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Abstract

Near-field propagation, especially when facilitated by reconfigurable intelligent surface (RIS), has become a significant

field of inquiry in recent times. Despite this, there remains a noticeable absence of an exhaustive literature review

concerning RIS-empowered near-field technologies. This paper seeks to bridge this knowledge gap by presenting a

concise overview of near-field principles, coupled with a systematic examination of the latest advancements in RIS-

driven near-field technologies. It specifically concentrates on three pivotal areas: the establishment of pervasive near-

field wireless propagation environments through RIS, the introduction of novel near-field frameworks for 6G networks

via RIS, and the array of challenges inherent in RIS-based near-field technologies. The objective of this technical

review is to bolster the progression and innovative exploration in the realm of RIS-oriented near-field technologies.
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1. Introduction

As the commercial scale of 5G wireless networks continues to expand, exploratory research on the next generation of 6G

wireless networks is also in full swing. Compared with traditional wireless networks, people have set more ambitious

visions for 6G networks and higher performance indicators. In addition, intelligent intrinsic, intelligent wireless

environment, integrating sensing and communication, and integration of air, earth, and sea are considered potential key

technologies for 6G networks. However, these higher design goals and new technological elements bring many
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challenges. To address these challenges, research has expanded to the use of high-frequency bands such as millimeter

waves and terahertz, further enhancement of multi-antenna technology (e.g., Extremely large-scale antenna array (ELAA),

Cell-free), and the introduction of brand-new Reconfigurable Intelligent Surface (RIS)[1][2].

Traditional wireless communication networks (1G~5G) mainly use frequencies below 6GHz, and even below 3GHz.

Limited by wavelength, these networks generally use a small number of antenna arrays. Due to the low-dimensional

antenna array and low frequency, the wireless near-field range is usually limited to a few meters or even a few

centimeters. Therefore, the far-field assumption can be used to design traditional wireless communication systems

effectively. However, considering the large aperture and extremely high frequency of ELAA, the 6G network presents a

super large near-field area of hundreds of meters, and the traditional far-field plane wave assumption is no longer

applicable[3]. Therefore, in the 6G network, the near-field area is not negligible, which stimulates the research of new

near-field communication (Near-field Communications, NFC) paradigms.

From the perspective of spatial resource utilization, the typical deployment of traditional cellular networks is a standard

network architecture centered on the cell. Under this network architecture, especially in its mainstream sub-6GHz

frequency band, the far-field approximation is sufficient as a characterization means. Traditional wireless communication

systems have fully exploited and utilized far-field spatial resources. Further exploration and utilization of near-field spatial

resources are expected to provide new physical spatial dimensions for wireless communication systems. Future 6G

networks will be equipped with larger antenna apertures, and will use higher frequency bands such as millimeter waves

and terahertz. This will make the near-field characteristics more significant. At the same time, the introduction of new

technologies such as RIS[4][5], ultra-large-scale MIMO, and cell-free (Cell-free)[6] will make near-field scenarios ubiquitous

in future wireless networks. Near-field communication technology is also one of the enabling technologies to achieve

higher data rate requirements, high-precision sensing demands, and wireless power transmission needs of the IoT in the

future 6G network, and has the opportunity to become one of the key technologies of the future 6G wireless air interface.

Among them, RIS, with its many characteristics such as large size, passive abnormal adjustment, low cost, low power

consumption, and easy deployment, has the opportunity to build a ubiquitous near-field wireless propagation environment

in the future 6G network, and bring a new network paradigm.

In recent years, research on near-field propagation characteristics has received much attention, and research progress is

rapidly changing. In particular, the field of near-field based on RIS (intelligent metasurface) is a hot research topic, and

many research results have emerged. However, there is currently no literature that comprehensively sorts out the near-

field technology based on RIS. This article aims to comprehensively and systematically sort out the near-field technology

based on RIS from several aspects such as constructing a ubiquitous near-field wireless propagation environment with

RIS, enabling new paradigms for 6G networks with RIS, and the challenges faced by near-field technology based on RIS,

in order to promote the development of RIS and near-field technology research.

2. Near-field Wireless Propagation Concepts
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2.1. Basic Concepts of Electromagnetic Wave Near-field

According to electromagnetic field and antenna theory, the electromagnetic field radiated by the antenna is divided into

near-field region (Near-field region) and far-field region (Far-field region). The near-field region is further divided into

reactive near-field region (Reactive near-field region) (also known as non-radiating near-field region, Non-radiating near-

field region) and radiating near-field region (Radiating near-field region). In the vicinity of the antenna or scatterer, non-

radiating near-field behavior dominates; while in the area away from the antenna or scatterer, electromagnetic radiation

behavior dominates. When the antenna radiates signals in free space, the field distribution is uniquely determined by the

Maxwell equation, and the propagation characteristics vary in different regions. Electromagnetic waves in these regions

show different propagation characteristics. In the far-field region, the changes in amplitude, angle, and phase can be

ignored, and the path loss effect is dominant in determining the received signal strength. In the near-field, there are

obvious changes in amplitude, angle, and phase according to the distance from the user equipment (UE) to the antenna

surface[7][8]. In the far-field region, the plane wave model is used, and the signals on the antenna array are parallel, each

antenna has the same arrival angle, and the phase difference between different array elements is only related to the

arrival angle. In the near-field region, different antenna signals cannot be regarded as parallel, and the signal arrives at the

array in the form of a spherical wave. The phase difference is not only related to the arrival angle but also to the distance.

From the perspective of beamforming, beam manipulation includes focusing energy in a specific direction in the far-field

(corresponding to focusing at infinity) and allowing energy to be focused on a specific point in space in the near-field [9].

The boundary distance between near-field and far-field is generally called the Rayleigh distance (Rayleigh distance),

which is defined as d =

2D2

λ , where D is the maximum size of the antenna and λ is the wavelength [10][11]. The reactive

near-field is very close to the antenna surface, and its boundary is considered to be λ ∕ 2π, where λ is the wavelength. The

radiating near-field region (also known as the Fresnel near-field) covers most of the near-field region from λ ∕ 2π to the

Rayleigh distance [12].

