
ZTE COMMUNICATIONS
March 2021 Vol. 19 No. 1

Green AirGreen Air--Ground IntegratedGround Integrated
Heterogeneous Network inHeterogeneous Network in 66G EraG Era

WU Huici, LI Hanjie, TAO Xiaofeng
(Beijing University of Posts and Telecommunications, Beijing 100876, China)

Abstract: The research of three-dimensional integrated communication technology plays a
key role in achieving the ubiquitous connectivity, ultra-high data rates, and emergency
communications in the sixth generation (6G) networks. Aerial networking provides a prom‑
ising solution to flexible, scalable, low-cost and reliable coverage for wireless devices. The
integration of aerial network and terrestrial network has been an inevitable paradigm in
the 6G era. However, energy-efficient communications and networking among aerial net‑
work and terrestrial network face great challenges. This paper is dedicated to discussing
green communications of the air-ground integrated heterogeneous network (AGIHN). We
first provide a brief introduction to the characteristics of AGIHN in 6G networks. Further,
we analyze the challenges of green AGIHN from the aspects of green terrestrial networks
and green aerial networks. Finally, several solutions to and key technologies of the green
AGIHN are discussed.
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1 Introduction

The improvement of network capacity, coverage, delay,
security, etc. has always been a key and core task in
the development of ground mobile communication net‑
works. Three-dimensional integrated communication is

one of the key research directions in achieving the ubiquitous
connectivity, ultra-high data rates, and emergency communica‑
tions in the six generation (6G) networks[1]. Aerial and space
networks facilitate adaptive, flexible, scalable, efficient, and re‑

liable three-dimensional wireless coverage for wireless termi‑
nals, which have attracted much attention from industry and ac‑
ademia societies. The air-ground integrated heterogeneous net‑
work (AGIHN) integrating various aerial communication plat‑
forms and terrestrial infrastructures is a cost-efficient paradigm
to facilitate extended wireless coverage, ultra-high data rates,
post-disaster communication assistance and recovery etc.
A typical AGIHN architecture is shown in Fig. 1, where

aerial communication platforms such as airships, balloons,
and unmanned aerial vehicles (UAVs) acting as the carrier of
information collection, transmission and processing can pro‑
vide broadband wireless communications and supplement ter‑
restrial networks. Terrestrial networks mainly consisting of
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heterogeneous cellular networks, wireless local area networks
(WLAN), and mobile ad hoc networks (MANET) support vari‑
ous applications and services in the areas where infrastruc‑
tures are easy and low-cost to be deployed.
Nowadays, industry and academia societies have started re‑

search and implementation of AGIHN. For example, in 2016,
Nokia Bell Labs demonstrated the world’s first flying cell (F-
Cell) based on UAV, which was powered by solar energy and
could wirelessly transmit high-definition video[2]. In 2017, EE,
the British Telecom Operator, broadcast the mountain bike
race live on the mini mobile site“Air Mast”connected to the
helium balloon[3]. As of December 2019, the FirstNet commu‑
nications platform jointly built by AT&T and First Responder
Network Authority had reached more than 1 million connec‑
tions[4]. Flying Cells on Wings (COWs) in the platform is an

ideal choice for wildfire and mountain rescue missions. Dur‑
ing Hurricane Michael, a COW provided services to first re‑
sponders on the battered Mexican beach in Florida to support
disaster recovery. One Aerostat, which was launched later,
can provide more than twice the coverage area compared with
COWs, helping responders keep connected in the event of a
large-scale catastrophic event.
1.1 Characteristics of AGIHN

1.1.1 Heterogeneity
In addition to terrestrial heterogeneous cellular networks,

high altitude platforms (HAPs) such as airship and balloon
and low altitude platforms (LAPs) such as UAVs are employed
in the aerial networks to achieve seamless wireless coverage
and to meet differentiated data rate requirements. This hetero‑
geneous integrated network enables diverse systems to cooper‑
ate, coordinate, and share information for serving mobile ter‑
minals with individuation service anytime and anywhere.
As shown in Fig. 2, AGIHN is a large-scale and multi-layer

3D heterogeneous network. HAPs such as airships and bal‑
loons are distributed in remote rural areas with imperfect
terrestrial infrastructure or disaster areas, with an altitude
of 17–30 km[5]. UAVs are used for high-speed services in hot
spots or wireless connection in disaster areas, with an altitude
below 10 km[6]. Terrestrial base stations (BSs) and access
points (APs) are typically deployed in the area with an altitude
below 1 km.
Terrestrial heterogeneous cellular networks realize coverage

optimization and capacity improvement by deploying dense
small cells with lower transmission power, such as microcell,
picocell and femtocell. Due to economic cost and terrain con‑
straints, these terrestrial communication infrastructures are es‑
tablished according to the human habitation and living habits,▲ Figure 1. Architecture of air-ground integrated heterogeneous net⁃

work (AGIHN)

Aerial network

Terrestrial network

▲Figure 2. Heterogeneity of air-ground integrated heterogeneous network (AGIHN)
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which makes wireless traffic a stable and periodical spatial-
temporal distribution.
Aerial networks, as a supplement to terrestrial networks,

have to deal with the complex and diverse application scenari‑
os with uneven spatial-temporal distributed traffic, diverse ser‑
vice demand, and sudden surge of wireless traffic. Flexible
movement is a key feature of AGIHN. HAPs are quasi-static
(relative to the ground) platforms. The moving speed of UAVs
is 0–460 km/h[7]. Moreover, UAVs can move freely in the 3D
space with random trajectory. The ground BSs are typically
fixed and deployed in buildings or on high mountains. Ground
terminals such as vehicles and terminals on high-speed rails
typically have speeds of 0–350 km/h and move with relative‑
ly fixed trajectories[8]. Power supply of network nodes in AGI‑
HN is also diverse from each other. There is no continuous pow‑
er supply source for aerial nodes. Battery, wind, solar, and other
combined power supply are the main energy sources for bal‑
loons. The endurance of such platforms can reach 150– 200
days[9]. UAVs generally use battery power supply and the endur‑
ance is only about half an hour to 24 hours[10]. Ground BSs and
APs are driven by grid power system for continuous operation.
For the frequency bands and radio propagations of ground

4G and 5G networks, the frequency resources occupied by
4G system include 1 880–1 900 MHz, 2 320–2 370 MHz
and 2 575–2 635 MHz, while the frequency resources occu‑
pied by 5G system include 3.3–4.2 GHz, 4.4–5.0 GHz, the
millimeter wave band, 26 GHz, 28 GHz and 39 GHz[5]. The
aerial nodes such as UAVs, balloons and airships work at the
Long Term Evolution (LTE) or Wi-Fi communication
bands[11]. They can also work in the unlicensed Industrial,
Scientific and Medical (ISM) band defined by the ITU Radio‑
communication Sector (ITU-R)[12]. The electromagnetic propa‑
gation of different frequency bands also differs from each oth‑
er. Radio attenuation on high frequency bands is more serious.
Compared with the electromagnetic fading at 2 GHz, an addi‑
tional 22.9 dB of fading exists at 28 GHz[13]. Good line-of-sight
(LoS) transmission links exist in air-to-air, air-to-ground, and
ground-to-air channels while the radio propagation in ground
transmissions faces more serious signal fading due to rich re‑
flection, refraction, scattering, etc.
1.1.2 High-Dynamically Changed Network Topology
Flexibility is one of the most key features of aerial net‑

