near-field communications compared with
those of RIS-aided far-field communications. Then, we
discuss the power scaling law differences between patch
array-based and metasurface-based RISs in near-field
communications. In the following, we assume plane wave
excitation. When the positions of the transmitter, RIS,
and receiver are fixed, the received power is upper
bounded by the transmit power, regardless of how large
the RIS may become [8]. Thus, we consider near-field
power scaling before this limit is reached.

RIS-Aided Far-Field Communications Versus

Near-Field Communications

Observe in Figure 4 that conventional RIS-aided far-field
communications exhibit quadratic power scaling. In par-
ticular, for patch array-based RISs, the received power
scaling laws are proportional to the square of the num-
ber of RIS elements [2]. By contrast, for metasurface-
based RISs, the received power scales with the square of
the RIS aperture size [7]. However, for RIS-aided near-
field communications, the received power scales linearly
with the number of RIS elements or with the RIS aperture
size. This is because within the near-field region, the

1 /
/
o)
091 Y
- o)
0.8 N
0.7 ¢ 1 9 / :
! 1
N 4 Rt A
o 05 Far-Field ! ;)/ Jes A
| Region e
0.4 2 A |
0.3} g g '
: ol AT 1
St 1
0.2+t »'f/An/ :
ol T .
' ¢ ' Near-Field Region: _Reaching
0 . L X 1+ Power Limit
0 5 10 15 20 25 30

Number of Elements (M)

O Simulation (Metasurface)
—— Far-Field Scaling
— — Near-Field Scaling

A Simulation (Patch Array)
------ Far-Field Scaling
—-— Near-Field scaling

FIGURE 4 Power scaling laws for patch array-based and metasurface-
based RISs.The receiver is located at a fixed distance of d =10 m
with respect to the center of the RIS, and the dimension of the
receiver is zs ~5 cm.The number of patch array-based RIS elements
ranges from one to 20, and the aperture size of the metasurface-
based RIS ranges from 1 to 4 cm? The wavelength of the carrier
signal is 0.01 m.

subchannels associated with each of the RIS elements
have different gains due to the varying path lengths.
Therefore, the ratio of received power and transit power
(P./P) of RIS-aided near-field communications scales
slower than in RIS-aided far-field communications. To
further illustrate this phenomenon, Figure 4 portrays
P./P. for both patch array-based and metasurface-based
RISs, where the receiver has a fixed distance from the
RIS. Observe in Figure 4 that as we increase the number
of patch array-based RIS elements and the metasurface-
based RIS aperture size, the near-field propagation
becomes dominant, and the corresponding P, /P scaling
gradually changes from the rapid parabolic-shaped far-
field quadratic scaling to the moderate linear near-field
scaling.

Patch Array-Based RISs Versus Metasurface-Based RISs
For patch array-based and metasurface-based RIS-aided
near-field communications, there is a slight difference in
power scaling P/FP. This is because for patch array-
based RISs, each element is able to perform only a uni-
form phase-shift value over its cross section. By
contrast, metasurface-based RISs facilitate more
advanced control of the quasi-continuous phase-shift
coefficients across the aperture. As a result, a higher nor-
malized received power P./P; can be achieved for meta-
surface-based RISs than for patch array-based RISs [7].
This is also confirmed by Figure 4, where the P./P; slope
of patch array-based RISs is less steep than that of meta-
surface-based RISs.

EDOF

The EDOF of a channel represent the number of indepen-
dent parallel subchannels that can be supported. The
achievable EDOF are determined by the hardware capa-
bilities of the RIS and transceivers as well as the posi-
tioning of the receiver. In the following, we discuss and
compare the EDOF of the RIS-to-receiver LOS MIMO
channel in near-field communications and far-field com-
munications, noting that the EDOF of the LOS multianten-
na-transmitter-to-RIS channel can be characterized
similarly. Generally speaking, the EDOF of the end-to-end
RIS-aided channel are upper bounded by the minimum of
the EDOF of the transmitter-to-RIS and RIS-to-receiver
channels.

