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Abstract—Near-space information networks (NSIN) composed
of high-altitude platforms (HAPs), high- and low-altitude un-
manned aerial vehicles (UAVs) are a new regime for providing
quickly, robustly, and cost-efficiently sensing and communication
services. Precipitated by innovations and breakthroughs in man-
ufacturing, materials, communications, electronics, and control
technologies, NSIN have emerged as an essential component of
the emerging sixth-generation of mobile communication systems.
This article aims at presenting some critical issues and design
proposals in our actual NSIN and discussing the latest advances
in NSIN in the research areas of channel modeling, networking,
and transmission from a forward-looking, comparative, and tech-
nological evolutionary perspective. In this article, we highlight
the characteristics of NSIN and present the promising use-cases
of NSIN. The impact of airborne platforms’ unstable movements
on the phase delays of onboard antenna arrays with diverse
structures is mathematically analyzed. The recent advancements
in HAP channel modeling are elaborated on, along with the
significant differences between HAP and UAV channel mod-
eling. A comprehensive review of the networking technologies
of NSIN in network deployment, handoff management, and
network management aspects is provided. Besides, the promising
technologies and communication protocols of the physical (PHY)
layer, medium access control (MAC) layer, network layer, and
transport layer of NSINs for achieving efficient transmission over
NSINs are overviewed, and we have conducted experiments with
our actual NSIN to verify the performance of some techniques.
Finally, we outline some open issues and promising directions of
NSINs deserved for future study and discuss the corresponding
challenges.

Index Terms—High-altitude platforms, unmanned aerial vehi-
cles, channel modeling, network deployment, handoff manage-
ment, network management, efficient transmission

I. INTRODUCTION

RECENT advances in manufacturing, materials, com-
munications, electronics, and control technologies have

witnessed an unprecedented increase in the application of
various types of non-terrestrial platforms in the military and
civil fields. In the wireless communication research field, non-
terrestrial networks (NTN) have been included as a part of the
Third Generation Partnership Project (3GPP) Rel-17 specifica-
tions, and discussions of NTN are scheduled in the 3GPP Rel-
18 work plan to support the fifth-generation of mobile com-
munication systems (5G) advanced use cases [1]. Additionally,
the integration networks of NTN and terrestrial networks (TN)
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(or space-air-ground networks), the architecture of which is
shown in Fig. 1, have been globally considered a promising
proposal for the emerging sixth-generation of mobile commu-
nication systems (6G) [2]. As a crucial component of NTN,
near-space information networks (NSIN) are a new regime of
situational awareness, processing, and serving networks com-
posed of high-altitude platforms (HAPs, including aircraft,
airships, and balloons), high-altitude unmanned aerial vehi-
cles (HAUAVs), and low-altitude unmanned aerial vehicles
(LAUAVs). Compared with traditional space networks, NSIN
have some unique advantages in terms of deployment flexibil-
ity and agility, deployment and operation cost, responsiveness,
transmission latency, and responsiveness. HAPs in NSIN,
deployed at an altitude ranging from 17 km to 25 km, have
the ability to extend the communication coverage quickly and
provide wide-area communication services. The unmanned
aerial vehicles (UAVs) in NSIN, deployed at a relatively low
altitude ranging from several meters to thousands of meters,
can achieve service enhancements in critical areas. Further,
NSIN overwhelm TN in terms of quick response to flash
crowd traffic, providing coverage in unserved or underserved
areas cost-effectively, and being resilient to natural and man-
made disasters. Summarily, NSIN have some outstanding
advantages in achieving wide-area and three-dimensional (3-
D) coverage as well as local on-demand service enhancement.

As a result, NSIN have become an essential segment
of space-air-ground networks and have wide application
prospects in fields such as regional surveillance, emergency
communication, intelligent transportation systems (ITS), and
computational offloading. Although NSIN have many attrac-
tive advantages and application prospects, there are many
key issues, such as channel modeling, networking, and trans-
mission, waiting to be solved before NSIN can seamlessly
integrate with space networks and TN and really contribute
to the emerging 6G technological standards.

