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Abstract: Industrial Internet of Things (IoTs) applications will have higher demands in terms of
system capacity and wireless transmission performance in the future. Reconfigurable intelligent
surfaces (RIS) for the wireless transmission environment reconstruction is currently a research hotspot
in the field of wireless communication. In this paper, RIS is applied to industrial IoTs scenarios,
and an innovative infrastructure based on shape-adaptive RIS suitable for smart industrial IoTs is
proposed. Based on the many advantages of RIS, the proposed infrastructure can meet the significant
demands of industrial IoTs in terms of network coverage, system capacity, transmission rate, and
communication security. Further, in order to achieve flexible RIS phase adjustment in wider ranges,
in this paper, a shape-adaptive RIS mechanism is proposed to regulate RIS-reflected waves in the
shape domain, which can be achieved by scalable RIS unit sizes and macroscopically changeable
physical shapes. This mechanism can reduce the requirements for RIS-controller and artificial-unit
design and expand the spatial distribution of reflected beams, whereas this is difficult to achieve
by conventional regulations in the spatial, time, and frequency domains. The simulation results
show that, in terms of system-coverage probability, the system performance of RIS is better than
that of general communication systems, and the performance of the deformable RIS-based system
is the best. In terms of channel gain, the performance of the deformable RIS is related to its surface
size. Moreover, the path loss caused by the long-distance transmission of wireless signals can be
compensated for by increasing the RIS surface area.

Keywords: reconfigurable intelligent surfaces (RIS); shape-adaptive RIS; industrial Internet of Things
(IoTs); 5G/6G; channel gain

1. Introduction

With the development and maturity of 5G and the Internet of Things (IoTs), the
global digital revolution is experiencing a new round of industrial transformation. The
integrated development of 5G and the industrial IoTs has woven a series of visions of
5G-based smart industrial applications [1]. VR/AR, ultra-high-definition video, machine
vision, industrial robots, unmanned aerial vehicles (UAVs), and remote control are typical
applications of the smart industrial IoTs. These applications have ultra-high requirements
for bandwidth, connectivity, coverage, latency, and other aspects. For example, in smart-
factory applications, users need to install a variety of sensors and cameras in the factory so
that they can monitor any equipment and workflow in real time [2]. The wireless network
signal should be able to cover any location in the factory area to ensure that the sensor
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and camera data can be transmitted to the network infrastructure with high quality and at
high speeds.

In recent years, many large companies around the world have been building a new
type of smart factory called a “dark factory”. In China, these companies include Alibaba,
GREE Electric Appliances Inc., Xiaomi Inc., etc. GREE is striving to build a fully automatic,
intelligent, and 5G-covered “dark factory”, which will only need 80,000 people to achieve
an output value of RMB 200 billion, much higher than the current output value of RMB
80 billion created by more than 100,000 people. Xiaomi has invested RMB 600 million to
build its own smart factory, hoping to complete the entire production process with robots
in the future. Smart factory or dark factory refers to a kind of production environment in
which industrial robots use artificial intelligence technology for information processing
and inference prediction, thus realizing a fully automated industrial product-design and
manufacturing process without human involvement. Figure 1 depicts the production
process of smart factories aided by wireless networks. Smart factories will be a major
feature in the era of Industry 5.0 [3–5].
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The foundation of the intelligent industrial IoTs consists of building communication-
network infrastructure. The 5G network currently under construction mainly works in
the sub-6G frequency band, which cannot meet the ultra-high demands of the future
industrial Internet. Fortunately, B5G (working in the millimeter wave band) and 6G mobile
networks (working in the THz band) are being developed towards a unified network
that connects virtual and real space and realizes ubiquitous intelligent connection. One
of the missions of 6G is to provide QoS-guaranteed secure connections for industrial
applications [6]. However, the propagation distances of millimeter waves and THz radio
waves are relatively short, their diffraction and transmission abilities are very poor, and
they are easily blocked by obstacles [7]. Therefore, in typical industrial IoTs scenarios,
such as workshops and factories, radio-signal coverage and signal transmission are critical
issues that determine whether the future mobile network can successfully integrate with
the industrial Internet.

