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1 Introduction
Human life has become more convenient because of the application and popularization 
of the Internet of Things (IoT), and the network has also made the connection between 
people easier. Thanks to the Internet of Things technology, every object on the earth can 
communicate with each other, satisfying various assumptions [1]. However, the service 
range of the terrestrial network is limited, and the existing network cannot cover remote 
areas such as remote mountainous areas, deep space, deep sea, and polar regions. At 
present, the global industry’s expectations for 6G have gradually become unified. For 
ubiquitous intelligence, “ubiquitous” means that 6G services will serve global users all 
the time. The current terrestrial network cannot expand the breadth and depth of the 
communication range, and at the same time, the cost of providing global connectivity 
is very high [2, 3]. In order to expand the scope of human activities to a broader field, 
scholars have proposed the concept of an integrated network of heaven and earth, and 
through this concept, these three sub-networks are seamlessly integrated.

For a long time, telecommunication universal service and social sustainable develop-
ment have been attached great importance to by all countries. Global ubiquitous service 
is one of the main goals of establishing communication network. In the future, the tel-
ecommunication universal service will be extended from the ground to the three-dimen-
sional space of space, air, and ground. At this stage, both academia and industry have 
great expectations for the realization of the concept of ground-to-air network intercon-
nection. At the same time, it is the most feasible method to realize this concept with the 
help of modern information network space. The integrated heterogeneous network of 
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space, air, and ground (SAGIN) will play an important role in some important social and 
production environments. For example, in no man’s land, earthquake/flood, and other 
situations, satellite communication is used to obtain information in specific areas, and 
the information is widely transmitted through the interconnection with the ground cel-
lular network, so as to realize large area rapid rescue and emergency communication. 
For another example, UAVs and other flying equipment are equipped with a variety of 
sensors and high-definition cameras to realize ubiquitous Internet of Things applications 
based on radar integration technology.

Now, many companies are beginning to use the concept of SAGIN to carry out pro-
jects. SAGIN’s wide coverage, large processing capacity, and flexibility make it useful in 
areas such as geographic information processing, highly sensitive traffic command (ITS) 
[4], military operations, and rescue of the wounded [5]. In particular, the satellite system 
will connect mountains, deep seas, polar regions, and villages into one. The use of air-
space networks will improve the ability of high service requirements, and the high data 
rate access benefits from the massive deployment of systems in a region. The technology 
foreshadowing will provide a path for future communication development, especially for 
5G and 6G [6–8]. On the other hand, intelligent reflective surface (IRS) technology is 
considered to be one of the prospective technologies of 6G [9–11]. Its main function is 
to control the signal amplitude through software programming according to the chan-
nel feedback information to achieve the purpose of enhancing the performance of the 
wireless link. It can be regarded as a large-scale passive antenna array, which has lower 
power consumption, higher efficiency, and reliability than traditional wireless commu-
nication equipment. And there is no need for complicated interference management 
between IRSs.

6G technology connects physical and digital, and ubiquitous 6G services will provide 
convenience to users around the world. The concept of the world-earth integrated net-
work is to seamlessly integrate these three subnets to better adapt to future develop-
ment. This article introduces the world-earth integrated network and shape-adaptive IRS 
antenna technology. The shape-adaptive IRS antenna described in this article is made of 
flexible materials, and the physical shape of the antenna can be changed according to dif-
ferent situations, and specific radiation beams can be generated according to functional 
requirements. Integrating IRS on aviation equipment can not only increase transmission 
capacity but also save platform space. For the question of whether the IRS antenna is 
effective, we can use the simulation results to show that the IRS antenna is effective.

The rest of this article will cover the following. In the second section, this article intro-
duces the basis of SAGSIN, including its overall structure and four sub-networks. In the 
third section, this paper introduces the structure and implementation of shape-adaptive 
IRS. After that, the simulation results of human–machine recognition will be put in the 
fourth section. Finally, is the summary of this article.

2  Multi‑layer architecture of SAGIN
2.1  The components of SAGIN

Space, air, and ground are the three-tier structure of SAGIN. As shown in Fig. 1, these 
three-tier structures can work without relying on others, or cooperate with each other 
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to play a role, and by integrating heterogeneous networks between them, layered broad-
band wireless networks can be easily built [12].