A. Surveys and Reviews on NSIN in Recent Ten Years

During the past ten years, the research on NSIN has
attracted extensive attention from both academia and industry.
In this subsection, we overview the surveys and reviews on
NSIN in the recent ten years, and the reader is recommended
to refer to these articles and the references therein for more
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Fig. 1. An architecture of integrated NTN and TN.

detailed information on NSIN1.
A review of using HAPs for wireless communications

in rural communities was conducted in [3]. The authors
reviewed HAP resource and interference management tech-
niques, where the potential of utilizing radio environment
maps and artificial intelligence (AI) for HAP interference
and resource management was discussed. Some coverage
extension methods were also summarized in this review.
The authors in [4] summarized the recent progress of HAPs
concerning aspects of shape optimization, thermal analysis,
and design studies. Particularly, they discussed various ther-
mal investigations and numerical modeling approaches to
study HAP thermal performance, studied aerodynamic shape
optimization and solar array layout optimization methods,
and analyzed many HAP design optimization methods with
and without thermal consideration. In [5], a review of the
evolution of HAP projects and HAP technologies in the
aeronautical engineering field rather than the telecommunica-
tions area was conducted. The work in [6] surveyed HAP-
enabled communication systems from the perspectives of

1It is noteworthy that a number of excellent surveys and reviews on space-
air-ground integrated networks have been published. Nevertheless, we do not
aim to discuss the state-of-the-art in the research field of space-air-ground
integrated networks. Actually, HAP networks and UAV networks are not
separately considered in the above works. Besides, few of them differentiate
UAVs from HAPs and discuss the optimization and management method
design with aerial platform heterogeneity consideration. We therefore do not
review and compare with them in this article.

channel modeling, performance analysis of HAP systems, and
energy and interference management methods. The work in
[7] presented a comprehensive literature review of channel
modeling, radio resource management, interference manage-
ment, waveform design, handoff management, and network
management in HAP networks of the future. Besides, the
HAP communication system and two HAP onboard subsys-
tems, i.e., energy management and communication payload
subsystems, were elaborated on in this work. The authors in
[8] gave a comprehensive review of enabling the connectivity
applications of HAP and UAV platforms utilizing current
and future communication technologies, including direct air-
to-ground communications, HAP communications, air-to-air
communications, and multi-link heterogeneous communica-
tions. The network architectures for airplanes and UAVs from
the literature were analyzed. Besides, an up-to-date list of
open-source simulator & emulator platforms for airplanes and
UAVs was provided. In the paper [9], the authors provided a
comprehensive review and discussion of AI-driven NSIN re-
search, considering both communication and computation per-
spectives. The authors in [10] discussed the existing spectrum
sharing techniques of UAV and HAP networks in detail from
the perspectives of spectrum utilization rules, spectrum shar-
ing modes, spectrum sensing, and interference management
technologies. The work in [11] comprehensively reviewed
low-altitude platform (LAP)-based communication networks,
HAP-based communication networks, and integrated airborne
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communication networks. This work discussed the design of
LAP-based communication networks from movement control,
networking, and transmission perspectives. It also elaborated
on the channel modeling of HAP-based communication net-
works and shed light on how to implement integrated airborne
communication networks. Different from the above works, this
survey will explicitly distinguish HAPs and UAVs, highlight
the design considerations of NSIN, and comprehensively
review the research on channel modeling, networking, and
transmission of NSIN. The comparison of this article with
the existing surveys & reviews on NSIN in recent ten years
is presented in Table I.

B. Contributions and Organization

The goal of this article is to present an overview of
the research on NSIN in the literature in recent ten years.
Although NSIN achieve a series of technological innovations
and major breakthroughs in the research fields of seamless
communications, wide-area sensing, ubiquitous computing,
and flexible control, this article mainly surveys and discusses
the latest advancements of NSIN in channel modeling, net-
working, and transmission aspects. The main contributions are
as follows:

• Presenting some critical issues encountered in the design
and application of our actual NSIN and some design
proposals.

• Characterizing the NSIN and introducing the NSIN as
a promising, responsive, and cost-effective solution for
wide-area coverage services and local-area service en-
hancement. We highlight the differences between HAP
and UAV from the diverse perspectives of mobility
model, energy sources and endurance, payload and power
capability, and footprint.

• Introducing the design consideration of NSIN and dis-
cussing the impact of heterogeneity of airborne plat-
forms in the protocol design and resource allocation of
NSIN. The cooperation among heterogeneous airborne
platforms is also advocated.

• Elaborating on the size (or space), weight, mobility, and
power (SWMAP) constraints of airborne platforms in
NSIN. Introducing the concept of the situation (infor-
mation) of NSIN and discussing the significance of the
network and security situation in the design of NSIN.