RIS-Aided Far-Field Communications Versus Near-Field
Communications

For RIS-aided far-field communications, the EDOF of the
RIS-to-receiver LOS MIMO channel is strictly equal to 1.
By contrast, for RIS-aided near-field communications, the
RIS-to-receiver LOS MIMO channel exhibits higher EDOF,
which are generally larger than 1. This is because the
varying path lengths associated with nonlinear phases
allow the near-field channel to have a higher rank.
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However, the near-field EDOF further depend on the
shape, size, and geometric orientations of the transceiv-
ers. Nevertheless, [9] shows that the maximum numbers
of EDOF between two rectangular prism volumes are
roughly

VR VT (3)

N = 0 Azr Azn

where Vg are the volumes of the receiver/RIS, r is the
distance, and Azgr are the width of the receiver/RIS.
As we can see in this formula, the EDOF increase with
the volumes and the decrease of distance r. As a result,
as the receiver moves into the near-field regime of the
RIS, the available EDOF may soon exceed the number of
elements the patch array-based RIS may have. However,
the metasurface-based RIS can fully exploit this Nmax. In
the following, we provide a detailed discussion of the
near-field EDOF for patch array-based and metasurface-
based RISs.

Patch Array-Based RISs Versus Metasurface-Based RISs

For patch array-based RISs, the EDOF of the RIS-user
channel is equal to its effective rank [10]. Consequently,
the maximum achievable EDOF are limited by the num-
ber of RIS elements and the number of transceiver anten-
nas. This implies that even when the near-field radiation
operator exhibits higher EDOF, this cannot be achieved
due to the hardware limitation of patch array-based RISs.
However, for metasurface-based RISs, the near-field
channel given in (2) is not restricted to a finite-dimen-
sional matrix form. As a benefit, metasurface-based RIS-
aided near-field communications generally have higher
EDOF than the same-sized patch array-based RISs. To
analytically derive the EDOF of the near-field channel for
metasurface-based RISs, the EDOF of the scattered field
(as demonstrated in Figure 3) have to be exploited [11].
For the scenario where the transceiver is equipped with
a large number of antennas or a continuous-aperture
antenna, there is no restriction on the EDOF of metasur-
face-based RISs, and the maximum EDOF determined by
the near-field physical channel may indeed be achieved.
Existing study [12] shows that the EDOF of a near-field
channel is given by the number of large singular values
of the radiation operator. For metasurface-based RISs,
this number depends on the geometries of the RIS and
receiver. For the case where the apertures of the RIS and

receiver are parallel to each other, the EDOF between a
metasurface-based RIS and receiver are proportional to
S/r*, where S is the aperture size of the metasurface-
based RIS and r is the communication distance [7].

The power scaling laws and EDOF of RIS-aided far-
field communications and near-field communications
are summarized and compared in Table 1. In general,
metasurface-based RIS-aided near-field communications
achieve better performance than patch array-based RIS-
aided near-field communications.

Beam Training and Beamforming Design for RIS-Aided
Near-Field Communications

Having discussed the fundamental performance limits of
RIS-aided near-field communications, in this section, we
discuss the specifics of efficient beam training and
beamforming design of RIS-aided near-field communica-
tions.

Two-Stage Hierarchical Near-Field Beam Training

Overview of Near-Field BeamTraining

The accurate acquisition of channel state information
(CSI) is of vital importance for communication design.
However, for RIS-aided near-field communications, CSI
estimation becomes quite challenging. This is because
having a large number of RIS elements and transceiver
antennas leads to high-dimensional channels. The corre-
sponding complexity of estimating the complete CSI may
become excessive. Moreover, the passive nature of RISs
makes the challenge graver. As a remedy, beam training
is proposed. Relying on a predefined codebook consist-
ing of different passive beamforming elements repre-
senting specific angular beams, beam training aims for
determining the specific location of the target receiver
both in terms of its angle and distance by selecting the
optimal passive beamformer that achieves the maxi-
mum received signal power. By doing so, a high-quality
initial link can be established for reduced-dimensional
CSI estimation of the cascaded base station (BS)-RIS-
user channel.

Although there are numerous research contributions
on far-field beam training, they are unsuitable for near-
field beam training. This may be explained from both
a codebook design and training protocol perspective,
as follows. The codebook design is the core of beam

TABLE 1 Performance differences between RIS-aided far-field communications and near-field communications.

Patch Array-Based RIS- Metasurface-Based
RIS-Aided Far-Field RIS-Aided Near-Field Aided Near-Field RIS-Aided Near-Field
Performance Metric Communications Communications Communications Communications

Power scaling law Quadratic scaling

Transmitter/Receiver-RIS
LOS MIMO channel EDOF

Strictly equal to 1

MONTH 2024 | IEEE VEHICULAR TECHNOLOGY MAGAZINE

Linear scaling
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Small scaling slope High scaling slope

Limited by element/ Not limited
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training, which directly determines the ultimate accu-
racy. Upon recalling that the near-field channels require
both angular and distance information, the angle-only
codebooks developed for far-field beam training become
inefficient due to the energy spread effect [13, Sec. IV-A].
Explicitly, the energy of a far-field beamformer designed
for a specific angle will spread to a range of different
angles in the near field. As a result, the accuracy of the
beamformer becomes gravely degraded. Circumvent-
ing this requires a codebook tailored to near-field beam
training, where the codebook has to cater to both the
discrete angular domain and the discrete distance do-
main, i.e., in the polar domain. Hence, compared to the
far-field codebook, the near-field codebook becomes
much larger, which further increases the complexity of
near-field beam training. This calls for efficient near-field
training protocols to be developed.