2.1.1  Space: satellites

A typical satellite communication system consists of three main components: ground, 
space segment, and space-to-ground link multi-layered satellite networks [13]. By con-
necting multiple satellites to each other and combining with layers, a multi-layer satellite 
network (MLSN) can be formed [14], which is the key technology of satellite systems in 
the future.

Three types of satellites: high-orbit satellites (GEO), medium-orbit satellites (MEO), 
and low-orbit satellites (LEO) [3]. High-orbit satellite single-star coverage, coverage 
relative to the ground fixed, a single star can cover up to 42% of the earth’s area. High-
orbit satellites are moving toward high throughput. The single-star coverage area of 
the medium-orbiting satellite covers an area of about 12–38% of the surface area of the 
earth, mid-orbit satellites are designed to provide high-bandwidth, low-cost, low-latency 
satellite Internet access for $1.2 billion, with transmission delays of approximately 
150  ms and system capacity of up to 15  Gbps. Low-orbit satellites have low cost and 
small coverage, requiring multiple satellites to form large satellite constellations to com-
plete global coverage, due to their low orbital altitude, have a small transmission delay, 
usually around 30 ms.

Fig. 1 An architecture for space–air–ground integrated network. As shown in the figure, these three-tier 
structures can work without relying on others, or cooperate with each other to play a role, and by integrating 
heterogeneous networks between them, layered broadband wireless networks can be easily built
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2.1.2  Near‑space: HAPS

Aviation network is a mobile communication system that uses aircraft as a tool for infor-
mation acquisition, processing, and dissemination. Intersecting the ground network 
base station (BS), it has the characteristics of low cost, fast laying, wide service range, 
and convenient regional wireless access.

At present, the energy supply of the High Altitude Platform Station (HAPS) system is 
mainly provided by solar energy plus energy storage, because solar panels are suitable 
for installation on it, and HAPS can provide wireless services to network users due to its 
low latency characteristics.

The era of portable data centers, smart signal conditioners, and smart machine learn-
ing is getting closer. HAPS can make the best choice for a large number of drones and 
smart cars. As shown in Fig. 2, the framework proposed in this article is as follows.

Compared with the original technology, HAPS no longer needs to install thousands 
of relay stations on the ground and can achieve efficient and reliable long-distance com-
munication between satellites. At the same time, it can also be used as a data center to be 
distributed in various places. The satellite’s trajectory, collision, and other information. 
In addition, with the help of satellites, HAPS can realize the function of fast handover. 
HAPS uses technologies such as edge intelligence to simplify calculations and manage 
large-scale unmanned aerial vehicles (UAV) groups, which will greatly facilitate the flow 
of goods. At the same time, the HAPS layer provides high-speed Internet and wireless 
communication systems in cities, mountains, oceans, and other areas to reduce depend-
ence on satellites.

2.1.3  Air: mid‑ to low‑altitude UAVs

Single UAV network has been widely used in military, civil, and public fields [15]. A sin-
gle satellite communications hop (or double hop) provides command and control on the 
forwarding link, while monitoring product and drone parameters for simultaneous deliv-
ery on the return link. One of the main reasons for using multi-drone networks is the 
distributed processing capability of multi-drone networks. Specifically, they separately 
search for a number of suspicious targets and share information through collaborative 

Fig. 2 Satellite communication network diagram. As shown in the figure, the era of portable data centers, 
smart signal conditioners, and smart machine learning is getting closer. HAPS can make the best choice for a 
large number of drones and smart cars
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communication. In addition, a transceiver-equipped drone can act as an aerial base sta-
tion to expand communication coverage and increase network capacity. In addition to 
be a mobile relay or flight base station, the UAV can be used as a mobile cloud and fog 
computing system. The UAV-mounted cloud/fog provides a low-latency application 
unload opportunity for the mobile terminal. Drones can also enable Fog Computing to 
deliver high-quality streaming media, moving users through nearby wireless proxies and 
access points.