Reconfigurable intelligent surfaces (RIS) for the reconstruction of the wireless trans-
mission environment is a research hotspot in the field of wireless communication in recent
years. RIS is an artificial electromagnetic metamaterial with digitally programmable prop-
erties, the surface of which consists of a large number of low-cost, artificially designed
reflective units. With an intelligent controller, RIS can realize the reflection of incident
waves in different amplitudes, phases, and polarization directions. Due to its beamform-
ing capabilities, RIS offers significant advantages in enhancing network coverage and
increasing data-transmission rates.
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RIS requires collaborative research across disciplines, including wireless communica-
tions, RF engineering, electromagnetics, and metamaterials. Current RIS research is focused
on three areas. The first research area is the design of RIS hardware structures, as well as
functional implementation and performance measurement based on prototype systems.
Research in this area specifically includes the design of RIS artificial units and their spatial
arrangement, the production of adjustable materials or electronic components of the units,
and the realization of RIS control mechanisms for different purposes. The second area is the
theoretical study of baseband algorithms based on mathematical models. Studies in this
area are very rich, including channel modeling, channel estimation, beamforming, simulta-
neous wireless information and power transfer (SWIPT) technology, secure communication,
and so on. The third area is the design of RIS-based wireless network architecture. Most
research in this area is aimed at specific applications to meet the requirements of specific
scenarios. Table 1 shows the main research studies of RIS in different areas, as well as their
main features.

Table 1. Comparison of different RIS studies.

Classification References Features Technology Trends

Design of RIS hardware
structures [8–13]

Reflective type, emission type, penetrable type, pin
diode, MEMS, FPGA, amplitude, phase, frequency,
polarization, OAM, metasurface with planar array.

Independently controllable units, adjustable in
large bandwidth, optimization of spatial

arrangement, versatile RIS array.

Theoretical study of
baseband algorithms [14–19]

Passive, active, cascaded channel, phase-shift matrix,
channel modeling, channel estimation, channel state

information (CSI), signal enhancement, signal neutralization,
SWIPT, communication perception and localization.

Different transmission scenarios, distributed
RIS collaborative-transport solutions, AI-based
algorithms, system-level simulation platforms.

Design of RIS-based
wireless network

architecture

[20–24]

Single RIS; multi-RIS collaboration; based on spectrum
sharing; based on non-spectrum sharing; 3D

beamforming; combination with different networks,
such as MIMO, OFDM.

Topology of multi-cell RIS networks, mobility,
security, deployment, applications. Industrial
IoT is expected to be a major application scenario

for RIS in the future, and RIS will aid in the
realization of various new applications in the

industrial IoTs, such as digital twins (DTs).this study Industrial IoTs, IoTs applications, shape-adaptive RIS,
infrastructure, coverage probability, channel gain.

Table 1 shows that the vast majority of RIS studies are focused on the first and second
research areas, while only a small number of studies is concentrated on RIS-based networks
and applications. This study is dedicated to providing RIS-based wireless-transmission
support for future industrial IoTs applications. Based on its many advantages, RIS is well
suited to meet the significant demands of the industrial IoTs in terms of network coverage,
system capacity, data-transmission rate, communication security, etc.

Undoubtedly, the large-scale application of RIS will be closely related to the difficulty
of RIS deployment. RIS is generally deployed on the surface of various objects, which
requires the surface shape of RIS to be well adapted to that of the objects. However, current
RIS generally has a two-dimensional planar surface, and this fixed structure has certain
limitations in terms of deployment and functional implementation. Therefore, this paper
further investigates the RIS metasurface structure with the aim of making the RIS surface
shape adaptive to that of the deployed objects.

An innovative infrastructure for the smart industrial IoTs is proposed, which uses
5G/B5G/6G base stations to provide the main coverage and intelligent edge-computing
deployed at the edge of the network to provide intelligent interconnection, intelligent
computing, intelligent control, etc. The innovation of this architecture lies in the deployment
of a large number of low-cost, reconfigurable intelligent surfaces (RIS) at suitable locations
in a given industrial IoTs scenario, as well as the fact that the shape of RIS can be adaptively
changed. The intelligent-reflection and signal-enhancement capabilities of RIS can be used
to achieve comprehensive network coverage without blind spots in various industrial
IoTs scenarios and greatly increase the data-transmission rate. Moreover, by using the
signal-neutralization capability of RIS, secure communications can also be implemented in
the physical layer of RIS-assisted industrial IoTs applications [25].
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The structure of this paper is as follows. Section 2 introduces the structure of RIS and
its communication capabilities when combined with wireless communication networks. In
Section 3, we propose an innovative infrastructure based on shape-adaptive RIS suitable for
5G intelligent industrial IoTs applications, and the composition and function of the network
infrastructure are described. Further, the design of shape-adaptive RIS is described in
Section 4. Simulation and performance analyses of shape-adaptive RIS are carried out in
Section 5. Section 6 summarizes the full text.