The motivation for the Rayleigh distance is to consider the phase difference caused by the curvature of the

electromagnetic wave front, which is only applicable to the near-axis region near the antenna array and assumes a

maximum phase deviation with π ∕ 8[13]. In fact, the transition between the near-field and far-field is gradual, and there is

no strict boundary between the two regions. To define these measures, two different perspectives can be adopted, namely

phase error and channel gain error.

1. From the perspective of phase error, some commonly used empirical rules include the Rayleigh distance [13] and the

Fraunhofer condition [14], which are mainly applicable to the field boundaries near the main axis of the antenna

aperture. Decarli and Dardari et al. extended the near-field and far-field boundaries from 2D2/λ to 2D2cos2ϑ/λ, where ϑ

 represents the angle relative to the array axis direction [13].

2. From the perspective of channel gain error, the field boundary in the off-axis region can be described more accurately.

An improved Rayleigh distance, called the effective Rayleigh distance, was proposed in [14]. The authors defined the

effective Rayleigh distance based on the standard of normalized coherence greater than 95%, obtaining the effective
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Rayleigh distance εcos22D2ϑ/λ, ε = 0.367, where ϑ is the angle between the center of the ULA-based base station

antenna and the UE. The effective Rayleigh distance is smaller than the classical Rayleigh distance and is related to

the direction angleϑ.

Since the reactive near-field region is small (less than the wavelength), the evanescent wave decays rapidly with distance,

and the distance between the objects interacting in the 6G system is generally larger than the wavelength. Therefore, for

the rest of this article, we will focus on the propagation characteristics in the radiating near-field region, and the term

"near-field" will be used to refer to the radiating near-field region without special instructions.

2.2. Near-field Propagation Characteristics

Near-field propagation will bring a different channel environment from far-field propagation: near-field effects and spatial

non-stationarity [15]. In addition, near-field will also bring a more significant broadband beam squint effect. Compared with

traditional far-field, near-field has three significant features, namely spherical wave model (Spherical Wave Model, SWM),

spatial non-stationarity (Spatial Non-Stationarity, SNS), and beam squint effect (Beam Squint Effect, BSE). In addition, the

near-field fading changes more drastically with distance: the far-field signal strength fades with the square of the distance,

while the near-field signal strength fades with the 4th to 6th power of the distance.

A. Near-field effect - Spherical Wave Model (SWM)

One of the main features of near-field propagation is the spherical wavefront. In actual wireless communication scenarios,

the electromagnetic waves from the antenna array propagate in the form of spherical waves in the radiation field.

However, when the distance between the user's receiving antenna and the transmitting antenna is greater than the

Rayleigh distance (i.e., in the far-field region), the spherical wave model can be approximated by the plane wave model

for convenience in calculations under the predefined minimum deviation constraint. However, in ultra-large-scale antenna

array systems, due to the significant increase in the number of antenna elements and the subsequent increase in the

array size, the Rayleigh distance at the boundary between the near-field and far-field regions increases, and the near-field

region of the array also expands. In this case, the commonly used plane wave model in channel modeling is no longer

applicable, and it cannot accurately model the real channel conditions. When the antenna array is large (i.e., significantly

larger than the wavelength, such as ELAA and RIS) and operates at short distances, the plane wave approximation is

violated, and the SWM (or wavefront curvature) must be considered [16]. Therefore, for ultra-large-scale antenna arrays,

the spherical wave model is a more reasonable choice for channel modeling.

In conventional far-field conditions, for the plane wave model used in the far-field region, the signals on the antenna array

are parallel, each antenna has the same angle of arrival (AOA), and the phase difference between different antenna

elements is only related to the angle of arrival. In the near-field region, different antenna signals cannot be regarded as

parallel, and the signals arriving at the array take the form of spherical waves. The phase difference between different

antenna elements is not only related to the angle of arrival but also to the distance. Reference [17] proposes the use of the

parabolic wave model (Parabolic Wave Model, ParWM) to simulate the spherical wave when modeling the near-field
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effect. The parabolic wave is a second-order approximation of the spherical wave model, which is simpler than the

spherical wave model and avoids the complex root calculations required for spherical wave modeling. From a

communication perspective, near-field propagation enhances spatial multiple access capabilities, allowing simultaneous

service for users at the same angle but different distances (i.e., beam focusing) [18].

B. Spatial non-stationarity (Spatial Non-Stationarity, SNS)

Spatial non-stationarity (Spatial Non-Stationarity, SNS) refers to the variability of wireless channel characteristics in space

and is another major difference between near-field and far-field. Spatial non-stationarity can occur in both far-field and

near-field. In the far-field, spatial non-stationarity is usually caused by the large aperture of the BS antenna array, where

different users may see different parts of the array or encounter different scatterers. In the near-field, in addition to the

large array aperture factor, the non-linear phase shift between array elements caused by the spherical wavefront also

leads to spatial non-stationarity, making the situation more complex [19]. For the large array aperture factor, due to near-

field scattering, local fading, and blockage effects, different antenna elements of the large array observe signals from the

same signal source at different angles, and the large array observes the same channel path with different powers or

different regions receive different propagation path signals, leading to spatial non-stationarity of the entire array [20][21][22].

That is, SNS includes two cases: (1) different regions of the array may observe the same sub-path signal, but the power

falling on different array regions is different; (2) different regions of the array may observe completely different paths.

When the array size becomes very large, because each UE's signal energy is concentrated on a part of the array (called

the visible region), different parts of the array may also see different UEs. Therefore, due to the limitation of the effective

array size by the large array visible region (i.e., the effective array size is limited), the performance of a single UE will not

continue to improve with the increase in array size. However, this non-stationary characteristic can greatly enhance the

multi-user multiple access capability, which is beneficial for scenarios with a large number of access users, that is, it can

better support block multiple access (see Section 4.1.3). Compared with traditional natural scatterers, the beamforming of

RIS will make the signal propagation more focused, making the signal propagation vary more dramatically with angle and

distance, thus aggravating the spatial non-stationary characteristics.

