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typical deployment scenarios of RIS. Then the challenges and candidate solutions of the RIS are
systematically and deeply analyzed, involving the cascade channel decoupling for solving the RIS
beamforming, the influences and solutions of RIS regulation constraints, RIS system architecture of
network controlled mode, the integrated channel regulation and information modulation, TDD
mechanism used for RIS. Future trends and challenges are also provided.
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1. Introduction

6G is considered to be used to meet the needs of wireless communications for more
than a decade after 2030, and to support the future intelligent society[1]. To realize the
vision of 6G, many potential key technologies have been put forward, including artificial
intelligence, MIMO, RIS, etc.[2] Among them, RIS has attracted great attention from aca-
demia and industry because of its two-dimensional super surface structure, intelligent
programmability, and the ability to abnormally regulate electromagnetic waves, as well
as its technical characteristics of low cost, low power consumption, and simple deploy-
ment.

At present, from the academic (theoretical) point of view, the research achievements
of RIS have laid a solid foundation for engineering applications. It is expected that schol-
ars will continue to strengthen the depth and breadth of theoretical research on RIS, so as
to provide a higher theoretical upper bound for the engineering application of RIS. While
making breakthroughs in academic research, great progress has been made in engineering
application research and industrialization promotion. As early as 2018, NTT DoCoMo was
the first to trail on RIS [3]. However, in the following two years, RIS was still mainly active
in the academic research field, but it was not widely concerned in the industrial field. In
June 2020, ZTE Corporation together with Southeast University and other organizations
promoted and established the "RIS Task Force" in China IMT-2030 (6G) Promotion Group,
which attracted more than 30 universities and enterprises to jointly promote the technical
research, standardization, and industrialization of RIS. The establishment of the task force
made RIS begin to attract wide attention from the industry, and promoted RIS from aca-
demia to industry [4]. Since 2020, academia and industry have jointly carried out a series
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of RIS industry promotion activities, which greatly promoted the technical research and
industrialization of RIS. In September 2020, ZTE Corporation, joined hands with more
than ten domestic and foreign enterprises and universities to establish "RIS Research Pro-
ject” in CCSA TC5-WG6. On September 17th, 2021, IMT-2030 (6G) Promotion Group offi-
cially released the industry's first research report on intelligent hypersurface technology
in the 6G seminar. On September 24th, 2021, ZTE Corporation, Southeast University,
China Unicom, etc. Jointly hosted the "1t Reconfigurable Intelligent Surface Technology
Forum". On April 7th, 2022, RIS Technology Alliance (RISTA) was established and the
first general meeting of RISTA members was held in Beijing!.

With the in-depth research of RIS application, the challenges faced by RIS have grad-
ually been exposed. If these challenges cannot be solved well, it will be difficult for RIS to
be deployed on a large scale. Based on our limited literature search, only a few literatures
are devoted to analyzing and studying the problems faced by RIS in engineering applica-
tions[5][6]. Based on our previous work [5][6], this paper will make a further systematic
and in-depth analysis of the challenges and candidate solutions of RIS engineering appli-
cations. According to our research, although the engineering application of RIS will face
many challenges, there are corresponding solutions to overcome them. This paper will
focus on the typical problems in the actual network deployment of RIS, including multi-
user access, network coexistence, etc., hoping to sort out the existing work of the system
and promote research in this area.

This article is structured as follows. In the second part, an overview of the engineer-
ing application of RIS is provided. In the third part, the technical challenges and solutions
of RIS engineering applications will be discussed. The fourth part will give a brief intro-
duction to future trends and challenges. Finally, conclusions are drawn.

2. Overview on Engineering Applications of RIS

This section will first briefly discuss the evolution from traditional multiple antenna
technology to RIS. Then, it will outline the engineering application of RIS, including RIS
technical features, typical classification and typical network deployment scenarios.

3.1. Evolution from Multiple Antennas to RIS

This part will discuss three technical concepts, including the enhancement of MIMO
technology, the basic concepts, and the development of massive MIMO cell-free and RIS.
We try to explore the logical relationship between these three technological evolutions
from two angles.

3.1.1. Utilization and transformation of wireless channel

It does not change the propagation environment of the natural wireless channel, that
is, it passively adapts to natural wireless channels. To make full use of the wireless channel
and approach the capacity upper bound of the natural channel, a traditional and classical
method is to continuously increase the number of MIMO antennas, so as to fully obtain
the benefits of array gain and spatial multiplexing. However, with the increase in the
number of antennas, performance improvement has approached the ceiling.

Another direction of MIMO technology evolution is from centralization to distribu-
tion. From centralized MIMO to distributed MIMO (D-MIMO/CoMP), the wireless chan-
nel is segmented by distributed antennas. The channel transformation of each segment is
reduced, and then the change rate and variance of the channel are reduced (obtaining
macro diversity; taking channel segmentation quantization, segmentation regulation, and

1 http://www.risalliance.com/LiveVideoServer/risWeb/events_202204_en.html.
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cooperative regulation). If the density of distributed antenna is increases and the channel
is further segmented, the change of each channel segment in time can be ignored, and the
whole wireless channel becomes an approximately constant parameter channel with a
known channel in time. However, the requirements for deployment site, synchronization,
power supply and return link brought by distributed antennas, as well as the high-cost
problems caused by them, will make it difficult for densely deployed distributed antennas
to be implemented in engineering. Due to the complexity of its engineering implementa-
tion, the CoMP features, which have been proposed and standardized in the 4G stage,
have not been well implemented in the network so far.

Whether it is to increase the antenna size or to deploy in a distributed and cooperative
way, it is to reach the upper bound of the capacity of the natural wireless channel as much
as possible without changing the propagation environment of the natural wireless chan-
nel. In other words, in traditional networks, we can only passively adapt to wireless chan-
nels. If the propagation of natural channels can be controlled dynamically and manually,
it may bring new possibilities to improve the performance of wireless communication sys-
tems. The appearance of RIS makes this possible. RIS has the characteristics of passive
regulation, low cost, and easy deployment. Therefore, it may be widely deployed in the
natural propagation environment, thus allowing it to regulate the wireless channel accu-
rately.