works. Payload, height, speed and endurance are the four key
factors influencing communication performance of aerial plat‑
forms. Payload represents the maximum carrying weight that
the platform can hold. HAPs and LAPs carry different commu‑
nication equipment with different weight. Height refers to the
maximum altitude that the aerial platform can be reached,
which is closely related to the coverage of the aerial platform.
Endurance refers to the maximum flight duration without
charging and refueling. As mentioned above, the height, speed
and endurance of difference components in AGIHN differ

from each other, which results in the high-dynamic change of
the network topology.
Different height and moving speed of diverse platforms

make the network topology more stereoscopic. In order to pro‑
vide flexible services for wireless terminals, communication
platforms change their positions and height adaptively. As a
result, the network topology changes dramatically with the
moving of platforms. The endurance is another key factor hav‑
ing great impact on the network topology. The network topolo‑
gy of ground networks changes slightly since ground BSs and
APs are generally fixed located and are powered by grid sys‑
tem while that of aerial networks changes frequently and rapid‑
ly due to the energy depletion and battery charging. Besides,
AGIHN are more vulnerable to malicious attacks such as wire‑
tapping, hijacking, masking, and jamming, which cause dis‑
connection and interruption of aerial links and re-connection
of surviving nodes. The disconnection and re-connection of
networks nodes in AGIHN also contribute to the changes of
network topology.
1.1.3 Random Perturbation of Aerial Platforms
Due to the lack of fixed infrastructure, the aircrafts are sus‑

ceptible to airflow and body vibration, leading to random per‑
turbation of aerial communication platforms. According to the
tests and measurements, the variation of roll angle (i.e., the el‑
evation angle in this paper) is ±0.02 rad. The variation of
pitch angle (i. e., the azimuth angle in this paper) is ±0.1
rad[14]. The random perturbations of aerial platforms may cause
error to the estimation of angle of departure (AOD) and angle
of arrival (AOA) between transceivers, further leading to the
error of channel state information estimation and distortion of
coverage area. Consequently, the perturbation of aerial plat‑
forms will cause non-robust transmission links, inefficient en‑
ergy consumption, and serious information leakage, etc.
The perturbation angle of UAV was assumed as high as 10

degrees in Ref. [14]. It shows that the jitter of UAV causes in‑
accurate estimation of deviation angle between the UAV and
ground users and increases the error of AOD estimation. The
influence of wind on UAVs was then simulated by using on-
board sensors in Ref. [15]. The maximum amplitude of side‑
slip angle and trajectory angle jitter was approximately 10 de‑
grees, which verifies the previous hypothesis. Considering the
impact of UAV jitter, energy-saving secure communications in
a downlink A2G wiretap system was investigated in Ref. [16].
1.2 Integrating AGIHN in 6G
With the commercialization of 5G networks, various groups

from worldwide countries and regions have initialized plans
and programs on potential key technologies for 6G networks.
Space-air-ground integrated networking (SAGIN) is acknowl‑
edged as a key direction in achieving global connectivity. AGI‑
HN, as an important part of SAGIN, is seen as a cost-effective
approach to meeting the requirement of ultra-high data rate
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and ubiquitous coverage. To realize the expected goal, the in‑
tegration of ground networks and aerial networks has to solve
the problem of new network architecture design and the chal‑
lenge of disruptive technology innovation.
1.2.1 Directions of Network Architecture Design
Network architecture design is the first step to realize the

integration of ground networks and aerial networks. Efficient
coordination of resources and fully exploitation of cooperation
between ground networks and aerial networks are the main
goals in network architecture design. In order to solve the com‑
plex interoperation in the management of heterogeneous net‑
works, the software defined network (SDN) and network func‑
tion virtualization (NFV) are applied in 5G networks. SDN and
NFV are still seen as efficient solution to the network manage‑
ment in 6G networks. In the AGIHN with high-dynamically
changed topology, SDN and NFV based core network manage‑
ment architecture can provide distributed and on-demand re‑
source allocation, service guaranteed network slicing, flexible
programming of network functions, and security manage‑
ment[17–20]. SDN and NFV are also seen as promising technolo‑
gies for providing flexible and reconfigurable green satellite
services in space-air-ground integrated networks[21].
Efficient energy utilization and low energy consumption are

always key concepts in network architecture design. Green
AGIHN architecture design can be carried out from the as‑
pects of green communications and green computing. For
green communications in AGIHN, the aerial platforms can pro‑
vide cost-effective and energy-saving transmissions for the
wireless terminals with appropriate cooperation, trajectory de‑
sign, user scheduling, power allocation, and combination with
improved wireless technologies[22–25]. Coordination and cooper‑
ation architecture of AGIHN and resource management of het‑
erogeneous network nodes are the keys to green communica‑
tions of AGIHN. For the green computing, aerial communica‑
tion platforms with mobile edge computing (MEC) can greatly
improve the data rate and latency performance in AGIHN[26].
Moreover, distributed cloud architecture can achieve seamless
handover and effective task offloading among UAVs and
ground terminals[27]. Green computing in AGIHN can be real‑
ized with energy-efficient MEC and green cloud architecture.
Intelligence is a core idea in the 6G era. To realize ubiqui‑

tous intelligent mobile society in the 6G era, artificial intelli‑
gence (AI) is expected to fully penetrate the network evolu‑
tion. With AI applied in AGIHN architecture design, efficient
resource management and network optimization can be real‑
ized by exploiting the potential information in wireless big da‑
ta and with less or even no human intervention. Moreover, en‑
hanced privacy preserving can be achieved by leveraging AI
in aerial networks[28].
1.2.2 Directions of Key Wireless Technologies
1) Terahertz communications

AGIHN is facing the contradiction between limited spec‑
trum resources and the rapid growth of high-speed traffic de‑
mand. Terahertz communications is an important direction to
break through the resource limitations in 6G networks[29]. The
terahertz frequency resources is from 0.1 THz to 10 THz. Tera‑
hertz communications has the advantages of ultra-low delay,
excellent directivity, anti-interference, wide bandwidth, and
strong penetration. Moreover, since the terahertz wavelength is
greatly reduced, the antenna size can be greatly reduced,
which is beneficial to antenna integration. Leveraging tera‑
hertz technology to aerial networks can further improve the da‑
ta rate with highly concentrated beams, strong LoS path and
wide bandwidth resources. However, the short terahertz wave
and the weak diffraction introduce quite high path loss of ra‑
dio propagation. Thus, denser BSs and APs are required to
achieve seamless coverage, which means more energy con‑
sumption will be introduced.
2) Intelligent reflecting surface
Reconfigurable intelligent reflecting surface (IRS) is attract‑

ing attention for wireless networks since it can significantly
improve the wireless channel quality by adaptively reconfigur‑
ing wireless propagations with massive low-cost passive re‑
flecting elements integrated into a planar surface[30]. Combin‑
ing IRS with non-orthogonal multiple access (NOMA) and
MEC can greatly improve network throughput and reduce la‑
tency[31–32]. Leveraging IRS in AGIHN, the received signals at
the UAV from cellular BSs can be greatly improved by config‑
uring IRS deployed on building walls. The secrecy rate can be
enhanced by jointly optimizing phase shifters of IRS, UAV tra‑
jectory, and UAV power[33]. Moreover, leveraging UAVs with
IRS can provide energy-efficient communications, which pro‑
vides new sights in green communications in 6G networks[34].
3) Spectrum sharing
Spectrum resources are the treasure for wireless communi‑

cations. In addition to terahertz communications and visible
light communications, spectrum sharing is another approach
in extending spectrum resources and improving spectrum effi‑
ciency in 6G networks with flexible and intelligent frequency
allocation and reuse[35]. Employing blockchain in spectrum
sharing can further prevent jamming from malicious users[36].
Spectrum reuse between dense ground BSs and flexible-mobil‑
ity UAVs makes interference management more challenging.
With appropriate spectrum sharing between aerial networks
and ground networks, the area spectrum efficiency and net‑
work throughput can be significantly improved.
4) Energy harvesting technologies
With the proliferation of mobile devices and the denser de‑

ployment of network BSs and APs, prolonged battery life and
improved energy harvesting efficiency are the keys to realize
green AGIHN. Simultaneous wireless information and power
transfer (SWIPT) is one of the popular energy harvesting tech‑
nologies studied in recent years[37]. SWIPT can charge wireless
devices while supporting communications and is a promising

energy charging technology for sensors nodes. Leveraging
SWIPT in AGIHN, the aerial platforms can effectively charge
ground terminals and improve energy efficiency by exploiting
the benefit of flexible mobility. In addition, SWIPT combined
with IRS in aircrafts can further improve the energy harvesting
efficiency[38].