2. What Is RIS?
2.1. Structure and Artificial Units of RIS

RIS is an advanced digital metamaterial that can control the electromagnetic properties
of the metamaterial units in real time through the input a digital coding sequence, thereby
realizing real-time control of electromagnetic wave functions. Consistent with binary com-
puter technology, digital metamaterials realize different electromagnetic wave functions in
the physical world through binary-digit sequences in the digital world, thereby establishing
a connection between the physical world and the digital world. Digital metamaterials
are also called informational metamaterials because different digital coding sequences
can represent different information. Cui et al. [8] proposed the concept of digitally coded
information metamaterials. They used binary 0 and 1 to represent metamaterial artificial
units that can encode all artificial units in binary space in real time, thus realizing the first
digital information metamaterial.

The design principle of RIS is to implement multiple basic circuit units (artificial units)
according to a certain rule (usually distributed in a regular array) on the entire metamaterial
surface. The electromagnetic characteristics of each artificial unit are digitally controllable.
By inputting different binary control sequences, real-time adjustment of the amplitude,
phase, frequency, and other parameters of the incident electromagnetic wave on each
artificial unit is realized so that RIS show different physical phenomena on the whole and
express different information or achieve certain application purposes.

The structure of RIS is shown in Figure 2. In terms of hardware structure, RIS mainly
include three parts. The first layer is the metamaterial surface that is in direct contact
with the outside world. It is composed of a large number of low-cost artificial units.
Electromagnetic waves are incident on the surface, and under the overall electromagnetic
response presented by all the reflection units, different numbers of beams or beams pointed
in different directions are formed. The second layer is a metal back plate with a certain
structure, which is used to avoid the leakage of incident electromagnetic waves behind the
metamaterial and improve the reflection efficiency. The third layer is the control circuit
board, which is used to control the state of artificial units in real time, realize real-time
control of incident waves, and achieve different reflection effects. This is the core of RIS,
acting as an intelligent controller. In the current implementation, the control circuit is
usually implemented by FPGA [18]. The FPGA circuit generates different binary sequences
and sends them to the artificial unit. By changing the state or electromagnetic characteristics
of the artificial unit, real-time control of incident waves is realized. Therefore, by controlling
the output signal of the FPGA, different physical realizations, such as single-beam radiation,
multi-beam radiation, and beam scanning, can be realized, thereby establishing a connection
between the digital world and the physical world.
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In terms of physical units, the basic circuit of the artificial unit should be able to present
at least two different states, such as on and off, and be able to switch between different states
flexibly under the action of an external excitation signal. At the same time, considering
the implementation cost of metamaterials composed of a large number of artificial units,
the cost of the electronic devices used in these artificial units is also important. Of course,
the state accuracy of these devices should be fully guaranteed. At present, in most cases,
the artificial unit is composed of a diode (PIN tube) in the laboratory, and the PIN tube is
controlled by an external signal to make the artificial unit present in two different states. For
example, when different voltage signals (high voltage represents 1; low voltage represents
0) are fed into the artificial unit, the basic circuit composed of the PIN tube will be on or off,
which causes the circuit to form one of two different electromagnetic responses. Of course,
artificial units can also be realized by other devices, such as triodes, MEMES, graphene,
thermosensitive devices, photosensitive devices, etc. [26,27].

Since RIS can generate varying beams of incident waves and can realize beam shaping,
they can be regarded as an antenna. Each artificial unit of RIS is actually a tiny antenna,
and each is independent, only reflecting the signal incident on itself, according to its
electromagnetic characteristics. All artificial units form a miniature antenna array according
to the physical structure, which presents a tightly coupled antenna as a whole. Similarly to
traditional antenna size requirements, in order to better propagate electromagnetic waves,
each artificial unit is very small—about 1/10~1/4 of the working wavelength, called sub-
wavelength size—and the units are closely spaced. Theoretically, the state of each artificial
unit is independent and controllable. In practice, all coding programs can be written into
FPGA, and it supports field-programmable, real-time control of different functions of RIS
and realizes free switching among single beam, multi-beam, beam forming, and stealth
state, etc.

2.2. Communication Capabilities of RIS

At present, the research hotspots of RIS application in wireless networks include signal
enhancement, enhanced coverage, signal neutralization, simultaneous wireless information
and power transfer (SWIPT), secure communication, etc. [28].