2.1.4  Terrestrial network: cellular network

A terrestrial network consists primarily of terrestrial communications systems, such as 
cellular networks, mobile ad hoc networks (MANET) [16], worldwide interoperability 
for microwave access (WiMAX) [17], and wireless local area networks (WLAN). Cel-
lular networks, in particular, have evolved from the generation 1 (1G) to the generation 2 
(2G) and the generation 3 (3G) after the generation 4 (4G) or advanced long-term evolu-
tion (LTE-A) [18], now, it is moving toward a 5G wireless network to support a variety 
of services. As for standardization, the Third Generation Partnership Project (3GPP) has 
created a set of standards for cellular/mobile networks.

5G is the latest generation of cellular mobile communication technology, which is an 
extension of 4G (LTE-A, WiMAX), 3G (UMTS, LTE), and 2G (GSM) systems. The per-
formance goals of 5G are high data rates, reduced latency, energy savings, reduced costs, 
increased system capacity, and large-scale device connectivity.B5G has increasingly 
higher requirements for high data rate, high capacity, seamless coverage, low latency, 
high reliability, low power consumption and low cost, and the interconnection of every-
thing. In the future, the demand for ultra-high-speed data transmission is not limited to 
land. With the development of technology, the space for human existence and activity is 
becoming wider and wider, and there are also communication needs in sea and airspace.

The 6G network will be a fully connected world, combining wireless terrestrial and 
satellite communications. Global seamless coverage is achieved by integrating satellite 
communications into 6G mobile communications, 6G communication technology is 
no longer a simple breakthrough in terms of network capacity and transmission speed, 
what’s more important is to narrow the digital divide and connect everything.6G will 
use the terahertz (THz) frequency range, and the “densification” of 6G network will also 
reach the level that can’t be achieved before.

2.2  SAGIN specific key issues

2.2.1  Spectrum management

In SAGIN heterogeneous networks, different networks may use different wireless spec-
trum resources. Efficient management of the radio spectrum in SAGIN networks is 
required to make more efficient use of the radio spectrum and avoid inter-system inter-
ference in the future. Dynamic spectrum sharing is an important means to improve 
spectrum effectiveness and optimize network deployment. By adopting intelligent and 
distributed spectrum sharing access mechanism, the available spectrum range can be 
flexibly expanded and the spectrum usage rules can be optimized to meet the future 
demand of large bandwidth, ultra-high transmission rate, and multi-scene in three-
dimensional space. At the same time, it is necessary to actively promote blockchain 
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cooperation, AI, dynamic spectrum sharing and other technologies to achieve intelligent 
spectrum sharing and supervision of SAGIN network.

2.2.2  Mobility management and network switching

Mobility management is the management of mobile terminal location information, secu-
rity, and business continuity, and strives to achieve the best contact status of the terminal 
and the network to provide a guarantee for the application of various network services. 
Compared with the terrestrial communication network, the satellite network has a small 
overall capacity and limited single-star capacity, and to ensure the user experience, the 
satellite communication system needs to design suitable user access and switching strat-
egies. This includes selecting suitable satellite beams and suitable satellite channels for 
the user. At the same time, because of the high-speed movement of satellites of low-
orbit satellite systems relative to the ground, each satellite may serve a length of only a 
few tens of seconds, and multiple satellite switching may be included in one operation. 
Satellite system switching can be divided into switching between beams within the same 
satellite and between beams of different satellites, as well as switching between stations 
across the ground. Besides, switching between different communication systems can be 
involved in air, sky, and earth.

2.2.3  New generation antenna and radio frequency technology

Compared to traditional antennas, the future antenna has the characteristics of minia-
turization and large scale. It is said that the 6G system antenna will be “nano-antenna,” 
which will subversively change and traditional antennas and radio, integrated electronic 
products and new materials, empower ultra-large antenna technology, integrated RF 
front-end system key technologies.

At present, the theory and engineering design of VLAS are still faced with a large range 
of cross-band, space–space–earth coverage, and other problems. At the same time, it is 
necessary to actively explore the key components of high efficiency and easy integra-
tion of the front-end transceivers and receivers, as well as key technical issues such as 
the radiation and scattering of antennas, so as to break through the super-large-scale 
MIMO front-end system. In addition, the power consumption of the antenna system and 
the interference between the array elements are also the research hotspots. Intelligent 
reflector and configurable antenna system are some of the most promising technologies.