C. Broadband Beam Squint Effect (Beam Squint Effect, BSE)

Traditional wireless systems mainly operate in low-frequency narrowband scenarios, so traditional research mainly adopts

the narrowband assumption. In the future, high-frequency bands such as millimeter waves will become the main

frequency bands for wireless systems, and broadband communication will become the main scenario due to the rich

spectrum resources. In broadband communication, the beam squint effect (beam squint effect, BSE) needs to be

considered, and near-field propagation will further aggravate the broadband squint effect.

For traditional active phased array antennas, due to the same phase shift applied to different frequency signals by the

analog phase shifter, BSE occurs. Similarly, for RIS, the same phase control coefficient is applied to different frequency

signals, which also leads to BSE. When the signal bandwidth is large, the signal is incident on the antenna array at an

angle, and the optical path difference between the high and low frequency bands is not negligible. The fixed antenna
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spacing will cause frequency-dependent phase shifts on the array, leading to BSE. In the far-field, BSE causes beam

splitting in different directions, while in the near-field scenario, BSE will cause the beams of different frequencies to

defocus [23], so that most beams cannot focus on a single target user [24]. For communication, BSE will reduce the

beamforming gain, leading to performance degradation. Although the broadband beam squint effect brings challenges, it

can also be used to support some specific requirements. For example, using the multiple beam splitting of different

subbands due to BSE, multiple UEs can be quickly accessed in different beam splitting, or used for fast beam scanning

training. It should be noted that BSE occurs under specific system conditions, that is, large bandwidth, large array size,

frequency-independent analog phase shifter array structure, and mainly affects the beamforming/beam focusing angle

away from the normal direction.

In dealing with the problem of broadband beam squint, RIS near-field broadband will face new challenges. Traditional

active phased array antennas overcome the broadband squint phenomenon by using true time delay (True Time Delay,

TTD) mechanism, that is, introducing TTD structure on the active phase shifter. However, RIS is a passive control and it is

difficult to configure TTD structure. Therefore, in the design of RIS control matrix, it is necessary to introduce TTD matrix

components on the basis of considering the ideal control matrix to overcome the broadband squint effect.

Reference [25] further pointed out that TTD matrix components can also be used to achieve independent sub-band control

of RIS.

3. RIS Constructing Ubiquitous Near-field Wireless Propagation Environment

3.1. RIS Constructing Near-field Wireless Propagation Environment

The near-field propagation characteristics offer increased potential for the upcoming 6G network; however, constructing a

near-field propagation environment using traditional active phased array antennas poses several challenges. Firstly, ultra-

large active phased array antennas (APAAs) have significantly increased hardware costs, complexity, power

consumption, weight, and volume, making it challenging to implement dense deployments and limiting the near-field

coverage area. Secondly, the near-field distance peaks near the axis of the APAA array and diminishes as the angle

increases, further restricting the near-field's coverage range. Thirdly, while communication services typically benefit from

NLOS multipath environments, the ideal propagation environment for sensing positioning and wireless power transmission

services is the near-field LOS channel. By exclusively deploying centralized APAAs, the target is likely to be in a NLOS

multipath channel. Numerous studies have explored Cell-free/Coordinated Multi-Point (CoMP)[6][7] techniques using

traditional active phased array antennas, yet these distributed antenna technologies, while mitigating the challenges of

centralized APAA deployments to an extent, remain constrained by the inherent technical features of active phased array

antennas, making it difficult to achieve dense and ubiquitous deployments.

The unique technical features of RIS can be used as an effective means to solve the challenges faced by traditional active

phased array antennas. First, RIS, as a programmable two-dimensional electromagnetic meta-surface, can abnormally

control electromagnetic waves in a passive manner, with the advantages of low cost and low power consumption, and can
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be easily made into a large antenna aperture, thus realizing dense deployment at a low cost; second, RIS types are

diverse and can flexibly adapt to complex and diverse deployment environments. From a functional perspective, RIS types

can include channel control type (e.g., reflective RIS, transmissive RIS, and semi-transparent semi-reflective RIS),

information modulation type RIS (e.g., RIS-based new base station, RIS-based backscatter transmitter, and RIS-based

companion communication), and RIS-based new phased array antennas, etc. RIS can be easily made into different sizes,

shapes, and surface forms to meet different deployment requirements; finally, the simple and easy-to-deploy features of

RIS can also easily build a near-field LOS environment, thereby better supporting the needs of perception positioning and

wireless power transmission. In addition, since RIS is passive control, it naturally has a low level of electromagnetic

radiation, which can still meet the human electromagnetic radiation safety index specific absorption rate (Specific

Absorption Rate, SAR) in the ubiquitous near-field environment.

In summary, compared with traditional active phased array antennas, RIS has the characteristics of passive control, low

cost, and easy deployment, and can be densely and widely deployed, thus having the opportunity to build a ubiquitous

near-field channel environment for future 6G networks.

3.2. Typical Near-field Modes based on RIS

The introduction of RIS has constructed a cascaded channel, and the wireless propagation environment of future 6G

networks will be more complex and diverse compared with traditional networks. From the perspective of near-field

propagation environment, the typical near-field modes constructed by RIS can be classified as follows. These scene

classifications can be referred to when analyzing the near-field propagation characteristics of RIS.

Function type Near-field Characteristics

RIS Type for Channel Regulation
1. Extend near-field coverage area
2. Overcome near-field coverage gaps
3. Construct new LOS near-field

RIS-based New PAA
Achieve large aperture phased-array antennas with low cost and complexity, enhancing near-field coverage
distance.