1. Signal Enhancement

In the “weak coverage” and “ultra-distance coverage” areas of the cellular network,
the wireless signal of the cellular base station is very weak and often cannot meet the
signal-to-noise ratio (SNR) threshold requirement of the receiver to demodulate the signal
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correctly. As the working frequency bands of 5G/B5G/6G are getting higher and higher,
the problems of “weak coverage” and “ultra-distance coverage” will become more serious.

The location of RIS deployment should not be too far away from the BS in order to
ensure the signal-energy incident on the RIS surface is strong enough. At the same time, this
distance should not be too close; otherwise, the diversity gain will be very low. Assuming
that only two communication paths—the direct link from BS to the receiver and the indirect
link via the RIS as a relay—are considered, since the indirect link can usually be expressed
as a cascade channel [17], the received signal is expressed as:

y =
(

ρe−jµ + αβγe−j(θ+ϕ)
)√

ptx + n (1)

where, ρ, α, β are the channel amplitudes of the direct link from the BS to the receiver, the
link from the BS to the RIS, and the link from the RIS to the receiver, respectively; µ, θ, ϕ
are the corresponding phases; and γ is the reflection coefficient of the RIS.

Signal power is usually characterized by the square of the signal amplitude, so the
SNR of the received signal can be expressed as:

η =

∣∣∣ρe−jµ + αβγe−j(θ+ϕ)
∣∣∣2 pt

N0
(2)

where, N0 denotes the noise power.
In the case of RIS total reflection, the SNR can be maximized if and only if the phase of

the signal received through the RIS cascade channel is exactly the same as that received
through the direct link. This is because the two path signals can then be coherently
summed to maximize the energy of the received signal, thus achieving the maximum
data-transmission rate.

Therefore, the best reflection coefficient is:

γ∗ = ej(θ+ϕ−µ) (3)

Assuming that the transmission power is determined and the influence of small-scale
fading is not considered, the value of SNR is mainly affected by the RIS reflection coefficient.
When the RIS-reflected beam is pointed in the same direction as the direct link, SNR can
reach its maximum, as follows:

ηmax =
(ρ + αβ)2 pt

N0
(4)

Therefore, in signal-enhancement applications, the key is to control the reflected
beam phase of the RIS and form as narrow a beam as possible to the receiver. The usual
solution is to reversely solve the coding sequence of all units of the RIS through the
desired beam pattern according to beamforming theory [29]. Limited by current technical
implementation and cost, RIS is not suitable for fast and complex calculations. In fact,
the optimal reflection coefficient of RIS can be calculated at the BS and transmitted to the
intelligent RIS controller through the dedicated feedback link between BS and RIS. The
intelligent controller generates the RIS coding sequences accordingly, which are used as the
input signals to control each artificial unit of RIS, so as to form the desired beams.

2. Coverage Enhancement

The blocking effect of buildings on high-frequency signals is more obvious in urban
areas with tall buildings, especially in large cities. Although operators can deploy more
5G/6G base stations, there will inevitably be many “blind spots” on the back of buildings.
Similarly, with the improvement of indoor application requirements, the indoor propaga-
tion of high-frequency signals has also received widespread attention. It is not difficult to
imagine that indoor walls, rooms, corridors, etc., can seriously hinder the propagation of
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high-frequency signals. Therefore, a large number of low-cost RIS unites can be deployed
in suitable locations, such as exterior walls, indoor walls, and corridor corners of buildings
in order to change the signal-propagation direction and enhance 5G/6G network coverage.

When the direct link between the base station and the user is completely blocked
by a building, the beam of the base station should be directed to RIS units so that the
signal energy of the indirect link is as strong as possible. In this case, the received signal
energy is mainly determined by the indirect link. As long as the incident beam of the base
station is aligned with RIS, and RIS generates the reflected beam aimed at the user with the
maximum reflection coefficient, the maximum SNR can be obtained for the receiver [15,17].
Therefore, it is necessary to shape the base station and RIS joint beam to achieve a better
“blind-filling” effect.

3. Signal Neutralization

In order to improve the system capacity and spectrum efficiency, 4G/5G adopts tighter
co-frequency multiplexing strategies, making it easy to generate co-frequency interference,
especially in the case of multi-user/multi-cell applications. By adjusting the phase of the
reflected signal of the RIS, the received useful signal energy can be enhanced. Similarly, by
adjusting the phase of the RIS-reflected signal, the energy of the interference signal can also
be reduced, and the adverse effects caused by the interference can be greatly reduced.