3  Shape‑adaptive IRS methods in SAGIN
3.1  Basic introduction to IRS

Along with the rapid development of information metamaterial technology and the huge 
demand for 5G millimeter wave and 6G terahertz communications, the combination 
of information metamaterial technology and cellular mobile network technology has 
become a research hotspot in the wireless communication field. The “passive” reflection 
characteristic of IRS technology is one of the main research directions.

Generally, the function of the IRS plane is to reflect incident electromagnetic waves, 
and it is composed of a large number of artificial units. The reflection characteristics 
(including amplitude, phase, etc.) of each artificial unit are independently controllable. 
IRS can produce different numbers of reflected beams, and can also beam-form the 



Page 7 of 16Qi et al. J Wireless Com Network        (2021) 2021:197  

reflected waves. With this feature, deploying IRS in a wireless network can artificially 
change the propagation environment of wireless signals to complete communication.

Figure 3 shows a typical IRS structure, including three layers and an intelligent control-
ler. The first layer is the reflecting surface of the IRS, which is composed of a large num-
ber of artificially designed electronic reflecting units. Each reflecting unit has at least 
two states to represent binary information. A large number of artificial units reflect the 
incident wave and form different reflected beams as a whole. The second layer is a metal 
shielding layer, they can prevent the leakage of energy behind the IRS signal. The third 
layer is the control circuit board, which can be designed and implemented by FPGA, 
etc., which is responsible for stimulating the simulation unit and adjusting the reflection 
characteristics of the simulation unit in real time. In addition, the IRS also includes an 
intelligent controller, which is the core control unit of the IRS. The intelligent controller 
is connected to the base station of the wireless network through a feeder or wireless and 
receives the IRS channel information sent by the base station, thereby completing the 
control circuit board to adjust the reflection characteristics of the artificial unit.

As a new auxiliary wireless network communication method, IRS has many advan-
tages. First, the reflected signal is directed to the “blind” or weak coverage area of the 
wireless network through beamforming to enhance the energy of the received signal and 
improve the channel transmission rate, thus enhancing the wireless network coverage. 
Secondly, by adjusting the phase of the infrared reflected beam, it can reduce the energy 
of the interference signal and improve the spectral efficiency. Moreover, the IRS itself 
does not have any interference. Third, IRS allows full duplex mode to work with high 
efficiency of upstream and downstream transmission. Fourth, the IRS does not have 
radio frequency transmitting unit, the artificial unit is passive, the reflection of the inci-
dent wave does not consume energy. So IRS is a way of green communication. Fifth, IRS 
is made up of a large number of low-cost manual units, which are low cost to implement. 
In addition, IRS is relatively easy to deploy in both indoor and outdoor environments.

In general, IRS has signal enhancement capability and signal neutralization capabil-
ity. The infrared signal enhancement function can improve the information transmission 

Fig. 3 The typical architecture of IRS. The figure shows a typical IRS structure, including three layers and an 
intelligent controller. The first layer is the reflecting surface of the IRS, which is composed of a large number 
of artificially designed electronic reflecting units. Each reflecting unit has at least two states to represent 
binary information
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rate and expand the coverage range of wireless signal. The signal neutralization capabil-
ity can reduce intercell interference and multi-user interference and improve the SNR 
of received signals. At the same time, by suppressing the signal energy of “eavesdrop-
per” users, secure communication can be realized. In addition, the simultaneous trans-
mission of data and energy can also be achieved by deploying infrared spectra near the 
energy collection nodes, since energy can be obtained from wireless signals.

3.2  Shape‑adaptive IRS

From the physical structure point of view, the surface of the IRS is composed of a large 
number of sub-wavelength artificial units. Logically, these artificial units can be peri-
odically arranged horizontally or vertically in one dimension, or they can be arranged 
periodically in two dimensions. This is similar to the appearance of a traditional array 
antenna. Because in wireless communication systems, IRS is mainly used to reflect inci-
dent waves, so IRS can also be called a passive reflect array.