RIS Type for Information Modulation For low-rate IoT device communication, build a near-field transmitting environment

Table 3.1. Near-field from the perspective of RIS function

Type Near-field Characteristics

Reflective RIS
Constructing a near-field propagation environment within the positive angle range (0, π) of the RIS
incident on signal electromagnetic waves

Transmission RIS
Constructing a near-field propagation environment within the range of the reverse angle (π, 2π) of the
RIS incident on the signal electromagnetic wave

Simultaneous Transmitting and Reflecting
Reconfigurable Intelligent Surfaces
(STAR-RIS)

Construct a near-field propagation environment within the angle range [0, 2π)

Table 3.2. Near-field from the perspective of transmission and reflection types
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Type Near-field Characteristics

Passive
RIS

Focus the incident electromagnetic wave signal in the near-field, but the signal strength is limited

Active
RIS

Focus the incident electromagnetic wave signal in the near-field and amplify the signal. It can overcome the problem of limited signal strength in
passive RIS, but the complexity is slightly higher

Table 3.3. Passive/Active RIS near-field

Type Near-field Characteristics

Single RIS cascaded channel (NB-RIS-UE)
NB-RIS channel: near-field/far-field
RIS-UE channel: near-field/far-field

Multiple RISs cascaded channels (NB-RIS-RIS-UE)
RIS-RIS channel: near-field/far-field
NB-RIS channel: near-field/far-field
RIS-UE channel: near-field/far-field

(RIS cascaded channel) + (NB and UE direct
channel)

NB-UE direct channel: near-field/far-
field
RIS-RIS channel: near-field/far-field
NB-RIS channel: near-field/far-field
RIS-UE channel: near-field/far-field

Table 3.4. Near-field and far-field combinations in RIS networks

3.3. RIS Abnormal Control and Natural Scattering

When RIS is deployed in the wireless propagation channel between the transmitter and receiver, it has the capability to

reconstruct the electromagnetic propagation environment, creating an entirely new near-field communication environment.

In the natural propagation environment, natural reflection mainly includes specular reflection and natural scattering. RIS

introduction will bring three changes to the propagation of electromagnetic waves: abnormal control replacing original

specular reflection, abnormal control replacing original natural scattering, and introducing additional propagation paths

(and the propagation of this path is abnormally controlled by RIS).

Specular reflection, as a special case of natural scattering, is analyzed separately from general natural scattering. In

specular reflection, the distance between the transmitter and receiver is equal to the accumulated distance of segmented

reflection paths (i.e., the sum of segmented channel distances). Only when this accumulated distance is less than the

Rayleigh distance, the channel propagation characteristics meet the near-field conditions. Obviously, the path component

length of specular reflection is longer than the direct LoS path between the transmitter and receiver. In addition, specular

reflection does not have beamforming gain.

For general natural scattering, different scattering directions will separate the electromagnetic waves into different angle

spaces. In the case of isotropic scattering, the electromagnetic wave signal energy will be evenly scattered into different

angles. However, in the case of anisotropic scattering, a larger proportion of energy will be scattered in some angles,

while a smaller proportion of electromagnetic wave energy will be scattered in other angles, reflecting the fluctuation of

energy distribution in the angle domain. When the UE is in a certain angle region of natural scattering, the gathered

scatter rays in this angle can be regarded as the scatterer focusing these scatter rays on the terminal. Although this

Qeios, CC-BY 4.0   ·   Article, March 29, 2024

Qeios ID: JP9DRM   ·   https://doi.org/10.32388/JP9DRM 8/22



propagation phenomenon has high spatial freedom, due to the fact that only a small proportion of signal energy is

scattered in this angle, the signal strength is weak and the channel capacity is limited. Like specular reflection, general

natural scattering also does not have beamforming gain.

RIS introduction realizes abnormal control of signal electromagnetic waves (actively���), thereby adaptively controlling the

signal energy to the target UE in the form of beamforming/beam focusing. Unlike specular reflection, RIS has a focusing

effect on signal propagation and can change the focus/focal plane of propagation. RIS is equivalent to a zoom lens that

can focus on signal propagation and control the signal to different orthogonal subspaces. RIS provides beamforming gain

and supports more flexible abnormal control. In addition, in cases where there are no scattering paths in the natural

propagation environment, RIS can construct new propagation paths (and the propagation of this path is abnormally

controlled by RIS) by properly deploying RIS.

In actual network deployment, RIS can be flexibly deployed in the area close to the UE to construct a near-field

propagation environment, which can enhance the signal while fully obtaining the gain of near-field propagation.

4. RIS Enables New Paradigms for 6G Network Near-field

RIS possesses several characteristics, including substantial dimensions, passive anomaly regulation, cost-effectiveness,

low power consumption, and ease of deployment. In future 6G networks, it holds the potential to establish a pervasive

near-field wireless propagation environment, ushering in a novel network paradigm.

4.1. Enhanced Wireless Communication - Spatial New Dimension

4.1.1. Expand spatial freedom and increase channel capacity

In traditional wireless communication, continuously increasing the number of MIMO's transmit and receive antennas is an

effective means to continue the wireless channel capacity. However, this approach will cause channel hardening (Channel

hardening) after reaching a certain level, and the rank (Rank) of the channel cannot be further improved. The antenna

array elements in the 5G system's Massive MIMO have reached a high level, and channel hardening has occurred,

making it difficult to further improve the channel capacity by simply increasing the number of antennas. However,

traditional MIMO works at low frequencies and with small antenna apertures, and the near-field region is very small. It is

based on the far-field assumption for research, so the channel hardening mentioned is for far-field spatial resources. As

mentioned earlier, ubiquitous deployment of RIS can construct a ubiquitous near-field propagation environment, and the

near-field propagation characteristics expand new spatial dimensions and increase the freedom of spatial resources.

In the field of wireless communication, freedom degree (Degree of Freedom, DoF) has become a key measure to

understand and evaluate system capabilities and potential [25][26]. Simply put, DoF provides a means of the number of

independent signal dimensions that can be used to transmit information in the wireless channel. Although traditional far-

field scenarios have been extensively studied, near-field shows unique features and requires new exploration of DoF.