2 Challenges of Green AGIHN
According to the forecasts of International Energy Agency

(IEA) and Global Electronic Sustainability Initiative (GESI),
the information and communication technology (ICT) industry
currently consumes 2%– 4% of the global energy, which is
equivalent to the amount of energy consumption of the avia‑
tion industry[39]. The huge energy consumption not only in‑
creases operating costs, but also brings series of resource and
environment problems. It is requested by the ITU that the
global ICT industry reduce greenhouse gas (GHG) emissions
by 45% from 2020 to 2030[40]. How to improve energy efficien‑
cy of the communication industry is an urgent problem to be
solved in the 6G era.
In AGIHN, aircrafts acting as information carriers can re‑

duce more energy consumption and provide better energy-effi‑
cient services compared with terrestrial networks due to the re‑
duced energy consumption of ancillary facilities such as the
air conditioner at BSs. Nevertheless, the green communication
in AGIHN still faces many challenges.
2.1 Challenges of Green Terrestrial Networking in AGIHN

2.1.1 Optimized Deployment of BS and AP
In AGIHN of the 6G era, more ground BSs and APs will be

deployed to accomplish the requirement of ultra-high data rate
services. More infrastructures will be established to support
the deployment and operation of BSs and APs. Accordingly,
more energy will be consumed. According to energy efficiency
requirements for telecommunications proposed by Verizon[41],
BSs consume nearly 80% of the energy consumed in cellular
networks while the power amplifiers and air conditioners con‑
sume almost 70% of the total energy at BSs[42]. It is reported
by Huawei that the maximum energy consumption of a 5G BS
is about 11.5 kW, which is 10 times of that of a 4G BS[43].
However, according to Daiwa’s prediction, the number of 5G
BSs will be four times that of 4G BSs in their respective
eras[44]. With the employment of advanced wireless technolo‑
gies, the deployment of BSs will be much denser in 6G net‑
works. It is foreseen that there will be up to 40 000 sub-net‑
works per km2 in 6G networks[45]. Optimizing the deployment
of BSs and APs is one of the key approaches in reducing the
energy consumption in AGIHN.
In addition, the ground wireless traffic is non-uniformly dis‑

tributed in both time and space. It is predicted that the data
traffic in the downtown of Milan is 4 times of that in Boccono
University located in suburb[46]. An analysis report of data traf‑

fic in Shanghai reveals that the data traffic in residential areas
is 1.5 times of that in office areas[47]. Moreover, the ratio of day-
time traffic amount to night-time traffic is around 0.8 in resi‑
dential areas while it is up to 1.4 in office areas. Although aer‑
ial networks can provide flexible services for ground terminals
in such areas with non-uniform traffic, fixed terrestrial commu‑
nication infrastructure is still the main approach for providing
robust and cost-effective services. To satisfy the requirement
of temporal and spatial non-uniform traffic and to simultane‑
ously save energy, flexible BS sleeping and awake schemes
play important roles in saving energy at BSs[42].
2.1.2 Increased Mobile Devices and Wireless Access
According to Cisco, there were 8.8 billion mobile devices

and wireless connections in 2018, induduing 4.9 billion smart
phones and 1.1 billion IoT devices[48]. 42% of the devices en‑
joyed wireless services through 4G cellular networks. Due to
the continuous prosperity of sensors, intelligent furniture, In‑
ternet of vehicles, smart city and medical applications, and
the continuous penetration of vertical industry with 5G net‑
works, there will be 28.5 billion wireless devices by 2022[49],
among which 51% (14.6 billion) of the devices are battery-
powered machine-to-machine (M2M) devices. It is estimated
that by 2025, the global network standby energy consumption
of IoT edge devices will approach 46 TWh[50], which is about
equivalent to the annual electricity consumption of Portugal in
2019[51].
The massive wireless connectivity brings a great challenge

to the wireless access networks due to massive connection re‑
quests, ultra-heavy traffic load, limited battery of wireless de‑
vices, and diverse levels of subscribers. Moreover, burst ac‑
cess attempts may happen due to some unexpected events
such as power failure, which will lead to a sharp increase of
control signaling, network congestion, and further increased
energy consumption. In addition, handover of massive devices
among heterogeneous networks introduces complex interopera‑
tion and resource managements, which also causes the in‑
crease of energy consumption. Low energy consumption and
improved energy efficiency are crucially important for wireless
communications in future networks.
2.2 Challenges of Green Aerial Networking
Although aerial platform-based communications can save

more energy than ground communications, the explosive
growth of aircrafts in wireless communications and the high-
dynamically changed topology bring new challenges to the
green communications. The UAV is the most widely applied
aircraft for wireless communications due to its flexible mobil‑
ity, cost-efficient and rapid deployment, and LoS communica‑
tion support. The Federal Aviation Administration (FAA)
pointed out that, by 2024, the world will see the emergence
of 1.48 million recreational Unmanned Aircraft System
(UAS) fleets[52].
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energy charging technology for sensors nodes. Leveraging
SWIPT in AGIHN, the aerial platforms can effectively charge
ground terminals and improve energy efficiency by exploiting
the benefit of flexible mobility. In addition, SWIPT combined
with IRS in aircrafts can further improve the energy harvesting
efficiency[38].

2 Challenges of Green AGIHN
According to the forecasts of International Energy Agency

(IEA) and Global Electronic Sustainability Initiative (GESI),
the information and communication technology (ICT) industry
currently consumes 2%– 4% of the global energy, which is
equivalent to the amount of energy consumption of the avia‑
tion industry[39]. The huge energy consumption not only in‑
creases operating costs, but also brings series of resource and
environment problems. It is requested by the ITU that the
global ICT industry reduce greenhouse gas (GHG) emissions
by 45% from 2020 to 2030[40]. How to improve energy efficien‑
cy of the communication industry is an urgent problem to be
solved in the 6G era.
In AGIHN, aircrafts acting as information carriers can re‑

duce more energy consumption and provide better energy-effi‑
cient services compared with terrestrial networks due to the re‑
duced energy consumption of ancillary facilities such as the
air conditioner at BSs. Nevertheless, the green communication
in AGIHN still faces many challenges.
2.1 Challenges of Green Terrestrial Networking in AGIHN