RIS can be deployed at the boundaries of multiple cells. For edge users, adjusting the
phase of the reflected wave of the interference-signal incident on the RIS to completely
reverse the phase of the interference signal that the user directly receives from the interfering
base station can cancel the interference-signal energy. In this case, the minimum SNR value
of the interfering signal that can be achieved is [28]:

ηmin =

{
0, i f ρ ≤ αβ

(ρ−αβ)2 pt
N0

, i f ρ > αβ
(5)

For the first scenario, the best reflection coefficient of RIS is γ∗ = ρ
αβ ej(θ+ϕ−µ+π). For

the second scenario, the optimal value is γ∗ = ej(θ+ϕ−µ+π).

4. SWIPT

Simultaneous wireless information and power transfer (SWIPT) technology simultane-
ously carries information and energy by radio frequency to receive information and energy
simultaneously. There are two types of users in SWIPT: information users and energy
users. In future large-scale IoTs applications, SWIPT technology will have broad applica-
tion prospects. A large number of IoT terminals will be able obtain energy from wireless
signals, and the reduction in IoT energy consumption will promote the development of
IoT applications.

However, due to severe wireless-signal attenuation, especially in millimeter-wave
and THz-frequency bands, the energy that can be collected may be very limited. Using
the signal-enhancement capability of RIS, the signal energy can be enhanced at the same
time. The performance indicator of data users is SINR, and the noise power is generally
relatively small. For data users, although the received signal power is relatively small
(about −100 dBW), as long as the value of SINR is relatively large, the received signal can
be decoded correctly. However, for energy-harvesting users, such as sensors, the minimum
received-power requirement is generally above −40 dBW, which is much more than the
minimum power required for data users.

5. Physical-Layer Security Communication

Millimeter-wave and terahertz communications can provide richer bandwidths and
higher data rates, but high-frequency signals are very prone to producing blocking effects,
and reliable communication links cannot be established. Therefore, wireless links are
vulnerable to security threats. Physical-layer security (PLS) technology has received exten-
sive attention because it can avoid complex high-level key agreement exchanges, thereby
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reducing communication delays and system complexity. There are two types of users
in a PLS network: legitimate users and eavesdroppers. The purpose of PLS technology
is to maximize the physical-layer-security transmission rate while avoiding interception
of information via eavesdropping. At present, physical-layer security communication
based on RIS has become an important application of RIS in wireless communication.
Utilizing the signal-neutralization capability of RIS can destructively increase the signal
energy of legitimate users being eavesdropped on by eavesdroppers. At the same time,
using the signal-enhancement capability of RIS can positively increase the signal energy
received by legal users. Therefore, the security-transmission rate of the physical layer can
be greatly improved.

3. An Innovative Infrastructure Based on Shape-Adaptive RIS for Smart Industrial IoTs

This paper proposes an innovative infrastructure based on shape-adaptive RIS suitable
for smart industrial IoTs applications, as shown in Figure 3. As 5G has the inherent
characteristics of a large number of connections and low latency in support of the IoTs, it is
an ideal choice of communication-network architecture for building a modern industrial
IoT. With the enhancement of the ability of B5G and 6G to support ultra-high bandwidth,
ultra-low latency, and other requirements, as well as the ability of 6G to support space-air-
sea-ground integrated communications, B5G and 6G will play a more active role in future
industrial IoTs applications.
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Because 5G has a higher working frequency band than traditional cellular mobile
networks, signal-propagation loss is very serious, leading to a very high demand for 5G
base stations, which will have very high energy consumption and are very likely to cause
blind areas or weak coverage areas. This problem will get worse in the B5G and 6G era.
Therefore, we propose the RIS infrastructure presented in Figure 3 to enhance the coverage
of the industrial IoTs.

In industrial production environments, such as factories and workshops, due to the
obstruction of buildings and the existence of various equipment noises, the useful signal
power received by IoT terminals will be weak, and the noise power will be relatively strong,
thus affecting the normal communication of IoT terminals. We can deploy a large number
of RIS units in building corners, workshop partition walls, and areas with a large number of
IoT terminals in order to provide RIS-assisted 5G/B5G/6G mobile communication services
for the industrial IoTs. In order to adapt to the complex communication environment in
the industrial IoTs and to support the communication of aerial IoTs terminals, such as
small drones, the shape of the RIS is designed to be mechanically changed. Compared
with shape-fixed RIS, shape-adaptive RIS can perform more accurate beamforming, with
fewer requirements of the RIS controller, making it easier to implement. In order to reduce
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the implementation cost of RIS, the shape of RIS can be changed mechanically rather than
electrically in order better meet the large demand for RIS in industrial IoT scenarios.