Qeios, CC-BY 4.0   ·   Article, March 29, 2024

Qeios ID: JP9DRM   ·   https://doi.org/10.32388/JP9DRM 9/22



There are three technical advantages in analyzing near-field from the perspective of DoF: first, NFC provides more DoF,

which makes NFC advantageous in terms of data capacity and transmission capability; second, characterizing DoF in

NFC helps optimize system parameters such as antenna configuration and transmission strategy, thereby improving

overall performance; third, using the DoF perspective helps develop communication protocols and algorithms specifically

tailored for the NFC environment, thereby enhancing reliability, coverage, and throughput. Although some studies have

analyzed the DoF of NFC, this field is still in its infancy [27].

For single-user access scenarios, the improvement of near-field freedom can overcome the problem of channel rank

hardening in traditional far-field Massive MIMO and solve the problem of limited rank under high-frequency LoS paths,

thereby improving the near-field spatial multiplexing gain for single-user access. In addition, near-field beam focusing can

also improve beamforming gain.

For multi-user access, near-field propagation can enhance the capacity of space-division multiple access (SDMA), thereby

improving the system's multi-user access capability. Near-field beam focusing has energy focusing capabilities in the

angle-distance domain. That is, near-field SDMA can generate beams with spherical wavefronts and serve users at similar

angles but different distances. The distance domain of the spherical wavefront provides a new spatial dimension for multi-

user access, and near-field SDMA can also be regarded as location-division multiple access (LDMA) [11]. For example,

LDMA supports massive IoT access. In addition, in high-frequency broadband scenarios, the broadband beam

splitting/squint effect of near-field is more significant. Fully utilizing the beam splitting phenomenon can be used to support

fast beam scanning/training and better support multi-UE access and massive IoT access.

4.1.2. RIS supports continuous coverage of cm/mmWave high-frequency band networks

The frequency bands below 6GHz are already or will be fully occupied by existing 4G/5G commercial networks. Although

the ITU has allocated 500MHz of bandwidth in the 6GHz band to IMT [28], and China has officially designated this band for

5G and 6G networks, each operator can only be allocated a narrow bandwidth, which is impossible to meet the larger

bandwidth requirements of future 6G. In addition, the millimeter wave band is also a high-quality band for supporting

continuous coverage of high-precision sensing and positioning services. It can be expected that the millimeter wave band,

especially the centimeter wave and low-frequency millimeter wave frequency bands (i.e., 7-30GHz), will have the

opportunity to become the main frequency band for realizing continuous coverage of 6G networks.

The electromagnetic characteristics of the millimeter wave band determine the high directivity of millimeter wave

communication. Traditional millimeter wave communication is limited by high path loss and high blockage probability,

making it difficult to achieve continuous coverage based on the traditional centralized deployment of base stations

(cellular networks). Factors such as site selection, cost, complexity, power consumption, and deployment difficulty will limit

the further increase in the deployment density of traditional base stations. The unique technical advantages of RIS, such

as low cost, low power consumption, and easy deployment, make it a potential solution for achieving continuous coverage

of millimeter wave networks. For example, by simply reusing existing 5G base station sites (i.e., the density of millimeter

wave base stations is similar to that of base stations in the 6GHz band or slightly increased) and densely deploying RIS
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between base stations, continuous coverage of millimeter waves can be achieved at a low cost.

To better build the continuity of near-field coverage in millimeter wave networks, RIS network deployment needs to

consider both traditional signal strength coverage and near-field propagation conditions in terms of coverage. Therefore,

RIS network deployment needs comprehensive optimization in terms of size, orientation angle, deployment density, and

deployment location. That is, RIS network deployment needs to add the spatial freedom of near-field propagation

channels as an optimization goal based on the original optimization goal of signal coverage strength. For example, in the

target continuous coverage area, the reachable spatial freedom of near-field propagation channels exceeds a predefined

threshold (e.g., probability greater than).

4.1.3. RIS Block Division Multiple Access

When RIS serves multiple users, the beams of different users may simultaneously hit the same RIS panel. Since RIS can

only adopt one control state at any given time, it is difficult for RIS beamforming control to optimally match the channel

characteristics of multiple users. To better achieve multi-user access for RIS, in addition to using traditional non-

orthogonal multiple access (NOMA) technology, a block division multiple access (BDMA) mechanism based on RIS was

proposed in literature [5]. The BDMA mechanism divides the RIS into multiple sub-blocks, and the base station (Node B,

NB) points the beams of different users to different sub-blocks of the RIS. By independently controlling the phase of each

sub-block, it is possible to simultaneously optimize the matching of different users' channels, effectively achieving multi-

user access [29].

When the channel between NB and RIS meets the near-field propagation conditions, the beam energy for a specific UE

can be better concentrated on a particular sub-block of the RIS, which is more conducive to realizing block division

multiple access. In addition, the more significant spatial non-stationarity of near-field propagation can also be used to

better support block division multiple access. When the size of the RIS array becomes very large, because the signal

energy of each UE is concentrated on a part of the RIS array (referred to as the visible region), different parts of the RIS

array may see different UEs. This spatial non-stationarity can greatly enhance the multi-user multiple access capability,

which is beneficial for scenarios with a large number of access users, that is, it can better support block division multiple

access.

Compared with NOMA technology, BDMA access can effectively eliminate interference between multiple users, thus

achieving better performance. Compared with TDMA technology, BDMA access can achieve simultaneous transmission,

supporting higher resource scheduling flexibility, thus effectively reducing latency and improving spectrum efficiency. The

BDMA access mechanism based on RIS can be applied to both single-cell multi-user access scenarios and multi-cell

multi-user access scenarios [30].

4.2. Enabling Integrated Sensing and Communications (ISAC)

Integrated Sensing and Communications (ISAC) systems can achieve high-speed communication and high-precision

sensing by breaking the traditional separate operation mode of communication and sensing through high-speed and low-
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latency system information interaction. However, there are differences in the design goals of communication systems and

sensing systems. The design goal of the communication system is to transmit information and pursue the ultimate

capacity of the wireless channel. The goal of the sensing system is to extract information about the user's state from the

wireless channel. As mentioned earlier, 6G networks are expected to use higher frequency bands, wider bandwidths, and

ultra-large-scale antenna arrays, which will construct a more ubiquitous near-field propagation environment, helping to

improve the performance of wireless communication and sensing systems.