2.1.1 Optimized Deployment of BS and AP
In AGIHN of the 6G era, more ground BSs and APs will be

deployed to accomplish the requirement of ultra-high data rate
services. More infrastructures will be established to support
the deployment and operation of BSs and APs. Accordingly,
more energy will be consumed. According to energy efficiency
requirements for telecommunications proposed by Verizon[41],
BSs consume nearly 80% of the energy consumed in cellular
networks while the power amplifiers and air conditioners con‑
sume almost 70% of the total energy at BSs[42]. It is reported
by Huawei that the maximum energy consumption of a 5G BS
is about 11.5 kW, which is 10 times of that of a 4G BS[43].
However, according to Daiwa’s prediction, the number of 5G
BSs will be four times that of 4G BSs in their respective
eras[44]. With the employment of advanced wireless technolo‑
gies, the deployment of BSs will be much denser in 6G net‑
works. It is foreseen that there will be up to 40 000 sub-net‑
works per km2 in 6G networks[45]. Optimizing the deployment
of BSs and APs is one of the key approaches in reducing the
energy consumption in AGIHN.
In addition, the ground wireless traffic is non-uniformly dis‑

tributed in both time and space. It is predicted that the data
traffic in the downtown of Milan is 4 times of that in Boccono
University located in suburb[46]. An analysis report of data traf‑

fic in Shanghai reveals that the data traffic in residential areas
is 1.5 times of that in office areas[47]. Moreover, the ratio of day-
time traffic amount to night-time traffic is around 0.8 in resi‑
dential areas while it is up to 1.4 in office areas. Although aer‑
ial networks can provide flexible services for ground terminals
in such areas with non-uniform traffic, fixed terrestrial commu‑
nication infrastructure is still the main approach for providing
robust and cost-effective services. To satisfy the requirement
of temporal and spatial non-uniform traffic and to simultane‑
ously save energy, flexible BS sleeping and awake schemes
play important roles in saving energy at BSs[42].
2.1.2 Increased Mobile Devices and Wireless Access
According to Cisco, there were 8.8 billion mobile devices

and wireless connections in 2018, induduing 4.9 billion smart
phones and 1.1 billion IoT devices[48]. 42% of the devices en‑
joyed wireless services through 4G cellular networks. Due to
the continuous prosperity of sensors, intelligent furniture, In‑
ternet of vehicles, smart city and medical applications, and
the continuous penetration of vertical industry with 5G net‑
works, there will be 28.5 billion wireless devices by 2022[49],
among which 51% (14.6 billion) of the devices are battery-
powered machine-to-machine (M2M) devices. It is estimated
that by 2025, the global network standby energy consumption
of IoT edge devices will approach 46 TWh[50], which is about
equivalent to the annual electricity consumption of Portugal in
2019[51].
The massive wireless connectivity brings a great challenge

to the wireless access networks due to massive connection re‑
quests, ultra-heavy traffic load, limited battery of wireless de‑
vices, and diverse levels of subscribers. Moreover, burst ac‑
cess attempts may happen due to some unexpected events
such as power failure, which will lead to a sharp increase of
control signaling, network congestion, and further increased
energy consumption. In addition, handover of massive devices
among heterogeneous networks introduces complex interopera‑
tion and resource managements, which also causes the in‑
crease of energy consumption. Low energy consumption and
improved energy efficiency are crucially important for wireless
communications in future networks.
2.2 Challenges of Green Aerial Networking
Although aerial platform-based communications can save

more energy than ground communications, the explosive
growth of aircrafts in wireless communications and the high-
dynamically changed topology bring new challenges to the
green communications. The UAV is the most widely applied
aircraft for wireless communications due to its flexible mobil‑
ity, cost-efficient and rapid deployment, and LoS communica‑
tion support. The Federal Aviation Administration (FAA)
pointed out that, by 2024, the world will see the emergence
of 1.48 million recreational Unmanned Aircraft System
(UAS) fleets[52].
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A small UAV usually needs 20 to 200 W/kg to fly[53]. It is
usually powered by on-board batteries. Different types of
UAVs carry different battery capacities. For example, the Sky‑
walker fixed-wing UAV carries four 8 500 mAh batteries in
series, while the AKS Raven X8 multi-rotor UAV carries two
10 000 mAh batteries[54]. The battery power consumption of
30 kg to 35 kg UAVs to complete a flight mission (i.e., lifting
up, hover, flight, and landing) is about 12.53% and 13.82% of
the full amount[55]. The power consumption of Wi-Fi and GPS
communications of a small UAV with the weight of 865 g is
about 8.3 W, and that of horizontal flight is 310 W[56]. There‑
fore, in the case of limited battery, reducing the power con‑
sumption of UAV can provide longer endurance and communi‑
cation services.
2.2.1 Green Communication Module
Limited battery limits the performance of aerial transmis‑

sions. Improving the energy efficiency of communication mod‑
ules of aircrafts and increasing the battery capacity are the
two main approaches for green communications of aerial net‑
working. Aircraft placement, trajectory optimization, power
control, flight duration optimization, resource and interference
management, and handover in high-dynamic networks are the
main factors influencing the energy consumption and energy
saving in AGIHN.
Radio propagation and load balance among BSs or APs are

closely related with the placement and trajectory design of aer‑
ial communication platforms. For HAPs, the placement optimi‑
zation directly influences the load balance between HAPs and
ground BSs. Appropriate placement of HAPs can extend wire‑
less coverage, improve network throughput, and further reduce
energy consumption of the communication modules. For
LAPs, optimized trajectory design can improve network
throughput, reduce energy consumption, and extend flight du‑
ration. The trajectory design of multi-UAV networking can fur‑
ther provide seamless connectivity for wireless terminals and
extend the coverage area of aerial networks. It should be noted
that collision avoidance among multiple UAVs should be con‑
sidered in the trajectory design. Frequency reuse, spectrum
sharing, and power control are key factors in resource and in‑
terference management between aerial networks and terrestri‑
al cellular networks. Flexible and adaptive frequency reuse
and power control can decrease interference among aerial
nodes and ground nodes, which can further improve network
throughput and improve energy efficiency.
2.2.2 Green Flight Module
A UAV consumes more propulsion power in flight than in

hover[56]. LAPs have the advantage of mobility compared with
HAPs while they consume more power due to their high-dy‑
namic mobility. The flight power consumption of a fixed-wing
UAV can be expressed as functions of its velocity V and accel‑
eration a (t)[57]:

P (V,a (t)) = c1V 3 + c2V +
c2
Vg2

a2 (t) , (1)

where c1 = ρCD0S/2 and c2 = 2W 2 / ( )πe0AR ρS are two parame‑
ters (where ρ and CD0 are the air density and zero-lift drag coef‑
ficient, respectively, S and W are the wing area and aircraft
weight, respectively, and e0 and AR denote the wing span effi‑ciency and aspect ratio of the wing, respectively); g is the grav‑
itational acceleration. According to Eq. (1), we can see that
the energy consumption increases with the increase of velocity
and the absolute value of acceleration, which means that more
energy will be consumed with higher flight speed and faster
change of the speed. Therefore, in order to achieve green
flight of UAV and further to achieve green aerial communica‑
tions, the UAV should move as smoothly as possible while im‑
proving the transmission performance. The flight power con‑
sumption of a rotary-wing UAV is a function of the UAV veloc‑
ity, which is given by Ref. [58]:

P (V) = P0 (1 + 3V 2U 2tip ) +
Pi ( 1 + V 4

4v40 -
V 2

2v20 )
1/2

+ 12 d0 ρsAV 3, (2)

where P0 = δρsAΩ 3R/8 and Pi = ( )1 + k W 3 2 / 2ρA are two
parameters representing the blade profile power and induced
power of the UAV in hover, respectively (where δ is the profile
drag coefficient, s and A are the rotor stiffness and rotor disc
area, respectively, Ω and R denote the blade angular velocity
and rotor radius, respectively, and k denotes the incremental
correction factor to induced power); U tip is the rotor tip veloci‑ty; v0 is the average rotor induced velocity in hover; d0 denotesthe fuselage drag ratio. According to Eq. (2), the first and the
third terms are the power required to overcome the profile
drag of the blades and the fuselage drag, respectively, which
increases with the square and cubic of the velocity. The sec‑
ond term is the power required to overcome the induced drag
of the blades, which decreases with the velocity. It is verified
in Ref. [58] that the total power consumption first decreases
and then increases with the increase of UAV velocity, which
means that the energy consumption can be minimized with the
optimal UAV velocity.
As a result, the improvement of transmission quality and en‑

ergy efficiency in AGIHN should take flight consumption into
consideration. There are three main research directions for en‑
ergy-saving UAV communications: the optimization of flight
radius and velocity with a fixed trajectory[59]; the joint optimi‑
zation of UAV trajectory, acceleration, and velocity[60]; the
trade-off between performance improvement and energy con‑
sumption[61].