• Discussing the impact of the unstable movements of
airborne platforms on the phase delays of diverse types
of onboard antenna arrays. We present the components
of a typical channel model of a HAP-ground channel and
discuss the corresponding large-scale fading and small-
scale fading in detail. At the same time, we provide
a comprehensive review of HAP channel modeling in
the recent literature and reveal the significant differences
between HAP and UAV channel models.

• Overviewing and discussing the networking approaches
of NSIN in the literature. This includes an extensive
discussion of how to deploy NSIN to satisfy the quality-
of-service (QoS) and quality-of-experience (QoE) re-
quirements of service recipients. A plethora of handoff

strategies taking into account serving user-side handoff
metrics, airborne platform-side handoff metrics, secu-
rity, and surveillance information are presented. Network
management techniques from the technical perspectives
of link fault recovery, airborne platform coordination, and
network architecture redefinition are also discussed.

• Discussing how to achieve efficient transmission in NSIN
from an extensive perspective of designing transmission
approaches and protocols at the physical (PHY) layer, the
medium access control (MAC) layer, the network layer,
as well as the transport layer of NSIN.

• Introducing the integration of reconfigurable intelligent
surfaces (RIS) or intelligent reflecting surfaces (IRS)
with airborne platforms in NSIN and presenting the
benefits of such integration. The feasibility of applying
three types of MAC protocols, including the fixed al-
location protocol, the random contention protocol, and
the reservation protocol, to NSIN in accordance with the
characteristics of NSIN is discussed. We highlight the
distinction between UAV routing protocols and routing
protocols of NSIN, and present the evolution of NSIN
routing protocols from a HAP-assisted design to a unified
design. Presenting the challenges of applying a con-
ventional transport control protocol (TCP) to NSIN and
providing an overview of the transport layer protocols
customized for NSIN. The main ideas, pros, and cons of
these protocols are also summarized.

• We also conduct experiments with our actual NSINs
to quantify the effects of certain interfering factors and
verify the feasibility of some techniques.

Finally, we conclude by summarizing the open issues and
promising directions for future study. We illustrate the outline
of this article in Fig. 2. Specifically, in Section II, we
characterize the NSIN in detail and present the promising use
cases of NSIN that aim to enable the reader to deepen their
knowledge and understanding of NSIN. In Section III, we
elaborate on the components of the channel models of NSIN
while highlighting the impact of unstable platform move-
ment and meteorological factors on the channel modeling of
NSIN. Section IV describes key issues in the networking of
NSIN, including network deployment, handoff management,
and network management. The objectives, solutions, and
key technologies of networking in NSIN are summarized
and discussed in detail. In Section V, we comprehensively
present the key technologies at the PHY layer, MAC layer,
network layer, and transport layer of NSIN for achieving
effective transmission. The main ideas and performance of
these technologies are discussed and compared. In Section VI,
some open issues that need to be tackled and future directions
that deserve attention are presented. Finally, we conclude this
article in Section VII. For ease of reading, some significant
acronyms in this article are shown in Table II.

II. CHARACTERIZING THE NSIN AND USE CASES
The purpose of this section is to provide a detailed charac-

terization of NSIN, focusing on its structure, specificity, and
design considerations. Additionally, promising use cases for
NSIN will be presented.
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TABLE I
AN OVERVIEW OF SURVEYS & REVIEWS ON NSIN IN RECENT TEN YEARS

Refs. NSINs’
features

Channel
modeling Networking Transmission Main concerns/contributions

[3]
Partial
(HAP

regulation)

Partial
(empirical
channel)

Cover Partial
(PHY)

A review of wireless communication service provisioning from HAP networks
in rural or remote areas.

[4] Discuss the recent progress of HAPs concerning the aspects of shape optimization,
thermal analysis, and design studies.

[5] An overview of the development of HAP including the history of HAPs,
the present situation, the technology trends, and the challenges.

[6] Partial
Partial

(TDMA,
TCP)

A brief review of HAP-to-ground channel model, parameter optimization schemes
of MAC and TCP for HAP networks.

[7]
Partial
(HAP

regulation)

Partial
(HAP

channel)
Overview

Partial
(PHY,
MAC)

A vision and framework for HAP networks, including discussion of various use-
cases, technologies for HAP communication links, and HAP network management.

[8]
Partial

(network
management)

Partial
(PHY,

routing)

An overview of wireless communication techniques, system architectures, and
open-source simulators for future aerial communications.