3.1.2. From the perspective of network architecture evolution: break the cellular limita-
tion and bring a new network paradigm

From the perspective of the evolution of network architecture, the evolution of
MIMO technology has changed from centralized MIMO to distributed MIMO (D-
MIMO/CoMP), thus breaking the limitation of cellular to cell-free. From the perspective
of optimization, the basic idea is to optimize the transceiver nodes, that is, from the point-
to-point or point-to-multi-point of the transceiver antenna set in the cell to break the cell
limitation, to achieve multi-point to multi-point joint optimization of a larger transceiver
antenna set. It can be seen that the network architecture evolution of traditional MIMO
technology is limited to the optimization of the distribution of transceiver nodes and the
expansion of cooperation sets, and the wireless channel itself is not regarded as a compo-
nent of the network architecture evolution.

The ubiquitous deployment of RIS makes the wireless channel a part of the network.
By controlling the wireless propagation environment through RIS, the joint optimization
of transceiver nodes and wireless channels is realized, which brings a new paradigm to
the evolution of the future network architecture.

3.2. Technical Features and Typical Classification of RIS

The main technical features of RIS can be summarized as follows (refer to Figure 1).

A reconfigurable artificial two-dimensional meta-surface: From three-dimen-
sional meta-materials to two-dimensional meta-surfaces, the interface effect produces am-
plitude and phase abrupt changes, which are different from the integral effect of three-
dimensional meta-materials.

Passivity regulation: Except for the controller, RIS does not require a dedicated
power supply to regulate radio waves.

Abnormal regulation: RIS can abnormally regulate the propagation characteristics
of radio waves, such as phase, polarization mode, amplitude and delay. In particular, RIS
can negatively refract and reflect electromagnetic waves.
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Channel cascading: The channel of RIS-assisted communications is the cascade of
BS-RIS and RIS-UE segmented channels, which requires new channel estimation and
beam shaping design, bringing new challenges to algorithm design.

Al Driven: Al enabled channel estimation, beamforming and resource management
for RIS to achieve a smart wireless environment.

RIS technology is significantly different from traditional technologies, such as mas-
sive MIMO [7], CoMP [8], MIMO relay [9], backscatter [10], and smart repeater [9] (refer
to Table 1). From this comparison, we can see that although these traditions may be supe-
rior to RIS in some technical indicators, they do not have all the advantages of low power
consumption, low cost, and easy deployment like RIS. It is obvious that only RIS has the
potential to support green communication, ubiquitous deployment, and wireless environ-
ment reconstruction.

Passivity

Regulation

Figure 1. Technical Features of RIS.

Table 1. Comparison between RIS and traditional technologies.

Technolo- i RF Th 1 H E
echnolo Operatllng Duplex ‘ erma ardware nergy Role  Architecture
gies mechanism chains noise cost consumption
RIS Passu:_l/l[n[’;ctlve] Full duplex No No Low Low Helper Distributed
Backscatter P;isrllze Full duplex  No No Verylow  Very low Source  Distributed
MIMO Re- . Active . Half/[full] du- Yes Yes High High Helper  Distributed
lay Receive and transmit plex
Mas- Active Half/[full] du- . . Source/ )
1
sive MIMO Transmit and receive plex Yes Yes Very High  Very high Destination Centralized
CoMP/D- Active Half/[full] du- . . Source/ L
MIMO Transmit and receive plex Yes Yes Very High  Very high Destination Distributed
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Smart-re- Active/[Passive?] Half/[full] du-

. . Yes Medium Medium Helper  Distributed
peater  Receive and transmit plex

"Literature [12] also gives an active RIS with low rated power. This type of RIS adopts simple low-power amplifier transistor circuit, so it has the
characteristics of low cost and low power consumption.

As can be seen from the above technical features, the main technical advantages of
RIS are supporting abnormal regulation, low power consumption, low cost, simple struc-
ture, and easy deployment. These technical advantages make it possible for RIS to be
widely deployed in wireless networks, thus making it possible to build an intelligent and
controllable wireless environment. These can be summed up as three key technical ad-
vantages, namely, Ubiquitous Deployment, Passive Green, and Endogenous Intelli-
gence, which will bring a new paradigm for future wireless networks (refer to Figure 2).

Passive
Green

New Paradigm
of Wireless
Network

Endogenous
Intelligence

Figure 2. Bring a new paradigm for future wireless networks.

With the advancement of RIS engineering research, a variety of different technical
characteristics and forms of RIS have appeared in the industry. Here, an attempt is made
to classify and summarize the types of RIS reported in the open literature (see Table 2).
We can find that each type of RIS has its own technical characteristics, but it is still uncer-
tain which types of RIS will be deployed on a large scale in the future.

Table 2. RIS types.

Features Types

Refractive RIS
Refraction/Reflection  Reflective RIS
Simultaneously Transmitting and Reflecting RIS (STAR-RIS) [13]

Spatial modulation, RIS based transmitter [14][15]

Radio channel regulation, Intelligent reconfiguration of wireless channels

Regulation functions
RIS-based novel phased array antenna

RIS-based simultaneous wireless information and power transfer

Regulation mechanisms PIN diode tube, varactor diode, MEMS, liquid crystal, Graphene, etc.

Sub-6GHz
Millimeter-Wave Band
Terahertz band
Optical band

Frequency band
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Active or passive

Passive RIS
Active RIS [16]

Dynamicity

Static state
Semi static regulation
Dynamic regulation

Measurement/Sensing

Consists of passive elements only

Including passive elements and some active elements with measuring/sensing ability [17]

Deployment Mode

Network-controlled

Standalone [18][19]

3.3. Typical Deployment Scenarios of RIS

In previous articles[6][20], we have discussed some typical RIS deployment scenarios.
Here, we try to classify typical network deployments of RIS according to the characteris-
tics of application scenarios.

This section will classify and summarize the typical deployment scenarios of RIS
from four aspects: development mode, coexistence and sharing, increasing rank and cov-
erage, and coverage area.

1) From the perspective of network deployment mode, RIS deployment scenarios can
include standalone mode and network control mode. The two modes are different in
terms of control link requirements, measurement/control signaling interaction and net-
work deployment complexity, and have their own advantages and disadvantages. For a
detailed discussion, please refer to Section 3.3.

2) From the perspective of coexistence and sharing, RIS deployment scenarios can
include multi-operator network coexistence, single-user access and multi-user access,
multi-RIS deployment, and spectrum properties (such as licensed spectrum and unli-
censed spectrum).