By deploying a large number of RIS units in industrial IoTs scenarios and designing RIS
to adaptively change shape mechanically according to the conditions of the communication
environment, the reflective surface of RIS can be directed toward IoT terminals, thereby
greatly increasing the data-transmission rate. At the same time, without adding more
mobile base stations, this mechanism can also greatly expand the coverage of wireless
signals and achieve deep coverage in factories and workshops. Utilizing the SWIPT
capability, RIS can provide energy transmission for industrial IoT terminals. Moreover, by
aiming RIS units at legitimate IoT terminals rather than intruder devices, the probability of
intruders obtaining useful signals can be greatly reduced, which fundamentally provides a
security guarantee for industrial IoT communications.

In order to provide QoS-guaranteed secure connections for industrial applications,
edge-computing devices can be deployed at the edge of the industrial IoTs to provide edge
intelligent services nearby, as shown in Figure 3. For example, in the application of real-time
intelligent detection of industrial equipment, edge-computing devices obtain real-time
images taken by high-definition cameras at industrial sites and perform real-time analysis
based on artificial intelligence algorithm models to obtain optimal decisions for industrial
applications and meet the detection requirements of diversified products. The cloud
platform receives aggregated data information from edge-computing devices, performs
model training, and pushes the updated model to the edge to optimize detection accuracy
and meet the key requirements of complex and diverse industrial IoT application scenarios.

4. Shape-Adaptive RIS
4.1. Shape Design of Deformable RIS

Currently, RIS regulation is mainly carried out in spatial, time, and frequency do-
mains [30]. The goal of spatial-domain regulation is mainly to control the propagation
behavior of reflected waves in space by designing the arrangement of RIS artificial units.
The purpose of time-domain regulation is to realize real-time adjustment of RIS. It is the
key to achieving reconfigurable, programmable and adaptive RIS. At its core is an intelli-
gent controller based on FPGA, which can write a program composed of multiple coding
schemes on FPGA to control various functions in real time. The aim of frequency-domain
regulation is actually to control the spectral characteristics of the RIS-reflected wave. By
controlling the phase and amplitude of the RIS metasurface units to periodically change
according to a certain rule, the spectrum of the incident wave can be expanded on the RIS-
reflected wave, thereby tapping some potential of RIS in terms of spectral characteristics.

Either way, the aim of RIS is essentially to achieve independent control of the phase
of each artificial unit. However, in some cases, it is hoped that RIS can achieve flexible
phase adjustment in wider ranges, even requiring it to reach 360 degrees, i.e., all phases are
adjustable. This is a relatively stringent requirement for RIS, which is difficult to achieve
through conventional regulations. Therefore, in this paper, we propose a shape-adaptive
RIS mechanism to regulate RIS-reflected waves in the shape domain. The mechanism
can reduce the requirements of the RIS controller and artificial unit design, expand the
spatial distribution of reflected beams, and achieve high-quality and deep coverage of
wireless signals.