[9]

Partial
(deployment,

manage
resources)

A brief review on AI-driven aerial access networks.

[10] Spectrum
management

A survey on spectrum sharing between aerial/space networks and ground networks,
including spectrum utilization rules, spectrum sharing modes, and key technologies.

[11] UAV
features

Partial
(HAP

channel)

UAV
networking

Partial
(routing)

An overview of the movement control, networking, and transmission technologies
of UAV networks.
A study of HAP channel model and the integration of HAP and UAV networks.

This
article ✓ ✓ ✓ ✓

Presents an architecture of NSIN and some experiments conducted on our NSINs.
Elaborate on the characteristics of NSIN, discuss the latest advancements in NSIN
from the perspectives of channel modeling, networking, and transmission.

Sec. I Introduction 

• Surveys and Reviews on NSIN 

• Contributions and Organization 

Segments of NSIN 
Differences between 

HAP and UAV 

Design Consideration 

of NSIN 
Use Cases of NSIN 

Sec. II Characterizing the NSIN and Use Cases 
Basic 

Knowledge 

Motivations 

Sec. III  

Channel Modeling of NSIN 

• Phase Delay 

• Large-Scale Fading 

• Small-Scale Fading 

• Existing Channel Models of NSIN 

Sec. V Transmission via NSIN 

• PHY Layer   

• MAC Layer 

• Network Layer   

• Transport Layer 

Sec. IV Networking of NSIN 

• Deployment of NSIN 

• Handoff Management 

• Network Management 

Sec. VI Open Issues and Future Directions 

Key 

Technologies 

Directions 

Fig. 2. Organization of this article.

A. Segments of NSIN
As shown in Fig. 1, NSIN composed of HAPs, HAUAVs,

and LAUAVs with diverse types of onboard devices are a
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TABLE II
LIST OF ABBREVIATIONS

Acronyms Description Acronyms Description
3GGP Third Generation Partnership Project A-GR ADS-B system aided Geographic Routing

5G
The Fifth-Generation of mobile

communication systems 6G
The Sixth-Generation of mobile

communication systems
ACO Ant Colony Optimization ADC Analog-to-Digital Converter

ADS-B Automatic Dependent Surveillance-Broadcast AI Artificial Intelligence
ALOHA Additive Links On-line Hawaii Area AoA/AoD Angle of Arrival/ Angle of Departure

ARIS Aerial-RIS ATM Air Traffic Management
B5G Beyond 5G CDMA Code Division Multiple Access
CDN Content Delivery Networks XR Extended-Range
CIR Carrier-to-Interference Ratio CNPC Control and Nonpayload Communication

CSMA/CA
Carrier Sense Multiple Access

with Collision Avoidance CTS Clear to Send

DAC Digital-to-Analog Converter DC Direct Current
DLR Deutsches Zentrum für Luft- und Raumfahrt DoA Direction of Arrival
DQN Deep Q-Network DRL Deep Reinforcement Learning
DTN Delay Tolerant Networks E2E End-to-End
EM Electromagnetic FDMA Frequency Division Multiple Access
FSO Free Space Optical FSPL Free Space Path Loss
FWA Fixed Wireless Access GM Gauss-Markov
GPS Global Positioning System HAPs High-Altitude Platforms

URLLC
Ultra-Reliable and

Low-Latency Communications HGHR
Hybrid Time-Space Graph Supporting

Hierarchical Routing
IFT Instantaneous Flight Time IMT International Mobile Telecommunications
IoT Internet of Things IRS Intelligent Reflecting Surface
ISI Inter-Symbol Interference ISR Intelligence, Surveillance, and Reconnaissance
ITS Intelligent Transportation Systems ITU International Telecommunication Union
LAP Low-Altitude Platform LAUAVs Low-Altitude Unmanned Aerial Vehicles
LMS Least Mean Square LSTM Long Short-Term Memory Network
LTE Long Term Evolution MANET Mobile Ad hoc Network

MIMO Multiple-Input Multiple-Output ML Machine Learning
MOS Mean Opinion Score MPB Mission Plan Based
NFV Network Function Virtualization NLoS Non-Line-of-Sight

NOMA Non-Orthogonal Multiple Access NSIN Near-Space Information Networks
NTN Non-Terrestrial Networks OFDM Orthogonal Frequency Division Multiplexing
PAC Proxy Authentication Center PDR Packet Delivery Ratio
PNT Positioning, Navigation, and Timing PR Pheromone Repel