3) From the perspective of rank increasing and covering enhancement, RIS deploy-
ment scenarios can include deployed near NB, deployed at the cell edge, deployed in the
middle of the cell, and ubiquitous deployment.

4) From the perspective of rank increasing and covering enhancement, RIS deploy-
ment scenarios can include remote areas, urban indoor/outdoor, NTN, and so on.

Table 3 provides the four types of RIS deployment scenarios, including typical de-
ployment forms and their respective key points.

Table 3. Four types of RIS deployment scenario.

Deployment
Scenarios

Forms key Points

Deployment
Mode

(1) Network Controlled Mode O Control link
(2) Standalone Mode @ Measurement and control signaling

Coexistence
and sharing

(1) multiple operator networks coexistence.
(2) Single user access and multi-user access.
(3) Multiple RISs deployment.

(4) Spectrum properties, such as licensed

(O Identification and collaboration of multiple
RIS
@ Interference and coordination of coexistence

. and sharing in networks
spectrum or unlicensed spectrum.



https://doi.org/10.20944/preprints202212.0006.v2

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 December 2022 d0i:10.20944/preprints202212.0006.v2

7 of 24

Increasing
Rank and Cov-
erage

(1) Deployed near NB

(2) Deployed at the cell edge

(3) Deployed in the middle of the cell.
(4) Ubiquitous deployment.

Increasing Rank
Covering Enhancement
Near fieldNetel/far field

Coverage Area

O @O

Wide area: semi-dynamic/static adjustment,
which is used to improve capacity and coverage.
@ Local: Dynamic and accurate channel regula-
tion.

® Challenges of Power Supply and Control
Link Deployment.

(1) Remote area
(2) Urban indoor/outdoor
(3) NTN, UAV [21]-[25]

Note 1:

a) RIS is widely deployed, and near field becomes a typical scenario;
b) RIS passive regulation and low radiation, suitable for near-field communication;
¢) The near-field of active phased array antenna may only be applicable to IoT.

3. Technical Challenges and Solutions

To realize the above engineering applications, there are many technical challenges to
overcome. This section will explore several important aspects, including beamforming of
cascade channels, RIS regulation constraints, RIS system architecture for network control
mode, integration of channel regulation and information modulation, TTD mechanisms
for RIS.

3.1. Cascade Channel Decoupling For Solving RIS Beamforming

The introduction of RIS makes the original naturally uncontrollable electromagnetic
propagation environment become a human-controllable electromagnetic propagation en-
vironment, and the active regulation of the electromagnetic propagation environment
may bring a new channel paradigm. However, cascade channels formed after the intro-
duction of RIS have brought significant challenges to the solution of the RIS beamforming
matrix. Here we will preliminarily analyze challenges and briefly introduce a novel chan-
nel decoupling solution. Our other articles will give a more in-depth discussion and more
detailed evaluation.

3.1.1. Challenges of cascade Channels

The RIS cascade channel model H, given in [5] is shown as follows (ignoring the
direct channel between BS-UEs). From the formula, we can be seen that the regulation
coefficient matrix @ of RIS is located between the two segmented channel matrices (the
channel G between NB-RIS and the channel H between RIS-UE ). It is very complicated
to solve the regulation coefficient matrix @ which can well match two segmented channels
simultaneously.

H,, = HOG, ()

G, the channel between NB and RIS.

@, the regulation coefficient matrix of RIS.

H , the channel between RIS and UE.

For the case where UE is equipped with a single antenna, literature [26] shows that
the channel formula (1) can be converted into the following form (formula (2)).

H,, = Hdiag(®)G = ®diag(H)G, ()
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Where, ® =[¢,,®,,®,,...,y] is the Nx1 reflecting vector at the RIS with ¢, rep-
resenting the reflecting coefficient at the nth RIS element ( N=123,...,N ).
H =[h,h,,h;,...h,] is the channel between RIS elements and UE antenna.

The above expression can easily decompose HG to obtain the regulation matrix @ .
However, for the case where the UE is configured as multiple antennas, the above-men-
tioned conversion is no longer valid.

3.1.2. Channel Decoupling for Solving RIS Beamforming

However, we re-examined the regulation mechanism of RIS and found that the reg-
ulation of incident electromagnetic wave by RIS can be further divided into two sub-pro-
cesses. These two sub-processes can be named respectively as the response of the receiv-
ing sub-process to the incident electromagnetic wave and the regulation response of the
outgoing sub-process. Therefore, the RIS regulation matrix @, used for incident elec-
tromagnetic waves can be decomposed into two regulation matrix components corre-
sponding to the above two sub-response processes, namely, the reception response matrix
@, and the reflection regulation matrix @, . The incident response of RIS to electromag-

netic waves is similar to the response of the reception matrix of analog beamforming in
the Massive MIMO hybrid beamforming [27]. On this basis, the expression of downlink
signal of the RIS cascade channel is shown as follows (formula (3)).

Y, =U"H®,®,GFX, 3)

F , the matrix of Downlink transmission beamforming at BS side,
G, the channel between NB and RIS,
@, , the receiving response matrix of RIS at the receiving sub process,

@, the component of the RIS regulation matrix at the outgoing sub process,
H , the channel between RIS and UE,
U™, the receiving beamforming matrix at the UE side.

That is to say, the RIS regulation matrix @ is decomposed into two matrix compo-
nents, @, and P, (i.e. ®=D,dD,), so that the solution of RIS regulation matrix P is

transformed into the optimization of two independent components, ®@; and @, .

It can be seen from the above analysis that if the singular value decomposition (S5VD)
mechanism is used to solve the beamforming matrix of RIS, the channel G between NB-
RIS can be decomposed by SVD to obtain the receiving matrix component @, of RIS, and
the channel H between RIS-UE can be decomposed by SVD to obtain the reflection reg-
ulation matrix component @, of RIS, independently. Therefore, we can get the whole
regulation matrix @ of RIS to optimally match the channels of G and H segments at
the same time. That is, the cascade channel is decoupled, and the channels of G and

H segments can be optimized independently.