The shape-adaptive RIS mechanism constitutes a new type of fractal structural units.
Our proposed design of RIS artificial units is based on Minkowski fractal structure [31] in
the case of 2bit quantization, as shown in Figure 4. This structured RIS distinguishes the
phase of units through the difference in the size of the transmission line, so as to achieve a
high-precision RIS beamforming. The greater the quantization accuracy, the greater the
accuracy of the characterizable phase, the more accurate the direction of beamforming, and
the more concentrated main-lobe energy. Of course, the problem is that the design and
control of the units are more complicated.
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As shown in Figure 5, the RIS metasurface is composed of a large number of scalable
artificial units, and different transmission-line sizes of the units correspond to different
reflection phases. The base station obtains the UE location information from the UE’s
uplink-access signal and calculates the direction of the RIS-reflected wave. The FPGA
controller reversely solves the phases of each unit of the RIS metasurface according to
the desired beam pattern and obtains the desired reflection phase by controlling the size
of the transmission line of each unit, thereby realizing the expected beamforming. This
shape-adaptive RIS is realized by flexibly adjusting the size of the transmission line of each
unit in real time and has special requirements for the selection of electronic-device types,
the location of electronic devices, and the unit design of the fractal structure.
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In fact, without changing the shape of the RIS metasurface, the ability to adjust the
direction of the RIS-reflected beam through phase control is limited. However, by designing
a deformable RIS, a precise direction of the RIS-reflected beam can be easily achieved. As
shown in Figure 6a, when the UE moves outside the coverage of the RIS-reflected signal,
the shape of the RIS is adaptively transformed in the form of a cylindrical-patch antenna
array [32]. The deformed RIS metasurface points to the current location of the UE, which
can continuously provide high-quality communication services for the UE. As shown in
Figure 6b, if the RIS metasurface is designed in a hemispherical form, the RIS-reflected
beam can be directed to the air, thereby extending the ground base-station signal to the
higher airspace, enabling communication with air UEs, such as drones.
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Shape-adaptive RIS can also realize multi-band applications of information metamate-
rials, which is very important in current communication systems. The 5G frequency band
is actually backward-compatible, and it covers 4G, 3G, 2G and even 1G bands. Moreover,
5G bands may vary by region. Therefore, when designing information metamaterials, it
is not wise to only apply them to a communication system of a certain operating band. It
is necessary to realize information metamaterials that support multiple frequency bands
through adaptive RIS.

4.2. Channel Gain

Channel gain can be used to characterize the performance of a wireless transmission
system. Let Pt and Pr represent the transmission power and receive power, respectively.
Channel gain is defined as:

G =
Pr

Pt
(6)

Considering the wireless channel between BS and RIS, it is assumed that the reflection
surface of RIS consists of

√
N rows and

√
N columns of passive reflection units, and each

reflection unit is a small square with length a. Then, the area of each unit is a2, and the total
physical area of the RIS reflecting surface is Na2.

As shown in Figure 7, suppose that the BS transmitting antenna is centered in front
of the RIS surface, and the distance is d0. On the RIS two-dimensional plane, the distance
between a reflection unit and the center is

√
x2 + y2. The distance from the BS to the

reflection unit is:
d =

√
d2

0 + x2 + y2 (7)
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Without considering the effects of BS antenna gain and Rayleigh fading, for spherical
waves emitted by BS, channel gain is directly related to the propagation distance and the
area of the receiving antenna. Therefore, the channel gain from the BS to each RIS reflection
unit is:

g =
a2

4πd2 (8)

For a shape-adaptive RIS antenna array, assuming that the direction and polarization
of each reflecting unit perfectly match the incident wave from the BS, the total channel
gain is:

Gde f ormable−RIS = Ng (9)

Since RIS is passive, Equation (9) must satisfy 0 < Gde f ormable−RIS ≤ 1, i.e., Na2 ≤ 4πd2.
In other words, the reflection ability of RIS cannot be continuously enhanced by blindly
increasing the area of RIS reflection surface.

However, for general RIS with a planar array, the direction and polarization of each
reflecting unit cannot always perfectly match the incident wave. Therefore, the effective
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receiving area of the RIS will not always be equal to the actual RIS physical area. According
to the literature [33], the total channel gain in this case is, approximately:

Gwith−RIS =
Ng0

3(Ng0π + 1)
√

2Ng0π + 1
+

2
3π

tan−1

(
Ng0π√

2Ng0π + 1

)
(10)

5. Simulation Results and Analysis

Assuming that the direct links between the BS and the UEs are completely blocked,
communication is completely achieved through the indirect link provided by the RIS. Since
RIS is passive, it does not introduce new interference. Therefore, the interference at the
receiver only considers the multiple-access interference caused by other UEs. Suppose that
the RIS has N passive reflection units, and each UE is configured with one antenna unit;
fading from these reflection units to the UE is unrelated.

If the receiver’s normal working threshold is η0, the cumulative distribution function
(CDF) of SNR is:

F(η0) = P(η ≤ η0) (11)

It can be seen that F(η0) represents the probability of communication interruption.
The probability that the system can communicate normally, i.e., the coverage probability, is
1− F(η0).