PSNR Peak Signal-to-Noise Rate QoE Quality-of-Experience
QoS Quality-of-Service RF Radio-Frequency
RIS Reconfigurable Intelligent Surface RL Reinforcement Learning
RM Random Movements RMS Root Mean Square

RNN Recurrent Neural Network RSS Received Signal Strength
RTS Request to Send RWP Random Way Point

SAGIN Space-Air-Ground Integrated Networks SC-FDMA Single-Carrier FDMA
SDMA Spatial Division Multiple Access SDN Software-Defined Networking

SER Symbol Error Rate SFC Service Function Chaining
SHARP Stationary High Altitude Relay Platform SNR Signal-to-Noise Ratio
SRCM Semi-Random Circular Movement ST Smooth-Turn

SWMAP Sizes (or Space), Weights, Mobility, and Power TDL Tapped Delay Line
TDM Time Division Multiplexing TDMA Time Division Multiple Access
TN Terrestrial Networks UAVs Unmanned Aerial Vehicles

UPA Uniform Planar Array HAUAVs High-Altitude Unmanned Aerial Vehicles
UtG UAV-to-Ground VANET Vehicle Ad hoc Network
VNF Virtualized Network Function WCDMA Wideband CDMA
WRC World Radiocommunication Conference WSN Wireless Sensor Network

novel and promising network regime. From the perspective
of platform deployment altitude, it can be categorized into
two-layer vertical aerial networks: HAP networks and UAV
networks.

HAP networks that consist of one or more connected HAP
platform(s) are deployed in the near space of 17 km to 25
km. Connected HAP platforms can form a mesh network
topology, which will greatly enhance the service capability
of HAP networks. Further, it can be concluded that the role
of HAP in NSIN is fundamental and irreplaceable. The design

and manufacture of HAPs have attracted extensive attention
from industry, and many recent HAP projects or products have
been developed in recent ten years, as summarized in Table
III.

UAV networks consisting of a number of HAUAVs and
LAUAVs are deployed in tropospheric space ranging from a
few meters to ten km.

With the integration of the above two-layer networks, NSIN
is able to achieve wide-area and 3-D coverage along with
local on-demand service enhancement and has promising
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TABLE III
SOME REPRESENTATIVE HAP PROJECTS/PRODUCTS THAT ARE STILL UNDER CONSTRUCTION OR MAINTENANCE

Project/product
Company/
organization

Important descriptions

Zephyr S
High-Altitude
Pseudo-Satellite [12]

Airbus and
NTT DOCOMO

• It demonstrated the feasibility of providing communication
services from the stratosphere to smartphones.
• Data transmissions across various speeds up to a distance
of 140 km were successfully demonstrated.
• It loaded with systems for diverse communication
and sensing services such as TV, radio,
mobile telephony, VoIP, and remote sensing.
• It supports a payload of 100 kg and a flight
duration of up to one year.
• It covers an area of up to 1000 km in diameter.

AVEALTO Wireless
Infrastructure
Platform [13]

Avealto Ltd.

• Remain on-station in the stratosphere at an altitude of
20 km for missions of several months’ duration.
• Each HAP will provide services to a circular terrestrial
footprint of 240 km in diameter.

Thunderhead Balloon
System [14]

Raven Aerostar

• It delivers long term evolution (LTE) from 70,000 ft
and demonstrates a solution for delivering internet to
underserved, denied or disaster-affected populations.
• It redefines stratospheric missions and provides
cost-effective persistence.

Yuanmeng [15], [16]
Beihang University
& Beijing Aerospace
Technology Company

• A volume of approximately 18,000 cubic metres.
• Payload (mission equipment): 300 kg
• Photovoltaic cells on the hull for power during the day
and battery or fuel cell for power at night
• Fly for up to six months at a stretch, with a large array
of solar panels covering the aircraft’s top side.
• Loaded with systems for wideband communication, relay,
high-definition observation, and spatial imaging.

Stratobus [17] Thales Alenia Space

• A solution for local missions out to a terrestrial horizon of
up to 500 km
• Providing security (the fight against terrorism,
drug trafficking), environmental monitoring
(forest fires, soil erosion, pollution), telecommunications
(Internet, 4G/5G) and navigation (GPS local reinforcement).
• It can carry up to 450 kg of payload, with a power
rating of eight kW for a five-year mission

HAWK30 [18] HAPSMobile

• It aims at connect mobiles, UAVs,
and the Internet of Things (IoT) devices around the world.
• It has a wingspan of 78 meters and provides a 100 km
coverage radius for several months.