As the deployment of RIS is generally fixed, the segmented channel G between NB-
RIS is a slow-changing channel, while the segmented channel H between RIS-UE is a fast-
varying channel, which is also called a time dual-scale channel [28]. If the control matrix

component of the RIS beamforming is decoupled and segmented, @, can be calculated in
alonger period and @, can be calculated in a shorter one. In addition, there is no need

to iteratively optimize the cascade channel, which greatly reduces complexity. For exam-
ple, if the codebook-based mechanism is used, the codebook can be searched to match the
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G channel with a longer period, while the codebook has to be searched to match the H
channel with a shorter period.

The above analysis is aimed at the downlink (DL) MIMO channel of a single user.
For the multi-user DL MIMO channel model, multiple UEs experience the same channel

G between BS-RIS, and the channel H ;; , between RIS and multiple UEs can be repre-

sented as follows.
Hris,DL =diag(Hue,i)r (4)
H . ; the channel between RIS and UE; .

Taking two UEs as examples, the downlink channel H ;; , can be modified as,

H
H DL — el (I)Z(DIG ’ )
Hue? KxM

K, total number of two UE receiving antennas;
M , number of RIS antenna arrays.

Then, the downlink signal is expressed as,

Y, =u" Hue @, D,GFX
DL — H , 271 4 (6)

KxM

Here, SVD isused to solve @, and @, as follows (i.e. Block diagonalization based
on singular value decomposition, BD-SVD),

[U ' D7Vn|;—ris] = SVD(G) 4 (7)
then, @, =U H
H
[U,D,Vyii_e]=SVD(H) = SVD[ - } : (8)
ue2 K xM
then, @, =V ..

3.2. Influences and Solutions of RIS Regulatory Constraints

From the perspective of the system model, the cascade channel compose of NB and
RIS is similar to a digital phased array plus an analog phased array of the traditional mas-
sive MIMO, and achieves similar hybrid beamforming. Among them, NB precoding can
be likened to digital beamforming, while RIS array regulation is equivalent to analog
beamforming. The spatial constraints caused by the analog beamforming of traditional
massive MIMO hybrid beamforming also exist in the architecture of the cascade system
composed of RIS and NB.

3.2.1. Influences of RIS Regulatory Constraints

The existing RIS without radio frequency units has no filtering function, and usually
has broadband tuning capability (i.e., a bandwidth of several GHz) [29]. The broadband
tuning characteristics of a RIS are beneficial for wireless broadband communication and


https://doi.org/10.20944/preprints202212.0006.v2

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 December 2022 d0i:10.20944/preprints202212.0006.v2

10 of 24

support multiple bands [30]. However, each element of a RIS can only set one weighting
coefficient at a time, and different weighting coefficients cannot be set for different signals
on different sub-bands within the frequency range tuned by RIS [31]. RIS with the tuning
characteristics uses the same weighting coefficient matrix to tune all signals incident on it
in a wider frequency band. Therefore, the existing RIS cannot optimally match more than
one sub-band channel at the same time, which may lead to serious network coexistence
problems [5][6], and cannot well support multiple UEs access with FDMA.

This problem is not a new one put forward by RIS, but already exists in the hybrid
beamforming of massive MIMO. For analog beamforming, as the phase shifter has only
one phase adjustment state, there is only one analog beam in the whole system bandwidth,
which makes multiple UEs with OFDMA have to share the same beamforming matrix.
Different UE channels based on OFDMA are orthogonal in the frequency domain, but
share the same analog beamforming matrix, which restricts the degree of freedom of these
UE channel spaces and cannot well match their channel spaces respectively. [32]

The influence of RIS tuning limitation was analyzed in our previous article [5]. With-
out losing generality, assuming that there is a scattering path (the channel component of
nb —ris —ue) and a direct path (the channel component of nb —ue), the formula can be
written as follows.

Yue_A = (H ris_A—ue_A@ris_AGnb_A—ris_A + H nb_A-ue_A )FA X ue_A +Wue_A 4 (9)

YuefB = (H ri37BfueiB®risiAaniBfrisiA + Hnbe—uefB)FB XuefB +WuefB 4 (10)

Where Y, , is the received signal at ue, served by Node-B nb, of network
N,, Y, g isthe received signal at Uey served by Node-B nbg of network Ny, and

O, a is the tuning coefficient matrix of RIS, for ue,.

Since RIS, can only have one tuning state at a time, its coefficient matrix ® ;, ,
suitable for the channel of Ug, is also used to tune the incident signals from network
Ny at the same time. That is, as shown in equation(6), the tuning coefficient matrix for

the signal of Ueg isalso ®,, ,, which leads to the deterioration of Ue; performance.

a) Impacts on Multiple Users Access

Orthogonal frequency division multiple access (OFDMA) is adopted for multi-
user access. Different UE channels based on OFDMA are orthogonal in the frequency
domain but share the same RIS tuning coefficient matrix, which restricts the freedom of
channel spaces of these UE, and cannot match their channel spaces well. As shown in
Figure 3, the downlink signals of two users UE1 and UE2 belonging to the same NB
are simultaneously incident on the RIS panel, are tuned by the same matrix ®@,. The

beamforming matrix @, aligns with UE1, but UE2 cannot be covered by the beam,
resulting in serious degradation of UE2 performance.
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Figure 3. Impacts on Multiple Users Access.

b) Impacts on Multiple Networks Co-existence

As shown in Figure 4, there are two overlapping networks, namely network A and
network B (denoted by N, and Ny, respectively), which operate on two adjacent fre-

quency bands. The Node-B nb, belongs to the network N ,, and the Node-B nbg be-
longs to the network Ng. ue, and uUe, are served by nb, and nbg respectively.
The RIS RIS, of the network N, tunes the signal from the network N, using the co-
efficient matrix @, based on the channel of ue,. RIS, will also tune the signal from
the network N at the same time using the same coefficient matrix @, for the signal of
network N ,. Therefor, the tuning of RIS, causes a unexpected disturbance on the

channel of the non-target signal from network Nj.

]

Figure 4. Impacts on Multiple Networks co-existence.