3 Key Technologies in Green AGIHN
How to realize energy-efficient network collaboration and

integration of heterogeneous networks in AGIHN is one of the
keys to SAGIN. In this section, several promising technologies
for harvesting energy and reducing energy consumption in
AGIHN are analyzed.
3.1 Energy Harvesting Technology
Energy harvesting technologies are promising approaches to

prolonging battery life and providing extra power in green com‑
munications by collecting external energy resources such as
light, heat, electromagnetic, and mechanical. Wireless power
transfer (WPT) and SWIPT are two energy harvesting technolo‑
gies for transporting energy with electromagnetic energy. WPT
is a basic energy harvesting technology while SWIPT is an en‑
ergy harvesting technology that integrates WPT and the com‑
munication function, i.e., SWIPT can simultaneously transmit
information signals while transporting electromagnetic energy.
Leveraging WPT and SWIPT in AGIHN can realize remote

charging and mutual charging among aircrafts. However, the
mutual energy transport definitely causes increased energy
consumption. Traditional energy collection technologies such
as solar and wind systems can be combined as a RF energy
source to reduce consumption of non-green energy, which is a
promising research direction for AGIHN. For example, charg‑
ing LAPs with solar-powered satellites and HAPs can prolong
the flight duration of LAPs and enhance the stability of aerial
networking. Moreover, the LAPs can further charge each other
by exploiting the benefits of LoS links and charge ground ter‑
minals with two-hop wireless energy transmission. In addition,
leveraging IRS in SWIPT-assisted LAP system can simultane‑
ously improve the network performance and enhance the ener‑
gy transmission efficiency[38].
3.2 Cooperative Communications
Cooperative transmission can improve network performance

by coordinating multiple diverse nodes to exploit the multi‑
plexing gain and diversity gain. In AGIHN, coordinating multi‑
ple aerial nodes as information signal sources can provide sig‑
nificantly improved capacity and coverage performance with
LoS links, flexible-changed topology, and adaptive resource
coordination. The transmission power of aerial nodes can be
greatly reduced due to the decreased path loss fading. Further,
coordinating multiple aerial nodes as electromagnetic energy
sources can realize rapid power charging and network restora‑
tion and reconstruction. Coordinating aerial nodes and ground
BSs can provide more energy-efficient transmissions than coor‑
dinating only ground BSs due to the reduced transmission
power of aerial nodes and the exemption of energy consump‑
tion of BS infrastructures. Especially, the energy efficiency of
cell edge users can be significantly improved by deploying pe‑
riodic UAVs at the edge of ground BSs and periodically coor‑
dinating UAVs-enabled BSs or relays with the ground BSs[62].

Coordination and cooperation of ground nodes and aerial
nodes can realize improved energy efficiency in AGIHN. How‑
ever, the high-dynamic network topology, non-uniform data
traffic, and random perturbation of aerial platforms bring great
challenges to the cooperative communications in AGIHN. The
high-dynamic network topology introduces frequent disconnec‑
tion and reconnections, which brings huge signaling overhead.
Blockchain based access registration provides a way in reduc‑
ing the signaling overhead[63]. Non-uniform data traffic brings
challenges to the user scheduling and traffic load coordination
among cooperative nodes, which further causes tradeoff be‑
tween balanced traffic offloading and efficient energy con‑
sumption. The random perturbation of aerial platforms causes
non-robust and inefficient transmission links between a pair of
transceivers. Accurate estimation of platform perturbation, ap‑
propriate compensation for perturbation, and adaptive power
allocation and beam adjusting are required for energy-efficient
communications in AGIHN.
3.3 Integrating Intelligence into Green AGIHN
AI technologies, especially machine learning (ML) and big

data analysis, are promising and widely acknowledged solu‑
tions to smart network control and network management. AI
has already been applied in mobile networks from physical
layer design to network layer control. Leveraging AI in 6G net‑
works is an inevitable trend. In green AGIHN, AI can be ap‑
plied in many aspects including intelligent architecture de‑
sign, real-time network data analysis, flexible aerial platform
control, secure aerial platform tracing, smart platform posi‑
tion, high-efficient energy harvesting, intelligent routing, intel‑
ligent caching and computing, intelligent sleeping and wake-
up mechanisms, adaptive and efficient resource allocation and
scheduling, etc.
Leveraging intelligence into AGIHN can realize enhanced

energy efficiency by globally optimizing the network control
and management. However, mechanisms adopted to realize in‑
tellectualization will bring additional energy consumption, es‑
pecially for the intelligent network management through glob‑
al control or massive data analysis. Therefore, energy-efficient
intelligent network control and management mechanisms are
required in green AGIHN.

4 Conclusions
Facing the high complexity and diversity of future networks

and the proliferation of wireless devices, AGIHN is consid‑
ered as a cost-effective approach to ubiquitous coverage and
ultra-high throughput. With the increasing scarcity of natural
resources and complexity of the radio environment, it is urgent
to solve the problems of green AGIHN to reduce energy con‑
sumption and to improve energy efficiency. In this paper, we
first introduced the integration of AGIHN and 6G networks.
Then, the challenges of green AGIHN were analyzed from the
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3 Key Technologies in Green AGIHN
How to realize energy-efficient network collaboration and

integration of heterogeneous networks in AGIHN is one of the
keys to SAGIN. In this section, several promising technologies
for harvesting energy and reducing energy consumption in
AGIHN are analyzed.
3.1 Energy Harvesting Technology
Energy harvesting technologies are promising approaches to

prolonging battery life and providing extra power in green com‑
munications by collecting external energy resources such as
light, heat, electromagnetic, and mechanical. Wireless power
transfer (WPT) and SWIPT are two energy harvesting technolo‑
gies for transporting energy with electromagnetic energy. WPT
is a basic energy harvesting technology while SWIPT is an en‑
ergy harvesting technology that integrates WPT and the com‑
munication function, i.e., SWIPT can simultaneously transmit
information signals while transporting electromagnetic energy.
Leveraging WPT and SWIPT in AGIHN can realize remote

charging and mutual charging among aircrafts. However, the
mutual energy transport definitely causes increased energy
consumption. Traditional energy collection technologies such
as solar and wind systems can be combined as a RF energy
source to reduce consumption of non-green energy, which is a
promising research direction for AGIHN. For example, charg‑
ing LAPs with solar-powered satellites and HAPs can prolong
the flight duration of LAPs and enhance the stability of aerial
networking. Moreover, the LAPs can further charge each other
by exploiting the benefits of LoS links and charge ground ter‑
minals with two-hop wireless energy transmission. In addition,
leveraging IRS in SWIPT-assisted LAP system can simultane‑
ously improve the network performance and enhance the ener‑
gy transmission efficiency[38].
3.2 Cooperative Communications
Cooperative transmission can improve network performance