Proposed BeamTraining Approach

Given the above challenges, a novel two-stage hierarchi-
cal beam training approach was proposed in [13], which
can be harnessed for RIS-aided near-field communica-
tions. As shown in Figure 5, the BS and RIS usually have
fixed locations and thus have a LOS link between them.
The corresponding BS-RIS channel is typically quasi-
static in practice. The main challenge lies in the beam
training of the RIS user near-field transmitting/reflecting
channel. To address this issue, based on the BS-RIS
channel obtained, the BS’s transmit beamforming can be
directed toward the RIS. Then, the cascaded BS—-RIS-
user near-field beam training can be reduced to the

RIS—user near-field beam training relying on the pro-
posed two-stage hierarchical beam training approach. In
the following, we provide a brief introduction to the pro-
posed beam training approach.

To mitigate the above-mentioned near-field energy
spread effect, the proposed approach relies on initially
activating a small central subarray of the entire array
during the beam training. The key idea is that upon ac-
tivating a small subarray, far-field propagation becomes
dominant, and the near-field energy spread effect is re-
duced. Motivated by this observation, as detailed in Fig-
ure 6, two stages are involved in the proposed approach,
namely, the coarse angular estimation stage of far-field
communications and the joint angular and distance esti-
mation stage. The number of layers in stage 1 and stage 2
are denoted by L; and L, respectively. With the gradual
increase of the number of layers, the number of acti-
vated RIS elements also increases until all the elements
become activated in the last layer. The total number of
layers, L; = L1 + Lz, is determined by the total number of
RIS elements denoted by W; i.e., L;=log2(N). For each
stage, the main procedure may be formulated as follows:
m Stage 1—coarse angular estimation: As shown in

Figure 6(a), each layer activates only a relatively

small number of RIS elements. In this case, users can

be regarded as located in the far-field region of the

RIS, where the near-field energy spread effect is neg-

ligible. Therefore, the conventional hierarchical far-

field codebook that distinguishes only the angular
domain is employed for coarsely estimating a user’s
angular information.
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FIGURE 5 The beam training in RIS-aided near-field communications.
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m Stage 2—joint angular and distance estimation: As
apparent in Figure 6(b), given a reduced user angle can-
didate set estimated by stage 1, this stage further
increases the number of activated RIS elements; hence,
near-field propagation becomes dominant. This stage
then employs an appropriately designed hierarchical
polar domain codebook for jointly estimating the user’s
angular and distance information. In particular, each
codeword within the hierarchical polar domain code-
book corresponds to a distinct combination of a sam-
pled angular direction and sampled distance. The
design of hierarchical polar domain codebooks follows
two criteria: 1) in each layer, the entire angular and dis-
tance domains (i.e., the polar domain) are comprehen-
sively represented by all the codewords, and 2) the
polar domain of a codeword within a particular layer
should encompass the union of polar domains repre-
sented by several codewords in the subsequent layer.
The main advantage of the proposed two-stage hierar-

chical beam training technique is that the training overhead

can be significantly reduced. It was shown in [13] that the

training overhead in the proposed approach [on the order
of O(logz(N))] reduces to 1% and 5% of that in the exhaus-
tive search-based near-field beam training [on the order of
O(NS)] and two-phase beam training of [14] [on the order
of O(N+.5)], respectively, where S denotes the number of
sampled distances. Note that there is a tradeoff between
the training overhead and achievable performance in the
proposed two-stage hierarchical beam training approach
for different L, and L2. Due to the employment of the po-
lar domain codebook, each layer in stage 2 can achieve a
higher accuracy but consumes a higher training overhead
than that in stage 1 using the angular domain codebook.
Therefore, L1 and L2 should be carefully selected to strike
a good tradeoff selection. Detailed discussions of selecting
L and L» can be found in [13, Sec. IV-B].