3.2.2. Solutions for RIS Regulatory Constraints

In this section, two novel RIS design mechanisms proposed by us [5][6], including a
novel multi-layer RIS structure with an out-of-band filter and a RIS blocking mechanism,
are further explored. Among them, the former adopts the idea of eliminating influence,
while the latter adopts the idea of reducing influence. The advantages and possible nega-
tive effects of these two mechanisms are analyzed and evaluated comprehensively.

a) RIS BLOCKING SCHEMES

In the literature[5][6], we proposed a RIS blocking mechanism to solve problems of
the RIS network coexistence. The basic idea of the RIS blocking mechanism is that the
incident signals of different UEs can be assigned to different sub-blocks of the RIS, and
each sub-block can use an independent coefficient matrix to tune incident signals, as
shown in Figure 5. The antenna array elements of RIS can also be grouped by interval
sampling (as shown in Figure 6). Here, the preferred way is that the RIS adopts more
dense antenna elements, so that the interval of antenna elements of each sub-group after

grouping still meets the conditions of less than or equal to Z/ 2.
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From the perspective of the UE source, this mechanism is used for multi-UE sched-
uling when UEs come from the same network. When UEs come from different networks
this mechanism is used for RIS network coexistence. For the RIS network coexistence sce-
nario, the RIS can only be divided in a static or semi-static way, since it is difficult to dy-
namically coordinate between Node-Bs, especially Node-Bs coming from different opera-
tors. It is necessary to deploy an appropriate RIS antenna size and optimize a reasonable
blocking ratio for different networks to ensure the performance of the network itself as
much as possible while satisfying the coexistence.

Without loss of generality, assuming that a RIS is divided into two sub-blocks and
that the ue, signal is set as the target signal, the formula can be written as follows.

Yue_A = \/E(H ris_subl—ue_A@ris_AGnb_A—ris_subl + H nb_A-ue_A )FA X ue_A + \V 1 - ﬂ)(H ris_sub2—ue_A@ris_Ban_A—ris_sub2 ) I:A X ue_A +Wue_A (1 1)

Where Y, , is the received signal of Ue, served by base station nb,, p isthe
energy proportion of the Ue, signal incident on its RIS sub-block, (1— /) is the energy
proportion of the Ue, signal incident on another RIS sub-block, @, , is the optimal

tuning matrix of the RIS sub-block for the ue, signal, and @, g is the optimal tuning

ris_|

matrix of the RIS sub-block for the ugg signal.

\
UE2 D
NB1
UE1 D

Figure 5. Tuning signals incident on a sub-block by using an independent coefficient matrix sepa-
rately.

("’) Wt

Figure 6. Block the antenna array elements of RIS in the way of interval decimation for grouping.

b) Multiple-layers RIS with filter layer(s)

In our previous articles [5][6], a novel RIS structure, multiple-layer RIS with filter
layers, was also proposed. Without losing generality, let us take a RIS with a double-layer
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meta-surface structure as an example. The first layer of the RIS is a bandpass filter using
a meta-surface. The bandpass filter only allows signals in the target band to pass through,
while the signals in the adjacent non-target bands (out-of-band signals) are filtered. The
second layer of the RIS is a conventional programmable meta-surface that can realize typ-
ical programmable functions of RIS. The programmable meta-surface will only tune the
target signal, since the non-target signal has been filtered by the first layer, as shown in
Figure 7.

Figure 7. Out-of-band filtering using an RIS with a double-layer structure (reflecting the RIS) [5].

The expression of the Ue, signal served by NB, and the ue, signal served by

NB; can be modified from formula (3), as shown below.

Yue_A = (H ris_A—ue_A®ris_Aan_A—ris_A +H nb_A—ue_A) FAX ue_A + (H ris_B—ue_Aﬂ®ris_Ban_A—ris_B ) FAXue_A +Wue_A (12)

Yue_B = (H ris_B—ue_B®ris_Ban_B—ris_B +H nb_B—ue_B) I:B Xue_B + (H ris_A—ue_B:BG)ris_Aan_B—ris_A) I:B Xue_B +Wue_B (13)

Where, Y, , refers to the received signal of U€, served by the base station nb,,
Be(01) refers to the filter coefficient of riS,, ®,  , refers to the optimal tuning ma-
trix of ris, for the signal of Ue,, and ©, , refers to the optimal tuning matrix of

ris, for the signal of Ue;.

3.3. RIS System Architecture of Network Controlled Mode

Most existing RIS studies assume that there is a controller connected to the network
to control the electromagnetic regulation behavior of RIS. Especially for the multi-RIS sce-
narios, a controller is needed to control the cooperation among multiple RISs. For a RIS
deployed in the cellular network, the RIS regulates electromagnetic waves under the con-
trol of the network. RIS controlled mode can achieve better network performance, while
it also brings the complexity to controlling information interaction.

Recently, to overcome the complexity of control information interaction between RIS
and the network, literature [33][34] proposed that RIS self-control mode can be adopted.
Literature [34] proposed that RIS can adopt a blind beamforming mechanism to achieve
self-regulation and beamforming. However, the blind beamforming mechanism proposed
in the literature is based on statistical channel information, which is inferior to beamform-
ing with known CSI. The blind beamforming is only suitable for single-user scenarios.
Literature [33] proposed that RIS can self-implement channel estimation and beamform-
ing based on interference phenomena. Again, this mechanism can only be used in single-
user scenarios. Whether it is interference-based channel estimation and beamforming or
blind beamforming mechanism, it is necessary to assume that RIS has to know which UE
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to be served, the target to be optimized, and be in a single UE scenario. In addition, it is
necessary for the NB or other network units to know and inform the RIS of the above
information, or to complicate the RIS so that the RIS has functions like NB. These two
mechanisms mentioned above are difficult to realize coordination and optimization
among multiple users and multiple networks. From the above analysis, these two mecha-
nisms enable RIS to have certain distributed computing capabilities, which can reduce
NB's demand for centralized computing, thereby reducing the interaction between NB
and RIS. However, they cannot completely cancel the interaction between RIS and the
network.

For the convenience of expression, we unify the terminology here. The deployment
mode in which RIS is controlled by the network is called "Network-controlled Mode",
and the deployment mode in which RIS is self controlled is called "Standalone Mode".
Table 4 compares the advantages and challenges of Standalone Mode and Network-con-
trolled Mode. Table 5 shows the requirements and candidate solutions when adopting
Network-controlled mode.

Table 4. Advantages and challenges of Network-Controlled Mode and Standalone Mode.