by coordinating multiple diverse nodes to exploit the multi‑
plexing gain and diversity gain. In AGIHN, coordinating multi‑
ple aerial nodes as information signal sources can provide sig‑
nificantly improved capacity and coverage performance with
LoS links, flexible-changed topology, and adaptive resource
coordination. The transmission power of aerial nodes can be
greatly reduced due to the decreased path loss fading. Further,
coordinating multiple aerial nodes as electromagnetic energy
sources can realize rapid power charging and network restora‑
tion and reconstruction. Coordinating aerial nodes and ground
BSs can provide more energy-efficient transmissions than coor‑
dinating only ground BSs due to the reduced transmission
power of aerial nodes and the exemption of energy consump‑
tion of BS infrastructures. Especially, the energy efficiency of
cell edge users can be significantly improved by deploying pe‑
riodic UAVs at the edge of ground BSs and periodically coor‑
dinating UAVs-enabled BSs or relays with the ground BSs[62].

Coordination and cooperation of ground nodes and aerial
nodes can realize improved energy efficiency in AGIHN. How‑
ever, the high-dynamic network topology, non-uniform data
traffic, and random perturbation of aerial platforms bring great
challenges to the cooperative communications in AGIHN. The
high-dynamic network topology introduces frequent disconnec‑
tion and reconnections, which brings huge signaling overhead.
Blockchain based access registration provides a way in reduc‑
ing the signaling overhead[63]. Non-uniform data traffic brings
challenges to the user scheduling and traffic load coordination
among cooperative nodes, which further causes tradeoff be‑
tween balanced traffic offloading and efficient energy con‑
sumption. The random perturbation of aerial platforms causes
non-robust and inefficient transmission links between a pair of
transceivers. Accurate estimation of platform perturbation, ap‑
propriate compensation for perturbation, and adaptive power
allocation and beam adjusting are required for energy-efficient
communications in AGIHN.
3.3 Integrating Intelligence into Green AGIHN
AI technologies, especially machine learning (ML) and big

data analysis, are promising and widely acknowledged solu‑
tions to smart network control and network management. AI
has already been applied in mobile networks from physical
layer design to network layer control. Leveraging AI in 6G net‑
works is an inevitable trend. In green AGIHN, AI can be ap‑
plied in many aspects including intelligent architecture de‑
sign, real-time network data analysis, flexible aerial platform
control, secure aerial platform tracing, smart platform posi‑
tion, high-efficient energy harvesting, intelligent routing, intel‑
ligent caching and computing, intelligent sleeping and wake-
up mechanisms, adaptive and efficient resource allocation and
scheduling, etc.
Leveraging intelligence into AGIHN can realize enhanced

energy efficiency by globally optimizing the network control
and management. However, mechanisms adopted to realize in‑
tellectualization will bring additional energy consumption, es‑
pecially for the intelligent network management through glob‑
al control or massive data analysis. Therefore, energy-efficient
intelligent network control and management mechanisms are
required in green AGIHN.

4 Conclusions
Facing the high complexity and diversity of future networks

and the proliferation of wireless devices, AGIHN is consid‑
ered as a cost-effective approach to ubiquitous coverage and
ultra-high throughput. With the increasing scarcity of natural
resources and complexity of the radio environment, it is urgent
to solve the problems of green AGIHN to reduce energy con‑
sumption and to improve energy efficiency. In this paper, we
first introduced the integration of AGIHN and 6G networks.
Then, the challenges of green AGIHN were analyzed from the
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aspects of green terrestrial network and green aerial network.
Following the analysis, several promising green technologies
that can be employed in AGIHN have been discussed.

References
[1] ZHANG Z Q, XIAO Y, MA Z, et al. 6G wireless networks: vision, requirements,
architecture, and key technologies [J]. IEEE vehicular technology magazine,
2019, 14(3): 28–41. DOI: 10.1109/MVT.2019.2921208

[2] F‑Cell technology from Nokia Bell Labs revolutionizes small cell deployment by
cutting wires, costs and time [EB/OL]. (2016‑10‑03)[2020‑12‑09]. https://www.
nokia.com/about‑us/news/releases/2016/10/03/f‑cell‑technology‑from‑nokia‑bell‑
labs‑revolutionizes‑small‑cell‑deployment‑by‑cutting‑wires‑costs‑and‑time

[3] Launches world’s first EE 4G“AIR MAST”to connect red bull foxhunt moun‑
tain bike even in rural wales [EB/OL]. (2017‑10‑11)[2020‑12‑09]. https://news‑
room.ee.co.uk/ee‑launches‑worlds‑first‑4g‑air‑mast‑to‑connect‑red‑bull‑foxhunt‑
mountain‑bike‑event‑in‑rural‑wales

[4] FirstNet reaches over 1 million connections [EB/OL]. (2019‑12‑03) [2020‑12‑
09]. https://about.att.com/story/2019/fn_hits_one_million.html

[5] ZHOU D, GAO S, LIU R Q, et al. Overview of development and regulatory as‑
pects of high altitude platform system [J]. Intelligent and converged networks,
2020, 1(1): 58–78. DOI: 10.23919/ICN.2020.0004

[6] AL ‑HOURANI A, KANDEEPAN S, LARDNER S. Optimal LAP altitude for
maximum coverage [J]. IEEE wireless communications letters, 2014, 3(6): 569–
572. DOI: 10.1109/LWC.2014.2342736

[7] WIREN R. 5G and UAV use cases [EB/OL]. (2017‑09‑18)[2020‑12‑09]. http://
www.5gsummit.org/helsinki/docs/RWiren‑5G and UAV use cases‑2017‑09‑18.pdf

[8] SHARMA V, BENNIS M, KUMAR R. UAV ‑ assisted heterogeneous networks
for capacity enhancement [J]. IEEE communications letters, 2016, 20(6): 1207–
1210. DOI: 10.1109/LCOMM.2016.2553103

[9] QIU J F, GRACE D, DING G R, et al. Air‑ground heterogeneous networks for
5G and beyond via integrating high and low altitude platforms [J]. IEEE wire‑
less communications, 2019, 26(6): 140–148. DOI: 10.1109/MWC.0001.1800575

[10] HWANG M H, CHA H R, JUNG S Y. Practical endurance estimation for mini‑
mizing energy consumption of multirotor unmanned aerial vehicles [J]. Ener‑
gies, 2018, 11(9): 2221. DOI: 10.3390/en11092221

[11] 3GPP. Technical Specification Group Radio Access Network; Study on En‑
hanced LTE Support for Aerial Vehicles: TR36.777 [R]. Sophia ‑ Antipolis,
France: 3GPP, 2017.