RIS, with its unique technical advantages, provides support for the ubiquitous and high-precision sensing and positioning

service requirements. Based on the construction of a near-field propagation environment using RIS, there are several

potential benefits for system sensing and positioning:

1. Utilize the characteristics of the near-field spherical wave model to estimate angle and distance parameters

simultaneously. In terms of spatial resolution, near-field beam focusing provides extremely narrow and highly

directional beams, which contain both angle and distance information, thus achieving high-resolution parameter

estimation. For distance sensing, in traditional far-field propagation conditions, the plane wave model only contains

angle information, and the commonly used distance sensing method is to estimate arrival time. However, under near-

field propagation conditions, narrowband distance estimation can be achieved using the near-field spherical wave

model. The combination of arrival time estimation and distance information estimation contained in the spherical wave

propagation can achieve more robust and accurate distance estimation. In addition, compared with the multi-node

requirement in the far-field scenario, utilizing the characteristics of the near-field spherical wave model to estimate

angle and distance parameters simultaneously can avoid the need for multi-nodes.

2. Flexibly deployed RIS can easily construct LoS channels to better support sensing and positioning. NLoS (Non-Line of

Sight) propagation is considered a major source of error in wireless positioning systems. In traditional NB-centered

wireless cellular networks, especially in the millimeter wave band typically used in ISAC systems, LoS paths are easily

blocked. Reasonable deployment of RIS can construct new LoS channels, thus supporting precise sensing and

positioning even when the direct LoS path between NB and UE is blocked.

3. Provide higher beamforming gain to enhance the strength of the sensing signal. Compared with traditional sensing

systems without RIS, RIS beamforming can enhance the sensing signal and improve the signal-to-noise ratio of

sensing, thus enhancing the performance of positioning sensing. For example, RIS can provide propagation paths for

NB coverage blind spots and enhance signals in NB weak coverage areas through beamforming, improving the signal-

to-noise ratio of sensing signals.

4. By covering blind spots and constructing ubiquitous near-field environments, improve the coverage rate of sensing and

positioning services. As mentioned earlier, the characteristics of RIS technology make it relatively easy to achieve

ubiquitous deployment in 6G networks. By optimizing the deployment of RIS to construct a ubiquitous near-field LoS

propagation environment, near-field propagation characteristics can be fully utilized for high-precision positioning and

sensing, ensuring the coverage of sensing and positioning services in 6G networks.

5. Overcome multipath interference and improve positioning accuracy. Multipath can be fully utilized to improve the

throughput of communication services, but it is an interference factor for positioning sensing [31]. The introduction of
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RIS can address multipath interference in several ways: (1) The beamforming of large-sized RIS can enhance the

cascaded channel, constructing the main propagation path; (2) RIS can be deployed on the main scattering bodies in

traditional natural wireless propagation paths; (3) RIS can increase the amount of "geometric" position-related

information that can be utilized from the received multipath contour, thereby improving positioning performance.

6. From a resource scheduling perspective, RIS-based sensing and positioning fully utilize the flexibility of BS signals and

the controllability of RIS, which can not only improve the coverage and accuracy of positioning and sensing but also

increase the precision.

7. Utilize near-field effects to support better sensing and positioning. First, utilize the significant broadband beam squint

effect in the near-field to support sensing and positioning, mainly by using multiple focusing areas on different

subcarriers to accelerate sensing and positioning processes, reduce scanning time, and improve the accuracy and

resolution of sensing and positioning; second, utilize the significant spatial non-stationarity in the near-field to support

sensing and positioning, that is, estimate channel changes using spatial non-stationarity to better support target

detection and positioning.

Of course, ISAC enabled by RIS also faces many challenges, including: (1) the difference in design goals between

sensing and positioning and communication; (2) the coordination and scheduling of sensing resources and

communication resources; (3) whether the near-far field boundary conditions for communication are consistent with those

for sensing and positioning, etc. Literature [29] summarizes the main opportunities, challenges, and possible solutions for

positioning and mapping in specific contexts enabled by RIS.

4.3. Enabling Simultaneous Wireless Information and Power Transfer (SWIPT)

In future 6G networks, it is expected that a large number of low-power IoT devices will be ubiquitously deployed, and

powering these devices will be a huge challenge. Traditional methods such as power lines or removable batteries are no

longer suitable, and wireless power transfer (Wireless Power Transfer, WPT) is expected to become a key technology to

address this issue [32]. There are three types of technologies to implement WPT: inductive coupling, magnetic resonance

coupling, and electromagnetic radiation [33][34]. The first two are more efficient in energy conversion, but they require a

very short distance between the power supply and the device, belonging to non-radiative near-field technology. The third

type, called radio frequency wireless power transfer (RF-WPT) or remote WPT, is the preferred method for powering

remote low-power IoT devices and is the type discussed in this article, focusing specifically on radiative near-field wireless

power transfer technology. The radiative near-field region (Fresnel region) is located between the reactive near-field

region and the far-field region [35], that is, the distance between the energy transmitter and the energy receiver is greater

than the Fresnel limit [36].

Varshney et al. first introduced the concept of Simultaneous Wireless Information and Power Transfer (SWIPT) in

2008 [37]. Due to the dual physical characteristics of electromagnetic waves, SWIPT technology enables the simultaneous

transmission of both information and power. In SWIPT systems, the dual functionality of Wireless Power Transfer (WPT)

and information transmission is jointly designed on a shared hardware platform, also known as the co-design of
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communication and energy (CCE). The vision of Tesla and Marconi is envisioned to be integrated into a new unified

network paradigm (SWIPT paradigm) in future 6G networks. In this paradigm, radio waves are fully utilized to carry both

energy and information. Future network operators may evolve into providers of both telecommunications and energy,

enabling them to offer truly ubiquitous wireless connectivity, allowing tens of trillions of future low-power devices to sense,

compute, connect, and be powered anywhere and anytime [36].