PHASA-35 [19]
BAE Systems and
Prismatic

• It aims at providing some many services, e.g., 5G.
• It has a payload capacity of 15 kg with
a power capacity of 300-1000 W.
• It can cover a radius of up to 200 km.

Elevate [20] Zero 2 Infinity
• It aims at providing transportation services.
• It has launched a payload of almost 500 kg to an altitude of 32 km.

X-station [21] StratXX

• It loaded with systems for diverse communication
and sensing services such as TV, radio,
mobile telephony, VoIP, and remote sensing.
• It supports a payload of 100 kg and a flight
duration of up to one year.
• It can cover up to a 1000 km area in diameter.

application prospects in many critical applications, including
ITS, emergency communications, and security protection of
energy, territory, homeland, sovereignty, and so on.

B. Differences between HAP and UAV

Nevertheless, there are many significant and distinct differ-
ences between a HAP and a UAV in terms of mobility model,
energy source and endurance, payload and power capability,
and footprint. These differences are summarized in Table IV
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and elaborated on in the following subsections.
1) Mobility model: The maximum flight speed of a UAV is

much greater than that of a HAP. In accordance with vertical
applications, the flight speed of a UAV can be in the range
of 0-460 km/h [23], [24], and the flight speed of a HAP can
be 110 km/h [18]. A mobility model is a fundamental mathe-
matical expression supporting network connectivity analysis,
routing protocol design, and network performance evaluation.
It mathematically characterizes how the locations, velocities,
and acceleration of network nodes change over time. Next, we
discuss the mobility models designed for UAVs and HAPs,
respectively.

Table V summarizes seven types of UAV mobility models,
namely, random way point (RWP) [25], random movements
(RM) [26], smooth-turn (ST) [27], Gauss–Markov (GM) [28],
pheromone repel (PR) [26], Paparazzi [29], semi-random
circular movement (SRCM) [30], and mission plan-based
(MPB) [31]. From this table, we observe that the selection
of the mobility model is vertical application-related. For
instance, RWP and RM mobility models can well capture
the random activities of aerial platforms. As a result, many
researchers in the research community leverage them to model
the mobility of UAVs. However, in practical applications,
UAVs will choose neither the RWP model nor the RM model
due to restrictions on maneuverability, aerodynamics, and
energy consumption. As for the ST, GM, and PR mobility
models, they are suitable for patrolling applications as they
characterize the memory-equipped movement of UAVs. The
flight path generated by the SRCM model for a UAV is a
circular trajectory with a fixed circling center and a diverse
range of turning radii. Hence, the SRCM mobility model
is well-suited for UAVs performing some search and rescue
tasks. The MPB mobility model is well-suited for UAVs
engaged in cargo delivery and transportation tasks where
the flight paths are pre-planned. Although uncertainties, such
as unknown dangerous airspace and departure delays, may
occasionally cause flight deviations from the intended paths,
UAVs have the ability to promptly re-plan their flight paths
based on the pre-determined routes [32].

A HAP is usually considered to be quasi-stationary in
the stratospheric. The relatively weak stratosphere airflow
will cause unstable HAP movements such as horizontal drift,
vertical motion, rotation, and attitude angle disturbance. A
HAP is then regarded as stationary if it does not escape from a
small stereoscopic airspace. ITU suggests that the diameter of
the airspace is 500 m [33]. However, accurate attitude control
of a HAP with a huge volume that requires a refined design
of the propulsion system, including improved motors and
propeller structures adaptive to the near-space environment
is hard to achieve, and a HAP may escape from the airspace
with a large probability. Then, the HeliNet Project designated
another stationary model for HAP [34]. The stationary model
is a cylindrical model with a diameter of four km and a height
of three km, as shown in Fig. 3. A HAP is considered to be
stationary if it does not flee from this cylindrical airspace
99.9% of the time. There is another similar quasi-stationary
model for HAP that allows a HAP to change its altitude over
time, bounded by an upper limit (e.g., 26 km) and a lower limit

Radius 

height 

Fig. 3. A stationary model (i.e., a cylindrical airspace) of HAP.