Advantages Challenges

Type

@® Support multi-network @ Network deployment is

collaboration. . .
@ Supports multi-user ac- relatively complicated.
Network-Con. coss @ Network control link

needs to be deployed.

trolled Mode 3 Better meet the coexist- . ,
, . ® Itis necessary to design an
ence requirements of wire- ) .
interactive flow of control and
less networks deployed on . .
, measurement signaling.
licensed spectrum.
@ No network control link (O Hard to overcome the in-
is required; terference of multiple net-
@ The network is simple works.
Standalone Mode and easy to deploy; @ May cause serious inter-

® suitable for unlicensed
spectrum with low coexist-
ence requirements.

cell interference.
® Cannot support multi-user
access well.

Table 5. Requirements and candidate solutions of Network-Controlled Mode.

Requirements

Candidate solutions

Feedback of CSI
and Scheduling
of Beamforming

O The number of super
large antenna arrays brings
huge pilot cost and channel
information feedback cost
® Real-time demand of
channel measurement and
feedback.

@ Utilize channel sparsity,
adopt compression sensing
and other mechanisms to re-
duce overhead

@ Using statistical channel
information

® Using the Dual Time Scale
Property of cascade Channels
@ Beam scanning and code-
book quantization.
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The control link needs to be
specially deployed, resulting
in the complexity and cost of  Flexible choice of wired or

k 1
Network contro deployment. Especially in wireless links.

link ,
remote areas, complexity

and cost are very big prob-
lems.

Interactive fI Th 1 iza-
nteractive flow e protocol standardiza The related protocol flow can

of control and tion of Interactive flow of ! .
measurement si control and measurement be standardized in the future
) & ) .. 5G-A or 6G standards. [35]
naling signaling is necessary.

Through the comparative analysis of the above two tables and combing with the
characteristics of licensed spectrum and unlicensed spectrum, the following conclusions
can be drawn.

(1) Network-Controlled mode: suitable for scenarios such as complex networks and
licensed spectrum with high coexistence requirements (i.e., cellular networks).

(2) Standalone Mode: suitable for scenarios such as simple networks, unlicensed
spectrum technology with local coverage, and so on (e.g., Wi-Fi).

3.4. Integrated Channel Regulation and Information Modulation

Unlike the current popular research (RIS is only used to assist the communication of
existing communication systems), a RIS function called symbiotic radio (SR) transmission
has been proposed [36]. As a SR, RIS can not only help the transmitter to enhance the
transmission of the primary wireless network through passive beamforming, but also
transmits its own information to receivers by using reflected signals. This concept is sim-
ilar to spatial modulation transmission, in which the indices of the active transmitting
antenna is used to encode information, so as to improve spectral efficiency. The RIS acts
not only as an information source node but also as a helper for improving the performance
of the primary link via passive beamforming. Comparing several similar technologies,
we can find that in essence, whether backscatter [10], spatial modulation [37], or infor-
mation meta-surface [38], information modulation is realized by amplitude/phase modu-
lation of the carrier.

3.4.1. Requirements and challenges

The existing research focuses on using RIS to provide information modulation and
transmission functions at the same time, so as to realize the functions of traditional
backscatter technology to support passive IoT communications. Up to now, however,
there is no literature research on information modulation and transmission based on RIS
to support the electromagnetic wave regulation function of RIS itself, that is, to support
the control and measurement information interaction between RIS-NB and RIS-UE.

The ancillary functions supported by RIS-based backscatter include (1) identifying
RIS IDs for multiple RIS deployment scenarios. It can be used for NB/UE to discover the
existence of surrounding RIS, and obtain the position and characteristic parameters of RIS,
so as to use RIS effectively; (2) used for transmitting measurement and control information,
such as RIS control signaling/CSI; (3) RIS is also used for electromagnetic environment
regulation and information modulation, which is similar to backscatter.
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Since one RIS symbol is transmitted in K successive legacy symbol periods, the RIS-
based information modulation can be regarded as a spread-spectrum code of the RIS sym-
bols for large K, such as, repeating in time/frequency domain, and spreading in the spatial
domain (antenna domain, i.e. different antennas).

Since the data rate of measurement and control information exchanged between RIS
and NB is relatively low, the data rate that RIS-based backcatcher can achieve should meet
the above information exchange requirements. However, there are still some challenges
to better support the exchange of measurement and control information, and to ensure
the performance of the primary system (traffic transmission between NB and UE). Here,
the possible major challenges are analyzed, and preliminary solutions are given.

(1) Challenge 1

RIS is used as a backscatter to modulate information, resulting in random fluctua-
tions in the regulation coefficient originally used for channel regulation by RIS, that is, RIS
introduces additional noise. This effect is similar to the traditional active-phased antenna
or relay, in which the analog transmitter introduces phase (amplitude) noise. Because the
modulation of the information bit is random, the noise is random. The unexpected fluctu-
ation of the channel caused by the RIS-based information modulation results in inaccurate
CSI estimation, and the modulation also leads to the disturbance of the phase and ampli-
tude of the beamforming coefficient, which was originally used for channel regulation of
the primary system. This will cause two problems: a) CSI measurement estimation error;
b) Beam regulation error during data transmission of the primary system. For example,
RIS modulate information using the ON/OFF modulation mode. In the OFF slot, the pri-
mary system cannot transmit information, resulting in a reduction in the available time
domain resources of the primary system. When the ON-OFF regulator makes information
modulation, the capacity loss of the main transmitter is reflected in the power loss due to
the OFF state. During the OFF state, the signal energy of the main transmitter is 0, which
leads to the reduction of its effective power, SNR and capacity loss. Alternatively, it can
be reduced from the proportion of the channel available time, resulting in the reduction
of the theoretical capacity. For infinite-length coding, the OFF ratio can be converted into
the reduction ratio of the total channel capacity. In other words, the OFF state is unavail-
able, resulting in the loss of time domain resources, which leads to the reduction of chan-
nel capacity.

(2) Challenge 2

In this part, the interference of the direct channel will be discussed. The signal of the
direct channel will interfere with the RIS modulation information, especially when the
direct channel signal is very strong. The receiver of the backscatter communications (BC)
always encounters the strong direct-link interference from the RF source. To solve this
problem, various interference cancellation technologies have been developed [39][40][41].