In the traditional far-field propagation conditions, electromagnetic radiation propagates in the form of plane waves, and the

efficiency of WPT is relatively low at this time, with most of the energy being wasted. On the contrary, under radiative

near-field propagation conditions, electromagnetic radiation transforms into spherical wave propagation, which enables

energy transmission not only to be directed towards the desired direction but also to be focused on specific locations,

known as beam focusing. Focused beams can concentrate energy in a particular area, significantly increasing energy

density. Beam focusing brings several advantages to radiative near-field WPT systems. Firstly, it improves energy

transmission efficiency compared to directional radiation in the far-field. Secondly, the power transmitter can focus the

radiated energy on the precise location of the charging device, allowing the receiving device to receive more energy.

Furthermore, it can greatly reduce energy pollution and the impact of radiated energy on the human body.

RIS possesses the capability to spatially process energy signals without the need for amplifiers or active phase shifters.

Consequently, leveraging RIS enables the efficient transfer of electromagnetic wave energy from one point to another at

an exceptionally low cost. By actively controlling the propagation of electromagnetic waves, RIS achieves the efficient

transmission of both information and energy. Yu et al. proposed a novel metasurface with multifocal characteristics for

efficient Wireless Power Transfer (WPT) [37]. Zhang et al. introduced a new multifocal reflective metasurface for WPT [38].

However, most existing literature primarily focuses on passive RIS-assisted communication systems, which are

susceptible to the "double fading" phenomenon in passive RIS-assisted Simultaneous Wireless Information and Power

Transfer (SWIPT) systems [39]. To address the impact of the "double fading" effect, active RIS was introduced in

references [40][41], which essentially inherits the hardware structure of passive RIS while equipped with a set of low-power

amplifiers. Thus, active RIS not only controls the phase of the signal but also amplifies the signal's power.

Reference [42] proposed an active RIS-assisted SWIPT system.

Although there is no specific evidence proving adverse health effects, prolonged exposure of the human body to intense

radio waves may potentially have detrimental impacts [43]. To prevent such harmful effects, regulatory authorities impose

limits on the Specific Absorption Rate (SAR), which measures the human body's absorption of radio waves. The strong

electromagnetic field at the beam focus may lead to violations of SAR limits. Therefore, the design and optimization of

WPT and WIPT need to consider these safety constraints. As a passive control device, RIS exhibits lower electromagnetic

radiation characteristics, ensuring compliance with health and safety SAR indicators while constructing a near-field

communication environment.

The design of SWIPT systems requires consideration of several engineering requirements and design challenges: 1)

Remote device charging necessitates a broad coverage area; 2) Ensuring a certain end-to-end energy transfer efficiency;

3) Supporting energy transfer in both Line-of-Sight (LoS) and Non-Line-of-Sight (NLoS) scenarios to broaden WPT
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applications; 4) Supporting a certain level of mobility; 5) Achieving wireless power transfer throughout the network

coverage area; 6) Ensuring wireless radiation safety; 7) Reducing the energy consumption of wireless power supply

devices; 8) Integrating communication and power transfer (SWIPT); 9) Fusing WPT with 6G sensing, computing, and

communication.

5. Challenges of RIS Near-field

The dense deployment of RIS constructs a ubiquitous near-field propagation environment, bringing a new network

paradigm to future 6G networks. However, this new paradigm also brings many challenges. This section specifically

discusses some of the key challenges, such as near-field channel modeling based on RIS, the impact of near-field

channels on mobility, and RIS-based network deployment.

5.1. Near-field Channel Modeling based on RIS

The introduction of RIS brings new challenges to wireless channel modeling [44][45]. Many teams have conducted

research on RIS channel modeling, but most of the published literature is based on far-field assumptions [46][47][48]. For

near-field channel models, existing research is mostly focused on active phased array antenna scenarios. The ubiquitous

near-field scenario constructed by RIS brings new possibilities for future 6G networks, making it necessary to conduct in-

depth research on near-field channel models based on RIS. The study of near-field channel models based on RIS needs

to consider the following factors:

1. Near-field cascaded channels, such as cascaded channels, cascaded and direct mixed channels;

2. Near-far field mixed channels, such as near-far field mixing of different scatterers, cascaded near-far field mixing;

3. LOS near-field models, NLOS near-field models, and LOS/NLOS mixed models;

4. Modeling of spatial non-stationarity in near-field channels;

5. Modeling of coupling effects between dense RIS antenna arrays;

6. Quantization modeling of RIS phase/amplitude control;

7. Modeling of RIS channel reciprocity;

8. Modeling of different types of RIS, such as reflective, transmissive, semi-transparent, etc.;

9. Modeling of different RIS shapes, such as rectangular plane/surface, circular plane/surface, etc.;

10. Multi-RIS scenarios

11. Multi-RIS cascading, such as multi-hop channels between multiple RIS cascades;

12. Multi-RIS collaboration, such as synchronization deviation modeling between multiple RIS.

13. Near-field ISAC channel model based on RIS;

14. Near-field SWIPT channel model based on RIS.

5.2. Near-field Channels and Mobility
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Compared with the traditional far-field propagation environment, the RIS-constructed near-field propagation environment

more finely divides space and expands spatial freedom in terms of angle and distance, thereby increasing channel

capacity, obtaining higher spatial resolution for positioning, and improving the efficiency of wireless energy transfer.

However, the fine division of space will also bring huge challenges to mobility.

The near-field propagates from both angle and distance dimensions, and the focal spot region of beam focusing is small.

When the UE moves a unit distance, the signal strength will have a larger change rate. This means that, at the same

moving speed, the data rate of communication will have a larger change, leading to a deterioration of communication

stability. Moreover, since the near-field is divided into space from both angle and distance dimensions, different moving

directions of the UE will cause a drastic change in the data rate of communication. Similarly, this phenomenon will also

lead to a deterioration of mobile target performance in sensing and energy transfer scenarios.