[12] CHRIKI A, TOUATI H, SNOUSSI H, et al. Centralized cognitive radio based
frequency allocation for UAVs communication [C]//15th International Wireless
Communications & Mobile Computing Conference (IWCMC). Tangier, Moroc‑
co: IEEE, 2019: 1674–1679. DOI: 10.1109/IWCMC.2019.8766481

[13] WANG G Y, LIU Y J, QI X Y. Study on the propagation characteristics of
28GHz radio wave in outdoor microcellular [C]//Asia ‑ Pacific Microwave
Conference (APMC). Nanjing, China: IEEE, 2015: 1 – 3. DOI: 10.1109/
APMC.2015.7413403

[14] AHMED B, POTA H R, GARRATT M. Flight control of a rotary wing UAV us‑
ing backstepping [J]. International journal of robust and nonlinear control,
2010, 20(6): 639–658. DOI: 10.1002/rnc.1458

[15] CHOI H S, LEE S, RYU H, et al. Dynamics and simulation of the effects of
wind on UAVs and airborne wind measurement [J]. Transactions of the Japan
society for aeronautical and space sciences, 2015, 58(4): 187– 192. DOI:
10.2322/tjsass.58.187

[16] WU H C, WEN Y, ZHANG J Z, et al. Energy ‑ efficient and secure air ‑ to ‑
ground communication with jittering UAV [J]. IEEE transactions on vehicular
technology, 2020, 69(4): 3954–3967. DOI: 10.1109/TVT.2020.2971520

[17] MUNOZ R, VILALTA R, CASELLAS R, et al. Integrated SDN/NFV manage‑
ment and orchestration architecture for dynamic deployment of virtual SDN
control instances for virtual tenant networks [J]. IEEE/OSA journal of optical
communications and networking, 2015, 7(11): B62– B70. DOI: 10.1364/

JOCN.7.000B62
[18] XILOURIS G K, BATISTATOS M C, ATHANASIADOU G E, et al. UAV‑as‑

sisted 5G network architecture with slicing and virtualization [C]//IEEE Globe‑
com Workshops (GC Wkshps). Abu Dhabi, United Arab Emirates: IEEE,
2018: 1–7. DOI: 10.1109/GLOCOMW.2018.8644408

[19] WHITE K J S, DENNEY E, KNUDSON M D, et al. A programmable SDN+
NFV‑based architecture for UAV telemetry monitoring [C]//14th IEEE Annual
Consumer Communications & Networking Conference (CCNC). Las Vegas,
USA: IEEE, 2017: 522–527. DOI: 10.1109/CCNC.2017.7983162

[20] HERMOSILLA A, ZARCA A M, BERNABE J B, et al. Security orchestration
and enforcement in NFV/SDN ‑ aware UAV deployments [J]. IEEE access,
2020, 8: 131779–131795. DOI: 10.1109/ACCESS.2020.3010209

[21] HERMOSILLA A, ZARCA A M, BERNABE J B, et al. Security orchestration
and enforcement in NFV/SDN ‑ aware UAV deployments [J]. IEEE access,
2020, 8: 131779–131795. DOI:10.1109/ACCESS.2020.3010209

[22] NIE Y W, ZHAO J H, LIU J, et al. Energy‑efficient UAV trajectory design for
backscatter communication: a deep reinforcement learning approach [J]. China
communications, 2020, 17(10): 129–141. DOI: 10.23919/JCC.2020.10.009

[23] LIU T, CUI M, ZHANG G C, et al. 3D trajectory and transmit power optimiza‑
tion for UAV ‑ enabled multi ‑ link relaying systems [J]. IEEE transactions on
green communications and networking, 8135, PP(99): 1. DOI: 10.1109/
TGCN.2020.3048135

[24] YIN S X, ZHAO Y F, LI L H, et al. UAV‑assisted cooperative communications
with power‑splitting information and power transfer [J]. IEEE transactions on
green communications and networking, 2019, 3(4): 1044–1057. DOI: 10.1109/
TGCN.2019.2926131

[25] WANG Y S, HONG Y W P, CHEN W T. Trajectory learning, clustering, and
user association for dynamically connectable UAV base stations [J]. IEEE
transactions on green communications and networking, 2020, 4(4): 1091–
1105. DOI: 10.1109/TGCN.2020.3005290

[26] LV Z, HAO J J, GUO Y J. Energy minimization for MEC‑enabled cellular ‑
connected UAV: trajectory optimization and resource scheduling [C]//IEEE
Conference on Computer Communications Workshops (INFOCOM WK‑
SHPS). Toronto, Canada: IEEE, 2020: 478–483. DOI: 10.1109/INFOCOM‑
WKSHPS50562.2020.9162853

[27] SUN X, ANSARI N. Green cloudlet network: a distributed green mobile cloud
network [J]. IEEE network, 2017, 31(1): 64–70. DOI: 10.1109/MNET.2017.150
0293NM

[28] WANG Y T, SU Z, ZHANG N, et al. Learning in the air: secure federated
learning for UAV‑assisted crowdsensing [J]. IEEE transactions on network sci‑
ence and engineering, 4385, PP(99): 1. DOI: 10.1109/TNSE.2020.3014385

[29] CHEN Z, MA X Y, ZHANG B, et al. A survey on terahertz communications [J].
China communications, 2019, 16(2): 1–35. DOI: 10.12676/j.cc.2019.02.001

[30] WU Q Q, ZHANG R. Towards smart and reconfigurable environment: intelli‑
gent reflecting surface aided wireless network [J]. IEEE communications maga‑
zine, 2020, 58(1): 106–112. DOI: 10.1109/MCOM.001.1900107

[31] SONG D, SHIN W, LEE J. A maximum throughput design for wireless pow‑
ered communications networks with IRS‑NOMA [J]. IEEE wireless communi‑
cations letters, 6722, PP(99): 1. DOI: 10.1109/LWC.2020.3046722

[32] ZHOU F S, YOU C S, ZHANG R. Delay‑optimal scheduling for IRS‑aided mo‑
bile edge computing [J]. IEEE wireless communications letters, 2189, PP(99):
1. DOI: 10.1109/LWC.2020.3042189

[33] FANG S S, CHEN G J, LI Y H. Joint optimization for secure intelligent reflect‑
ing surface assisted UAV networks [J]. IEEE wireless communications letters,
2021, 10(2): 276–280. DOI: 10.1109/LWC.2020.3027969

[34] MOHAMED Z, AISSA S. Leveraging UAVs with intelligent reflecting surfaces
for energy ‑ efficient communications with cell ‑ edge users [C]//IEEE Interna‑
tional Conference on Communications Workshops (ICC Workshops). Dublin,
Ireland: IEEE, 2020: 1–6. DOI: 10.1109/iccworkshops49005.2020.9145273

[35] ZHANG J Z, CHEN Y, LIU Y X, et al. Spectrum knowledge and real‑time ob‑
serving enabled smart spectrum management [J]. IEEE access, 2020, 8: 44153–
44162. DOI: 10.1109/ACCESS.2020.2978005

[36] ZHANG Y Y, FANG Z J. Dynamic double threshold spectrum sensing algo‑
rithm based on block chain [C]//3rd International Conference on Electronic In‑
formation Technology and Computer Engineering (EITCE). Xiamen, China:
IEEE, 2019: 1090–1095. DOI: 10.1109/EITCE47263.2019.9094864

[37] SUN X L, YANG W W, CAI Y M, et al. Physical layer security in millimeter

46



Green Air-Ground Integrated Heterogeneous Network in 6G Era Special Topic

WU Huici, LI Hanjie, TAO Xiaofeng

ZTE COMMUNICATIONS
March 2021 Vol. 19 No. 1

wave SWIPT UAV‑based relay networks [J]. IEEE access, 2019, 7: 35851–
35862. DOI: 10.1109/ACCESS.2019.2904856

[38] LIU J X, XIONG K, LU Y, et al. Energy efficiency in secure IRS‑aided SWIPT
[J]. IEEE wireless communications letters, 2020, 9(11): 1884– 1888. DOI:
10.1109/LWC.2020.3006837

[39] WEBB M. Smart 2020: enabling the low carbon economy in the information
age [R]. London, UK: The Climate Group, 2008.