(3) Challenge 3

RIS-based information modulation and transmission depend on the existence of the
primary system signal, and the transmission direction of the primary system signal needs
to be considered. When the traffic load of the primary system is light, or there is almost
no signal transmission on the downlink/uplink, it is difficult for BC to use the carrier re-
sources of the primary system to modulate and transmission information in time, result-
ing in low information rate and large delay. To solve this problem, the possible solution
is to add additional reference signals, which can be used to supplement and enhance the
measurement requirements of the primary system on the one hand, and assist the
backscatter device (BD) with information modulation and transmission on the other hand,
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such as, sending additional dedicated downlink reference signals, and UE uplink Sound-
ing RS, etc.

(4) Challenge 4

Traditional RIS beamforming optimization is generally aimed at the NB/UE in the
primary system. If the BC receiver and NB/UE are not integrated, the RIS beam will prob-
ably not be aligned with the BC receiver, resulting in poor signal quality of the BC receiver.
For BC to receive its signal better, RIS needs to optimize beamforming and align the BC
receiver, which will lead to performance degradation of the primary system, especially in
the high-frequency narrow-beam scenarios.

(5) Challenge 5

When RIS is used as a backscatter, its behavior may have a significant impact on the
communication of the primary system, since its antenna aperture is large and usually de-
ployed on the main propagation path of the primary system. If it obtains its regulated
energy source through wireless energy collection, it will have a great influence on the
signal energy of the primary system path, resulting in a great impact on the performance
of the primary system.

For this challenge, some solutions can be considered. (a) RIS is divided into blocks.
Only some sub-blocks are used for the backcatcher functions by reducing the original
unique functions of RIS for the primary system. (b) Some joint optimization mechanisms
can be considered to optimize both the functions of RIS to the primary system and the
information modulation function/energy collection function of backcatcher. Please note
that the typical backscattering device is generally small in size, so its impact on the pri-
mary system may not be significant.

3.4.2. Solution: A Novel Frame Structure

Here, a novel frame structure is provided to realize that RIS supports channel regu-
lation and information modulation at the same time, as shown in Figure 8.

a. Pilot time slot, only regulate the channel of the primary system without modulat-
ing information.

b. Backscatter time slot, to do the channel regulation and information modulation
simultaneously.

C. It is better to have RS signals in both time slots, to estimate the channels of the
two types of time slots respectively. The difference between these two channels is
the modulated information. By using RS, we can estimate these two channels
more accurately.

d. The design of the frame structure needs to consider time domain correlation,
overhead, RS structure, etc.

e. In addition, RIS can consider designing a silent time slot/frame, so that only the
signals of the direct channels/signals can be detected in these time slots/frames,
and the detection performance of these signals can be guaranteed.
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Normal RS Modulated RS Normal RS Modulated RS
symbol symbol for BC symbol symbol for BC

\

Figure 8. A Novel Frame Structure for a RIS Integrated Channel Regulation and Information Mod-
ulation.

3.5. True Time Delay (TTD) Schemes for RIS

When studying the analog beamforming in the massive MIMO hybrid beamforming,
it is found that the beam splitting? ("squint” phenomenon) will occur in different fre-
quency sub-bands under the broadband, which is also called the rainbow effect. To solve
this phenomenon, the researcher proposed to use the True Time Delay (TTD) mechanism
to eliminate the phase deflection difference of different sub-bands caused by time delay
[42][43][44]. Literature [45] further pointed out that TTD can also be used to solve the
problem of the "squint” phenomenon faced by RIS.

TTD mechanism uses the precise adjustment and control of delay to align the offset
phase difference of different frequency sub-bands. Naturally, this technical idea can be
used to generate independent phase adjustment effects for different frequency sub-bands
by adjusting different delay differences. Literature [46] hopes to give the frequency-de-
pendent analog beamforming by using TTD. However, this research is aimed at the analog
beamforming problem of large-scale MIMO, which is different from the requirements of
RIS. That is to say, RIS and Massive MIMO active phased arrays have different adjustment
mechanisms and face different implementation limitations. It is necessary to deeply study
the mechanism of RIS scenarios to realize independent analog beamforming in different
sub-bands based on TTD, which can be used to support the requirement that different
UEs with OFDMA independently adopt their own beamforming in their own occupied
sub-bands.

3.5.1. Concepts of TTD Scheme
In principle, the TTD circuit introduces a group delay to the received signal. The de-
lay is Denoted as Ty inthe N— th array element, then the received OFDM symbol of

the m—th sub-carrier is
Ym :W'It'I'D,mHmVXm + Nm/ (14)

The combiner specified by TTD arrays Wy, , € C N g frequency dependent, i.e.,

its N—th element as

H i2nfytrrpn

Wrtpmn =€ ’ (15)

2 The concept of the beam angle changing as a function of frequency is called beam squint.
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where, the RF frequency of the M —th subcarrier is denoted as  f,_, the channel at the

M—th subcarrier is denoted as H,, .

This model is valid as long as CP is longer than the propagation delay I' , , and the

cumulative delay T of TTD circuit, i.e.,

N, T, > maxT,
1,g,n

l,q,n + rlnqar?( TTTD,n ’

(16)
The frequency domain noise N, is Gaussian distributed.

3.5.2. RIS Using TDD to Support Frequency-Dependent Beamforming for Multiple Users
Access with OFDMA

As mentioned above, it is assumed that RIS can only have one phase/amplitude mod-
ulation weighted mode at the same time, so the general beamforming can only well match
the channel of one UE. In the scenario of multi-user OFDMA access, that is, different UEs
use different sub-bands in the FDM mode, RIS will not be able to well match the frequency
orthogonal channels of these UEs respectively.

In this section, we will discuss the application of the TTD mechanism in RIS to sup-
port the frequency-independent beamforming for different UEs using OFDMA in their
respective occupied sub-bands. TTD mechanism is flexible in phase adjustment of differ-
ent sub-bands, that is to say, it increases phase freedom in the frequency domain, which
can bring scheduling performance gains.

Take the case where two UEs (U€; and UE,) use OFDMA as an example. U€, oc-
cupies the sub-band B, and U€, occupies the sub-band B, . The precoding matrix W,
of U, is calculated based on the channel H, of U corresponding to the center fre-
quency point f, of B,. The precoding matrix W, of Ue, is calculated based on the
channel H, corresponding to the central frequency point f, of B,. Then, the phase
difference vector @ corresponding to each antenna port corresponding to W, and W,,
where ¢, represents the phase difference between W, and W, corresponding to the
antenna N —th.