For the traditional far-field, when moving along the normal direction (distance change), the spatial characteristics remain

unchanged, and only the tangential angle change will cause a significant change in spatial characteristics. However, the

freedom degree of near-field is strongly related to distance and angle. At different distances from the antenna aperture or

at different angles, the freedom degree of near-field will change greatly. When the UE moves or the antenna array rotates,

there may be changes in the freedom degree of near-field, or changes between near-field and far-field. For single-user

access, the change in channel rank will cause a change in peak data rate; for multi-user access, the drastic change in

access capacity may cause the spatial division multiple access (SDMA) capacity of massive IoT services to be

insufficient, leading to access failure.

Mobility-induced beam defocusing. The localization process uses ELAA and RIS to focus the antenna/RIS on a small point

centered on the user. When the user is moving, it is highly likely that the user will move outside the beam focus in the

subsequent time slot. Therefore, the localization process and BS/RIS beamforming configuration must start from scratch

(or from the surrounding area of the previous frame's position), resulting in a delay in link re-establishment. For sensing

tasks, this mis-focused will result in the loss of tracking the sensing target.

To overcome the mobility issues in near-field propagation, the following aspects can be considered:

1. Design wider near-field beams to balance the spatial division granularity and mobility. At the same time, wide near-

field beams can better support the transmission of broadcast signals;

2. In the ISAC scenario, measured location information can be used to assist beam dynamic tracking;

3. Design more efficient and timely CSI measurement and feedback mechanisms to achieve dynamic tracking of RIS

beam control;

4. Design robust codebooks to adapt to dynamic changes;

5. Design signaling procedures for near-far field cell or regional switching;

6. Optimize RIS deployment to reduce changes in near-field propagation characteristics, etc.

5.3. RIS-based Network Deployment
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The dense deployment of RIS creates a ubiquitous near-field propagation environment, bringing a new network paradigm

to future 6G networks. However, this new paradigm also presents many challenges. To overcome these challenges, it is

necessary to analyze the problem mechanisms in depth and explore the possibility of using AI/large model tools for

resource management and scheduling in such a complex RIS near-field network.

A. Continuous coverage in high-frequency millimeter-wave bands

As mentioned earlier, millimeter-wave bands are expected to be the core frequency bands for future 6G networks.

Millimeter-wave bands can provide sufficient bandwidth, and when combined with ELAA and dense RIS, they can greatly

improve network performance. However, the challenges of millimeter-wave deployment cannot be ignored. Due to the

propagation characteristics of millimeter waves, they are easily blocked. Although RIS can be used as a key solution,

there are still many issues that need to be analyzed and studied regarding simple and low-cost deployment.

B. Changes in deployment optimization objectives

For traditional far-field assumption-based cellular network deployment, the main optimization objective is the signal

strength distribution of network coverage, also known as link budget. However, for near-field assumption-based network

deployment, the optimization objective will not only include the signal strength distribution of coverage but also consider

the changes in spatial freedom caused by near-field propagation characteristics. Therefore, when optimizing the

deployment of near-field networks, factors such as near-field distance conditions, RIS size, deployment density, and

angles relative to the coverage area must be considered.

C. Challenges of integrated communication-sensing-energizing networks

As mentioned earlier, future 6G networks will be integrated communication-sensing-energizing networks, greatly

expanding the capabilities of wireless networks. However, the three types of services - communication, sensing, and

energizing - have significant differences, and these differences will bring huge challenges to network deployment. Firstly,

the distribution of services is different. The communication service targets various communication terminals connected to

the network; the sensing targets include not only some communication terminals but also many non-communication

targets; and the energizing targets are mainly low-power IoT devices. The geographical distribution of the three types of

services is quite different, and their service characteristics are also very different. Secondly, the ideal propagation channel

for communication services is NLOS, while the ideal propagation channels for sensing and energizing services are LOS

channels. In addition, the integrated waveform design for communication, sensing, and energy transfer is challenging, as

there are differences in the waveform requirements for information transmission, sensing positioning, and wireless energy

transfer. How to meet the differentiated needs of the three types of services and achieve low-cost and low-complexity RIS

near-field network deployment will face significant challenges.

D. Challenges of RIS ubiquitous deployment

RIS is ubiquitously deployed in complex and diverse actual environments and requires a larger size to build a ubiquitous
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near-field propagation environment. The RIS form needs to be flexible and diverse to adapt to complex and diverse

deployment conditions, which creates a contradiction between the diverse deployment environment requirements and the

unified standard engineering requirements. Incident angle differences, equivalent antenna aperture changes, and other

factors will affect the near-field coverage area, which will impact the RIS deployment location/angle, optimal shape,

deployment density, etc. In addition, the ubiquitous deployment of RIS will also bring many challenges to power supply,

synchronization, and network control. The diversity of RIS types provides the possibility for solving ubiquitous deployment.

Channel regulation types include reflective RIS, transmissive RIS, and STAR-RIS, which can flexibly increase LOS

channels and expand near-field coverage areas; RIS-based enhanced phased array antennas can expand antenna

apertures at low cost and low complexity, better meeting the near-field propagation conditions at the transmitter and

receiver; and RIS-based information regulation makes it more convenient to achieve near-field multi-address access

between RIS and IoT terminals.

6. Conclusion

This paper discusses the potential of RIS in improving the performance of 6G wireless networks, especially in the near-

field area. In 6G networks, near-field communication will become crucial, and the traditional plane wave-based MIMO

radiation model will no longer be suitable for near-field communication, bringing new challenges and opportunities for 6G

wireless networks. This paper first briefly introduces the basic concepts of near-field and then systematically reviews the

progress and challenges of RIS-based near-field technology from three aspects: constructing a ubiquitous near-field

wireless propagation environment, enabling new paradigms for 6G network near-field, and the challenges faced by RIS-

based near-field technology. RIS has broad research prospects in building 6G near-field networks and deserves more

attention and exploration. It may bring significant benefits to 6G wireless networks in terms of performance improvement,

cost reduction, and application expansion. Through the technical review in this paper, we hope to promote the

development of RIS and near-field technology research.
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