(e.g., 20 km), with the cylinder’s radius ranging from one km
to five km. The quasi-stationary model is an important and
commonly used model for HAP, despite the fact that a HAP
can fly at a speed of 110 km/h. However, in some practical
applications requiring a HAP to remain stationary, the HAP
(especially an airship) will fly in a circular trajectory with a
small radius (e.g., one km).

2) Energy sources and endurance: A HAP is huge and has
many mission systems; thus, it’s indisputable that the avionics
system of a HAP will be sophisticated. Fig. 4 illustrates an
avionics system of our airship, from which we can observe
that a HAP will be extremely energy-consumption. Up to
now, HAPs have been able to utilize three types of energy
sources, including fuel energy, beam energy, and solar energy.
Due to the limited capacity of fuel tanks, HAPs powered
by conventional energy sources have a short flight duration.
Additionally, the processes of takeoff and landing for a
HAP are time-consuming and energy-intensive. Then, the
cruise duration of conventional energy-driven HAPs will be
significantly shortened, and their application scenario will be
rather limited. HAPs can be charged by energy beams from
external energy sources. The concept of power transmission
using radio waves has a long history, going back almost one
hundred and forty years to Heinrich Hertz. In the 20th century,
a stationary high-altitude relay platform (SHARP) project
demonstrated such a process of transmitting microwave power
from a large ground antenna system to a HAP [35]. Except for
microwave beam power, laser beams can also be explored as
energy sources for HAPs. Nonetheless, microwave or laser
beam power will bring the risk of high-power irradiation;
thus, the practical application of beam-powered HAPs is
severely restricted. HAPs are deployed in the stratosphere to
take advantage of the abundant solar energy available. As a
result, modern HAPs are designed with a focus on efficiently
harnessing solar energy, taking into account operational costs
and safety requirements. HAPs are bulky, and then a plethora
of solar panels can be attached to HAP surfaces to convert
solar energy into direct current (DC) power. Fig. 5 shows the
flexible solar panels attached to the surface of our airship.
Solar-powered HAPs will also utilize batteries (e.g., li-ion
battery) to power HAP functions and maintain the platform’s
attitudes during dark nights, as shown in Fig. 6. Besides, the
fuel energy plays a crucial role in the flight altitude control of
HAPs (exactly, airship). For instance, our airship will increase
its buoyancy and flight altitude by producing hydrogen, and
reduce its buoyancy and flight altitude by consuming hydrogen
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TABLE IV
SOME SIGNIFICANT DIFFERENCES BETWEEN HAP AND UAV

Airborne
platform

Type Mobility
Energy source
& endurance

Payload & power
capability

Footprint

Aircraft
Trajectory re-plan
enable

• Fuel and
solar cells
• Several months
or one year

• Many tens of kg
• A power rating of
300-1000 W [19]

Cover a radius of up to 200 km [19]

HAP Balloon
Stratospheric
winds dependent

• Fuel and
solar cells
• Several months
or one year

• Up to 100 kg
• A power rating of
100 W

Can be 60 km coverage radius

Airship
Quasi-stationary or
trajectory re-plan
enable

• Mainly solar cells
• Several years

• Up to 450 kg [17]
• A power rating of
eight kW

Cover up to 500 km in diameter [17]

UAV

Fixed-
wing

Fast movement
with limited
steering ability

• Mainly fuel cells
• Tens of hours

• Tens of kilograms
• Power of tens
watts [22]

Up to many tens of km in radius
(Depending on coverage region)

Rotary-
wing

Flexible and
fast movement

• Battery-powered
• Usually within
an hour

• Usually a few kg
• Provides a few
watts of power

Up to several km in radius
(Depending on coverage region)

TABLE V
A LIST OF SOME MOBILITY MODELS OF UAVS

Mobility 

models
Procedures Goal

RWP

Generate different movements based on straight trajectories in which each node 

selects a random destination, moves with a random speed, and a pause time at the 

destination

Generate random trajectories for

mobile nodes 

RM
The speed, destination location, and direction are all randomly and independently 

selected

Generate completely random 

paths for mobile nodes

ST
Maintain the same heading speed and change direction through making turns with 

large radii

Capture the smooth turn feature 

of airborne vehicles

GM The speed and direction are determined based on the memory of the model 
Simulate the UAV behavior in a 

swarm

PR
Each UAV decides the movement direction based on its maintained pheromone 

map 

Capture the mobility of UAVs in 

a reconnaissance scenario

Paparazzi
Each UAV chooses a movement type from five kinds of Paparazzi UAV 

movements based on a state machine

Generate realistic flight paths for 

UAV ad hoc networks

SRCM
Each UAV moves around a fixed center with a randomly selected radius; after it 