Low-Complexity Element-Wise Near-Field
Beamforming Design

Efficient beamforming design is critical for creating a
“smart radio environment” by RISs and, thus, for improv-
ing the overall communication performance. For
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FIGURE 6 The proposed two-stage hierarchical beam training approach with the subarray technique. More technical details can be found in
[13]. (a) Stage 1: coarse angular estimation. (b) Stage 2: joint angular and distance estimation.
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RIS-aided near-field communications, an intrinsic feature
is that the total number of RIS elements is generally
large, which leads to potentially high computational com-
plexity. Therefore, the existing beamforming methods
proposed for RIS-aided far-field communications might
be unsuitable for deriving high-dimensional near-field
beamforming solutions. To address this issue, a novel
element-wise optimization framework was proposed for
simultaneously transmitting and reflecting (STAR)-RIS-
aided near-field communications in [15]. For STAR-RIS
having NV elements, the key idea is that only a single spe-
cific STAR-RIS coefficient is optimized at a time, with all
the other N —1 coefficients fixed. Each element-wise
STAR-RIS coefficient optimization problem is convex and
easy to solve. Therefore, the resultant computational
complexity increases only linearly with the number of
STAR-RIS elements, i.e., on the order of O(N), compared
to that of the conventional beamforming method, on the
order of O(N®). This is attractive for practical implemen-
tations. In [15], it was shown that the computational time
of the proposed element-wise approach required for opti-
mizing the entire STAR-RIS beamforming vector in each
iteration is merely 0.04% of that of the conventional opti-
mization approach. The performance gap in terms of the
weighted sum rate between the proposed approach and
conventional optimization approach is less than 5%.

To further illustrate the benefits of RIS-aided near-field
communications, Figure 7 compares the performance
of STAR-RIS-aided multiuser MIMO communication in
near-field and far-field propagations [15]. Observe that
near-field propagation attains a higher weighted sum

44 .
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FIGURE 7 The achieved weighted sum rate versus the number of
STAR-RIS elements in near-field communications and far-field
communications. The system parameters can be found in [15].

rate than far-field propagation. This is because the high-
rank LOS channel and near-field beam focusing capabil-
ity further mitigate the multiuser interference and thus
improve the data rate. Moreover, it can be found that the
rate enhancement attained by increasing the number of
STAR-RIS elements is more pronounced in the near field
than in the far field. This also underscores the benefits
of RIS-aided near-field communications.

Conclusions and Research Opportunities
In this article, RIS-aided near-field communications have
been discussed for future 6G wireless networks. In partic-
ular, both patch array-based and metasurface-based RISs
were discussed, and corresponding near-field channel
models were introduced. Based on the near-field channel
models, the power scaling law and EDOF were analyzed,
which were compared to those of RIS-aided far-field com-
munications. Furthermore, the beam training and beam-
forming design of RIS-aided near-field communications
were discussed. A two-stage hierarchical near-field beam
training approach was proposed, which is capable of sig-
nificantly reducing the training overhead. An element-wise
beamforming design method was developed for obtaining
the high-dimensional beamforming coefficients at a low
computational complexity. Note that the design of RIS-aid-
ed near-field communications still has many research
challenges, some of which are discussed as follows:

m Near-field CSI estimation, beam training, and beam-
forming design for metasurface-based RISs: While
metasurface-based RISs hold significant promise for
performance enhancement in near-field communica-
tions, the intricate nature of the Green’s function-based
near-field channel model and the quasi-continuous con-
figuration introduce more design challenges compared
to patch array-based RISs. Further research efforts,
involving advanced theories and mathematical tools,
are required to fill the knowledge gap.

m Dynamic RIS configuration for adjustable near-field and
far-field regions: Since the Rayleigh distance depends on
the RIS aperture size, adjustable near-field and far-field
regions can be facilitated by switching specific RIS ele-
ments on and off, i.e., modifying the aperture size. Note
that although higher DOF and capacity enhancements
can be achieved in the near-field region, the complexity
of determining the CSI and beamforming design signifi-
cantly increases. By exploiting the adjustable near-field
and far-field regions provided by the dynamic RIS con-
figuration, an appealing tradeoff can be struck between
the performance achieved and complexity imposed.
This constitutes an interesting future research topic.

m Exploiting generative artificial intelligence in RiS-aided
near-field communications: Generative artificial intelli-
gence (GAI) techniques have demonstrated substan-
tial potential in the field of wireless communications.
To address the complex optimization challenges
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associated with near-field channels and the vast num-
ber of optimization variables in RIS-aided near-field
communications, GAI techniques, such as generative
adversarial networks, transformers, and diffusion
models, are emerging as promising solutions. For
instance, their generative capabilities can be har-
nessed to create suitable codebooks and efficient
beam search strategies during near-field beam training
as well as to facilitate near-field beamforming design
and resource management in the presence of CSI
uncertainties. These applications require further
investigation.
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