The delay difference corresponding to the phase difference can be calculated by the

following equation. That is to say, the time delay difference is inversely calculated accord-
ing to the phase difference.

Wi o = 0, eXP(=j(2n( fr, = )T, +6,)), (17)
Then the TDD coefficient matrix of m-subcarrier isW,, = diag(w,, ,),n=1...,N .

The basic process of implementing TDD mechanism.

(1) taking sub-band 1 (center frequency f,) as the reference frequency f. = f,, the
RIS regulation matrix @ (; ={@;;,...,#;; y}corresponding to fis calculated by the tra-

ditional method, N is the number of antennas. Then, the phase corresponding to the
M-th sub-carrier of the antenna N-th in sub-band2 (central frequency point f,).
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(2) after adding time delay 7, , additional phase offset Ad, will be introduced at f,,

so the original regulation matrix @ ;,needs to be revised, i.e., W}l n =W *g M

(3) Because the phase difference between the two sub-bands is realized based on the
time delay, the beam squint will be introduced into all sub-carriers except the center fre-

quency points of BW 1 and BW 2 due to the time delay 7. Especially when the delay T

is large (because of the large phase difference ¢, it is necessary to set a large delay T,

accordingly), the beam squint effect will be significant, resulting in performance degrada-
tion. To minimize the impact of the beam squit mentioned above, the following factors
should be considered when optimizing the algorithm, (a) optimization objectives: maxim-
ize the sum capacity of multiple subbands; (b) at least several constraints should be con-
sidered, i.e., the range of allowable delay T, the performance impact caused by beam

squint (e.g., compared with the TTD used to perfectly eliminate beam squint), and the
minimum traffic delay (such as URLLC); (c) During multi-user scheduling, it should be
considered that the beam phase difference of different UEs should not be too large to min-
imize the influence of beam squint.

(4) Other considerations, including number of delay/phase quantization bits, e.g., 1~2
bits; considering the complexity and cost; the range of time delay/phase, and so on.

(5) In order to reduce complexity, K adjacent antenna elements of RIS can be
grouped and share a time delay.

4. Future Trends and Challenges

To further promote the industrialization process of RIS, some aspects still need fur-
ther in-depth research and industrialization promotion.

4.1. A New Structure RIS: RIS Integrated with Photovoltaic Panels

As mentioned above, RIS is expected to be widely deployed in future wireless net-
works, which will bring power supply problems, especially in remote areas. However,
RIS is a plate structure with low power consumption. It is a natural idea to consider that
RIS integration can also supply power for photovoltaic panels with plate structures, espe-
cially for outdoor scenarios.

There are two possible ways for RIS Integrating Photovoltaic Panels.

Mode 1, a novel RIS structure is designed, that is, the optically transparent RIS is
located on the surface of the photovoltaic panel, which is used to regulate wireless elec-
tromagnetic waves. The energy of visible light falls on the surface of the photovoltaic
panel through RIS, and generates electricity to support the RIS control unit, and even meet
power demands of other surrounding equipment.

Mode 2, Additional photovoltaic panels are deployed for supplying power to RIS. As
both of them are plate-like structures, it is easy to design composite structures. This mode
is not a new RIS structure, but a new combination deployment mode.

Of course, the integrated structure is also faced with some challenges. For example,
photovoltaic power generation can have high power only when the sunlight is strong in
the daytime. However, since data traffics is mainly in the daytime and in the evening,
there is almost no service in the middle of the night and so the power consumption is low.
Therefore, the traffic peak in the daytime just corresponds to the peak of photovoltaic
power generation, and the energy storage module is mainly used for the traffic in the
evening and a small amount of traffic at midnight. Photovoltaic panels and RIS panels
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have different requirements for deployment angles, which brings difficulties in integrated
design. Other challenges include low light on cloudy days, the possibility of relatively low
transmittance of RIS, and so on.

4.2. Complexity of RIS Network Deployment and Optimization

The introduction of RIS will bring a new network paradigm to the future network,
but it will also lead to the complexity of network deployment and optimization, including
the following.

@) Multiple transmission nodes share the same RIS.

@ Collaborative scheduling when a transmission node uses multiple RIS at the same
time.

® control link between transmission node and RIS (such as. NB-RIS return link).

@ The challenge faced by network topology planning and optimization. RIS en-
hances and expands the signal coverage area, which may break the traditional strictly di-
vided sector coverage characteristics and bring complexity to network planning and op-
timization.

® Station site selection and power supply. The simplicity, low cost and low power
consumption of RIS make it possible to deploy RIS more widely. However, its ubiquitous
deployment may also bring new challenges to RIS power supply and management.

® different scenarios need different forms of RIS, so it is necessary to design differ-
ent forms of RIS.

4.3. Engineering Errors

Due to the limitation of cost and complexity, the engineering implementation of RIS
will have some engineering errors. The influence of these engineering errors should be
considered in the algorithm design and optimization. The main engineering deviations of
RIS can include: O control phase quantization error, for example, 1-bit quantization, 2-
bit quantization; @deviation calibration, including processing deviation and calibration,
aging, environmental impact, and other system drift measurement calibration; @ CSI
feedback quantization error and time delay, etc.

4.4. Standard and Protocol Design

The standardization design of RIS mainly involves the following aspects.

1) the access procedure of UE. The access procedure design includes the measure-
ment, discovery, random access, transmission, target signal identification and regulation,
measurement, and so on.

2) resource management and scheduling procedure. It is mainly aimed at the man-
agement and scheduling of RIS resources, such as the selection of RIS channels and NB-
UE direct channels, and the scheduling/selection of RIS in multiple RIS scenarios.

3) the impact of the introduction of RIS on the handover procedure (i.e. mobility man-
agement). Such as switching between different RIS, switching between different fre-
quency bands, etc.

4) Side control information interaction between NB and RIS, such as beamforming
information, timing information to align transmission, information on UL-DL TDD con-
figuration, ON-OFF information, etc.
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5. Conclusion

This paper focuses on aspects of the actual engineering applications of RIS. The en-
gineering applications of RIS were summarized. Then, technical challenges and solutions
of RIS engineering applications were discussed. Future trends and challenges are also pro-
vided. We can conclude that although the engineering applications of RIS face many chal-
lenges, there are corresponding solutions to overcome them.
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