As a typical antenna array technology, phased array antenna (PAA) technology has 
achieved great success. Generally, PAA is composed of radio frequency circuit, power 
divider, phase shift circuit and power amplifier, antenna unit, and so on. In the drive type 
of the radio frequency circuit, the phase shift circuit sequentially shifts the phase of the 
signal transmitted from each antenna unit. At the same time, according to the desired 
beam, the power divider and amplifier distribute different signal energy in the number of 
antenna elements.

Learning from the implementation of PAA technology, IRS can also reconstruct the 
reflection characteristics of the IRS surface by changing the phase of the artificial unit in 
real time, thereby generating beams with different directions and different numbers of 
beams to support simultaneous multi-user communication, as shown in Fig. 4.

Fig. 4 Phase-shift-controlled IRS-assisted communication. Learning from the implementation of PAA 
technology, IRS can also reconstruct the reflection characteristics of the IRS surface by changing the phase 
of the artificial unit in real time, thereby generating beams with different directions and different numbers of 
beams to support simultaneous multi-user communication
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In an IRS-assisted wireless communication system, the base station informs the FPGA 
controller of the number of reflected beams and the direction of beamforming through 
wireless or dedicated feeders. The latter calculates the phase of each artificial unit in reverse 
and adjusts the phase of each unit. Electromagnetic state, so as to obtain the desired point-
ing beam. Unlike PAA, which is usually suitable for narrowband applications, IRS with 
phase shift control can implement a variety of wideband applications.

IRS can realize communication similar to multi-user MIMO [19]. We consider perform-
ing linear transmission precoding on the AP. Therefore, the complex baseband transmission 
signal at the AP can be expressed as

where sj is the j-th user transmission data and wj ∈ C
M+1 is the corresponding beam-

forming vector. It is supposed as an independent random variable, whose mean and vari-
ance are zero and 1, respectively. The system model of a single user in MIMO IRS is

where the baseband channels from AP to IRS, IRS to user k , and AP to user k are 
denoted as G ∈ C

N×M , hHr,k ∈ C
1×N and hHd,k ∈ C

1×M , respectively, k = 1, . . . ,K  and 
nk ∼ CN (0, σ 2
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and � represent the reflection coefficient matrix of the IRS, where θn ∈ [0, 2π) and 
βn ∈ [0, 1][0, 1] , respectively, represent the phase shift and amplitude reflection coeffi-
cient of the n-th element of the IRS. Therefore, the composite APIRS-user channel is 
modeled as a series connection of three components, namely the APIRS link, the IRS 
reflection with phase shift, and the IRS-user link. Accordingly, the system model MIMO 
IRS is

where

The SINRk of the single user and the SINR of the system are, respectively,
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From the above model, it can be known that for an IRS containing N  antenna ele-
ments, its receiving channel matrix G:

Its reflection matrix Hr:

Suppose the channel vector is as follows:

where VH
x ∼ CN

(

0, IDk

)

,Dk is the number of ray.

suppose the antenna configuration of the rectangular antenna array is 
N = NROW × NCOL
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Then, we can get:

where NEW () indicates that a new vector is generated.
By flexibly changing the electromagnetic state of each artificial unit, IRS can realize 

different applications. However, this has very high requirements for the calculation and 
control capabilities of the IRS controller and the design of the IRS manual unit. In order 
to reduce the complexity of IRS technology implementation, a physically deformable IRS 
can be designed to meet different application requirements.
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Fig. 5 Deformable IRS that meets application requirements. The shape-adaptive IRS can flexibly change the 
shape through mechanical control, thereby alleviating the requirements for IRS controller and manual unit 
design
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In order to realize a physically deformable IRS, it is necessary to connect various arti-
ficial units on the surface of the IRS by an expandable soft material. The shape-adaptive 
IRS can flexibly change the shape through mechanical control, thereby alleviating the 
requirements for IRS controller and manual unit design, as shown in Fig. 5. In fact, the 
ability to adjust the direction of the IRS reflected beam through phase control is limited. 
When the UE moves outside the coverage of the IRS reflected signal, the shape of the 
IRS can be adjusted adaptively, such as the shape of the IRS according to the transfor-
mation form of the cylindrical patch antenna array, so that most of the artificial unit’s 
reflected signal on its surface Pointing to the current location of the UE can provide the 
UE with continuous and uninterrupted high-quality communication services.