[40] ITU‑T. Greenhouse gas emissions trajectories for the information and commu‑
nication technology sector compatible with the UNFCCC paris agreement:
L.1470 [R]. 2020

[41] Verizon NEBSTM Compliance: Energy Efficiency Requirements for Telecom‑
munications [EB/OL]. (2009‑08‑07)[2020‑12‑09]. http://www.tiab‑online.co.uk/
pdf/L5428.pdf

[42] GANDOTRA P, JHA R K, JAIN S. Green communication in next generation
cellular networks: a survey [J]. IEEE access, 2017, 5: 11727– 11758. DOI:
10.1109/ACCESS.2017.2711784

[43] Huawei Technology Co., Ltd. 5G power white paper [R]. Shenzhen, China:
Huawei, 2019

[44] Daiwa Capital Markets. Asia mobile communication: let’s talk about 5G [R].
Hong Kong, China: Daiwa Capital Markets Hong Kong Limited, 2018

[45] BERARDINELLI G, MOGENSEN P, ADEOGUN R O. 6G subnetworks for life‑
critical communication [C]//2nd 6G Wireless Summit (6G SUMMIT). Levi, Fin‑
land: IEEE, 2020: 1–5. DOI:10.1109/6GSUMMIT49458.2020.9083877

[46] ZENG Q T, SUN Q, CHEN G, et al. Traffic prediction of wireless cellular net‑
works based on deep transfer learning and cross‑domain data [J]. IEEE access,
2020, 8: 172387–172397. DOI: 10.1109/ACCESS.2020.3025210

[47] ZHANG M Y, FU H H, LI Y, et al. Understanding urban dynamics from mas‑
sive mobile traffic data [J]. IEEE transactions on big data, 2019, 5(2): 266–
278. DOI: 10.1109/TBDATA.2017.2778721

[48] Cisco. Cisco annual internet report [R]. San Jose, USA: Cisco Systems, Inc.,
2020

[49] Cisco. Cisco visual networking index (VNI) complete forecast update [R]. San
Jose, USA: Cisco Systems, Inc., 2018

[50] FRIEDLI M, KAUFMANN L, PAGANINI F, et al. Energy efficiency of the in‑
ternet of things [R]. Luzern, Switzerland: Lucerne University of Applied Sci‑
ences, 2016

[51] Enerdata. Portugal energy report [R]. Grenoble, France: Enerdata, 2020
[52] FAA. FAA aerospace forecast fiscal years 2020 ‑ 2040 [R]. Washington DC,

USA: Federal Aviation Administration, 2020
[53] BERTRAN E, SÀNCHEZ‑CERDÀ A. On the tradeoff between electrical power

consumption and flight performance in fixed ‑wing UAV autopilots [J]. IEEE
transactions on vehicular technology, 2016, 65(11): 8832–8840. DOI:10.1109/
TVT.2016.2601927

[54] BOON M A, DRIJFHOUT A P, TESFAMICHAEL S. Comparison of a fixed ‑
wing and multi ‑ rotor UAV for environmental mapping applications: A case
study [J]. ISPRS‑international archives of the photogrammetry, remote sensing
and spatial information sciences, 2017, XLII‑2/W6: 47–54. DOI: 10.5194/is‑
prs‑archives‑xlii‑2‑w6‑47‑2017

[55] CHAN C W, KAM T Y. A procedure for power consumption estimation of multi‑
rotor unmanned aerial vehicle [C]//Journal of Physics: Conference Series, Vol‑
ume 1509, 10th Asian ‑Pacific Conference on Aerospace Technology and Sci‑
ence & 4th Asian Joint Symposium on Aerospace Engineering (APCATS’2019 /
AJSAE’2019). Bristol, UK: IOP Publishing, 2020, 1509(1): 012015

[56] ABEYWICKRAMA H V, JAYAWICKRAMA B A, HE Y, et al. Comprehen‑
sive energy consumption model for unmanned aerial vehicles, based on empiri‑
cal studies of battery performance [J]. IEEE access, 2018, 6: 58383–58394.

DOI: 10.1109/ACCESS.2018.2875040
[57] ZENG Y, ZHANG R. Energy‑efficient UAV communication with trajectory op‑

timization [J]. IEEE transactions on wireless communications, 2017, 16(6):
3747–3760. DOI: 10.1109/TWC.2017.2688328

[58] ZENG Y, XU J, ZHANG R. Energy minimization for wireless communication
with rotary ‑ wing UAV [J]. IEEE transactions on wireless communications,
2019, 18(4): 2329–2345. DOI: 10.1109/TWC.2019.2902559

[59] HU Y L, YUAN X P, XU J, et al. Optimal 1D trajectory design for UAV‑en‑
abled multiuser wireless power transfer [J]. IEEE transactions on communica‑
tions, 2019, 67(8): 5674–5688. DOI: 10.1109/TCOMM.2019.2911294

[60] AHMED S, CHOWDHURY M Z, JANG Y M. Energy‑efficient UAV relaying
communications to serve ground nodes [J]. IEEE communications letters,
2020, 24(4): 849–852. DOI: 10.1109/LCOMM.2020.2965120

[61] YANG D C, WU Q Q, ZENG Y, et al. Energy tradeoff in ground‑to‑UAV com‑
munication via trajectory design [J]. IEEE transactions on vehicular technolo‑
gy, 2018, 67(7): 6721–6726. DOI: 10.1109/TVT.2018.2816244

[62] HUA M, WANG Y, LI C G, et al. Energy‑efficient optimization for UAV‑aid‑
ed cellular offloading [J]. IEEE wireless communications letters, 2019, 8(3):
769–772. DOI: 10.1109/LWC.2019.2891727

[63] LI Z Y, HAO J L, LIU J, et al. An IoT‑applicable access control model under
double‑layer blockchain [J]. IEEE transactions on circuits and systems II: Ex‑
press briefs, 5031, PP(99): 1. DOI: 10.1109/TCSII.2020.3045031

Biographies
WU Huici (dailywu@bupt.edu.cn) received the Ph.D. degree from Beijing Uni‑
versity of Posts and Telecommunications (BUPT), China in 2018. From 2016 to
2017, she visited the Broadband Communications Research (BBCR) Group,
University of Waterloo, Canada. She is now an associate professor at BUPT. She
served as the publication co-chair of APCC 2018 and TPC member of IEEE
ICC 2019/2020 and IEEE/CIC ICCC 2019/2020. Her research interests are in
the area of wireless communications and networks, with current emphasis on
collaborative air-to-ground communications and wireless access security.

LI Hanjie received her B.E. degree from North China University of Water Re‑
sources and Electric Power, China in 2017. She is currently pursing M.S. de‑
gree in Beijing University of Posts and Telecommunications, China. Her re‑
search interests are in the area of physical layer security and UAV power saving
communications.

TAO Xiaofeng received the B.S. degree in electrical engineering from Xi’an
Jiaotong University, China in 1993 and the M.S.E.E. and Ph.D. degrees in tele‑
communication engineering from Beijing University of Posts and Telecommuni‑
cations (BUPT), China in 1999 and 2002, respectively. He was a visiting profes‑
sor with Stanford University, USA from 2010 to 2011; the chief architect of the
Chinese National FuTURE Fourth-Generation (4G) TDD working group from
2003 to 2006; and established the 4G TDD CoMP trial network in 2006. He is
currently a professor at BUPT and the Fellow of the Institution of Engineering
and Technology (IET). He is the inventor or co-inventor of 50 patents and the
author or co-author of 120 papers in 4G and beyond 4G.

47