In order to compare the changes in the coverage probability caused by the use of
deformable RIS, we performed the simulations in Figure 8. The simulation parameters
were that the operating frequency band of the system is 3.5 GHz, the BS is equipped with
an 8 × 8 MIMO antenna, the antenna height is 30 m, the downtilt angle is 15◦, and the
transmission power is 50 dBm. One RIS is deployed on the ceiling of a factory workshop
with a height of 10 m, which has 16 × 16 reflective units with intervals and sizes of λ/2. The
antenna downward tilt angle of the RIS is 0◦. There are 10 single-antenna IoT terminals in
the workshop, all with a height of 1.5 m.
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Figure 8 shows that as the SNR threshold increases, the coverage probability of
the system drops rapidly until it cannot meet the normal communication requirements.
However, under the normal SNR threshold, the RIS-assisted communication systems can
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successfully provide communication services for more IoT terminals, and the coverage
probability is better than that of a general communication system. Moreover, because the
shape-adaptive RIS can cover a larger area, its system performance is the best.

Figure 9 shows the channel gain of the wireless channel between BS-RIS under the-
oretical analysis. As RIS is passive and does not have a signal-amplification function,
when the number of reflection units is small, the channel gain is very weak, as can be
seen in Figure 9. However, as the number of units increases, the channel gain increases
approximately linearly until a corresponding constant value is reached. When the number
of reflective units is small, the channel gain of the deformable RIS is basically the same as
that of the general RIS with a planar array. However, when the number of reflective units is
large enough, the channel gain of the former is better than that of the latter, which shows
the performance of deformable RIS is related to its surface size. It can also be seen from
Figure 9 that the path loss caused by the long-distance transmission of wireless signals can
be compensated for by increasing the RIS surface area.
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From the above analysis, it can be concluded that the proposed shape-adaptive RIS can
provide better system performance in terms of system coverage and transmission rate. Since
the channel gain is directly related to the number of RIS reflective units, the metasurface
area should be considered when designing the hardware structure of shape-adaptive RIS.
If the surface area is too small, the additional channel gain brought by shape adaptation
will not be obtained. On the other hand, if it is too large, production cost will be wasted
due to reaching the limit of channel gain. Although the complexity of the hardware design
of shape-adaptive RIS may be slightly greater than that of general RIS architecture, the
former is easier to implement and less expensive to produce in general because it greatly
reduces the need for algorithm design and computational processing resources. Moreover,
shape-adaptive RIS can facilitate the development of industrial IoT applications due to its
ease of deployment since it shape is more adaptive to the surface of the deployed objects.

6. Conclusions

In recent years, many researchers have investigated the system functions of RIS, such
as signal enhancement, signal neutralization, simultaneous wireless information and power
transfer technology, physical-layer security communication, and other capabilities of RIS.
The industrial IoT is expected to be a major application scenario for RIS in the future, and
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RIS will aid in the realization of various new applications in the industrial IoTs, such as
digital twins (DTs) [34,35]. DTs will play a pivotal role in the future development of IoT
due to their successful application and good development prospects in aerospace and
smart-manufacturing fields. DTs applications are mainly composed of physical entities
(i.e., physical products) and virtual entities (i.e., digital products) and the dynamic data
connections between them. Since most of physical products in the IoTs will be wirelessly
connected to the Internet, the dynamic data connections between physical entities and
virtual entities imply huge demands for wireless channel capacity and wireless transmission
performance. RIS is well suited to meet these demands and help to realize DTs applications.

This paper discusses the application of RIS in the industrial IoTs and presents an inno-
vative infrastructure based on shape-adaptive RIS suitable for the intelligent industrial IoTs.
The proposed network architecture can achieve deep coverage in factories and workshops,
enhance the coverage of wireless signals, and greatly increase the data-transmission rate.
At the same time, by deploying edge-computing nodes and edge cloud platforms at the
edge of the industrial IoTs, it can also provide intelligent and real-time services for future
industrial IoTs applications. As part of our investigation, the SINR and channel gain of RIS
were simulated. The simulation results show that the RIS-assisted wireless communication
system can achieve better performance, as measured by SINR, than a general wireless
communication system. Moreover, because the shape-adaptive RIS employs more flexible
beamforming methods, its system performance is better. The simulation results, measured
by the channel gain, also illustrate this point.

At present, research on RIS hardware in industry is still at the prototype stage, and
there is a lack of complete test platforms and prototype systems. Therefore, research on
RIS-based wireless communication systems is basically based on software simulations.
Nevertheless, a large amount of RIS research, especially in the area of baseband algorithms,
has proven that RIS can be very helpful in improving the performance of wireless trans-
mission environments. As the maturity of RIS materials and devices, as well as resolution
of deployment and location issues, the industrialization process of RIS will be greatly
promoted. This study provides a typical use case for industrial application of RIS. In the
future, more RIS-based wireless network architectures and applications will be proposed.
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