By changing the shape of the IRS, a larger adaptive shape gain can be obtained and 
the ability of the IRS to reflect signals can be enhanced. The general procedure is to 
first search for the signal range and open the antenna as large as possible to collect as 
many signals as possible. For a cylindrical patch antenna array, its shape will change 
from the original plane to a cylindrical shape [20]. Then, the base station analyzes the 
signal received by the IRS and determines the direction of the signal to the IRS. Next, 
the base station instructs the IRS controller to change the shape of the IRS so that it 
faces the target user area.

4  Experimental and results
In the simulation part, the main system configuration parameters are shown in 
Table  1. There will be 1 IRS in each cell and the antenna configuration of IRS is a 
rectangular antenna array with 8 × 8 elements, IRS is deployed under UAV and the 
deployment height is 100  m, IRS antenna downtilt angle is 90°. Three UEs will be 
deployed in each cell, and each UE’s antenna will be configured with 1 element, UE 
height is 1.5 m. Each BS has 3 cells, and each cell covers a width of 120°. BS Transmit 
power is 50 dBm/Cell, the antenna configuration of BS is a rectangular antenna array 

Table 1 Configuration

The simulation results are shown in Fig. 6

Parameter Value

IRS Number 1/Cell

IRS Antenna 8 × 8

IRS height (m) 100

IRS Antenna downtilt angle 90°

UE Number 3/Cell

UE Antenna 1 × 1

UE height (m) 1.5

UE Antenna downtilt angle 0°

BS Power (dBm) 50

BS Antenna 8 × 8

Frequency (GHz) 3.5

BS Antenna downtilt angle 10°

BS height (m) 30

Cell width 120°
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with 8 × 8 elements, carrier center frequency is 3.5  GHz, antenna downtilt angle is 
10°, BS deployment height is 30 m.

The simulation results are shown in Fig. 6, the three CDF curves represent the three 
situations where IRS is not deployed, IRS is deployed, and shaped IRS is deployed. 
From Fig. 6, we can see that IRS can improve the SINR of the coverage area. At the 
same time, because the beamforming is more flexible, shaped IRS has more advan-
tages than IRS in improving SINR.

From Figs. 7, 8, and 9, it can be seen that the received SINR of UE has increased. 
This is mainly due to the existence of IRS, which adds a reflection ray to the chan-
nel. This will increase the received power of UE and improve the overall system 
throughput.

Fig. 6 Simulation results. The three CDF curves represent the three situations where IRS is not deployed, IRS 
is deployed, and shaped IRS is deployed

Fig. 7 SINR heatmap without IRS. From the figure, it can be seen that the received SINR of UE has increased



Page 15 of 16Qi et al. J Wireless Com Network        (2021) 2021:197  

5  Conclusion
This article puts forward the concept of an integrated world network and introduces the 
global ground integrated network and shape-adaptive IRS antenna technology. The pro-
posed IRS shape-adaptive antenna is made of a flexible material, the physical shape of 
the antenna may be changed in real time, a radiation beam is formed in accordance with 
the specific requirements of its function, but also demonstrated the proposed antenna 
shape-adaptive IRS by simulation results.
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IoT: Internet of Things; SAGIN: The integrated heterogeneous network of space, air, and ground; ITS: The highly sensitive 
traffic command; HAPS: High Altitude Platform Station; IRS: Intelligent reflective surface; BS: Base station; MLSN: The 
multi-layer satellite network; GEO: High-orbit satellites; MEO: Medium-orbit satellites; LEO: Low-orbit satellites; UAV: 
Unmanned aerial vehicles; MANET: Mobile ad hoc networks; WiMAX: Worldwide interoperability for microwave access; 
WLAN: Wireless local area networks; LTE-A: Advanced long-term evolution; 3GPP: The Third Generation Partnership 
Project; PAA: Phased array antenna.
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