completes a round, it chooses another radius and circles around the same center

Capture the mobility of UAVs in 

search and rescue applications 

MPB Predefine flight plans for UAVs

Capture the mobility of UAVs in 

cargo and transportation 

applications

though hydrogen fuel cells.
HAUAVs can utilize two types of energy sources, including

fuel energy and solar energy. However, as HAUAVs fly in
the atmosphere, the deployment of solar-powered HAUAVs is
closely related to weather conditions. On the contrary, fuel-
powered HAUAVs are relatively robust to weather conditions
and can fly for many tens of hours. As a result, fuel-powered
HAUAVs have a wide range of applications in the military
field, such as used for ground attack, ground surveillance, and

early warning. LAUAVs can also utilize two types of energy
sources, i.e., fuel energy and electrical batteries. Owing to the
advantages in manufacturing and maintenance costs, battery-
driven LAUAVs are much more popular than fuel-powered
LAUAVs. However, the total battery capacity of a LAUAV
is limited owing to the constraint on its payload capability.
Currently, depending on applications, the limited energy can
support a battery-driven LAUAV to fly for only a few minutes,
or at most a few tens of minutes.
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Fig. 4. A avionics system of our airship.

Fig. 5. Flexible solar panels of our airship.

Fig. 6. Li-in battery arrays onboard our airship.

Based on the above analysis, it can be concluded that
effective energy management is of utmost importance for
NSIN as it directly impacts its overall lifespan. The energy
consumption of NSIN consists of consumption for flight
control and performing missions (e.g., communications). The
energy consumed by flight control includes that for propulsion
and flight attitude control. The types and characteristics (e.g.,
size and weight) of platforms in NSIN also affect flight control
consumption. Communication activities will generate commu-
nication energy consumption that includes circuit consumption
(e.g., energy consumed by mixers, frequency synthesizers,
D/A converters, and so on) and transmission consumption.
The types of communication payloads and adopted commu-
nication techniques will also significantly affect the amount
of communication energy. Many mechanisms related to flight
control and transmissions can be adopted to improve the
energy efficiency of airborne platforms in NSIN. For example,
as the engine power of a UAV will decrease and then increase
as the flight speed increases [36], the flight speed of a UAV
should be optimized to reduce engine power. Reasonable flight
plans should be made to reduce engine power, and maneu-
vers like small-radius turns and rapid increases in the flight
altitude and speed should be reduced. Additionally, the issue
of optimizing the deployment altitudes of UAVs should be
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Fig. 7. A diagram of the payload system of our airship.

studied. A low deployment altitude will lead to reduced engine
power. However, the non-line-of-sight (NLoS) probability of
communications may increase when UAVs are deployed at
low altitudes. As a result, greater transmission power will be
required to satisfy the QoS requirements of terrestrial serving
terminals. Certainly, UAVs can reduce energy consumption by
offloading computational tasks to HAPs [37]–[40].

Summarily, the energy constraint of NSIN is determined by
that of HAPs, HAUAVs and LAUAVs. Owing to the stringent
constraints on aspects of platform size, weight, and payload
capability, LAUAVs in NSIN have the most stringent energy
consumption constraints.

3) Payload and power capability: Payload and power ca-
pability are significant differences between a HAP and a UAV.
The payload and power capability of a HAP are much greater
than that of a UAV. For example, Fig. 7 shows a diagram
of the payload system of our airship, where many different
types of payloads are mounted into the payload compartment
to accomplish diverse missions. The recent near-space airship
“Stratobus” also can carry up to 450 kg of payload, which
envisions unprecedented potential for integrating many diverse
types of mission systems (e.g., computing, communication,
sensing, positing, navigating, timing (PNT), and intelligence,
surveillance, reconnaissance (ISR) systems) and simultane-
ously providing multiple kinds of services. In this way, the
efficiency of completing missions by resorting to a HAP can
be greatly improved. Further, owing to the advantages of high
payload capability, a HAP can conduct many crucial tasks that
cannot be completed by a UAV, e.g., the collection of sufficient
measurement data inside a typhoon. To complete this task, an
airborne platform needs to carry and drop a large number
of communication and sensing nodes into the interior of the
typhoon. Meanwhile, the airborne platform should enable the
collection of data from these measuring nodes. For a UAV, it
has limited payload capacity and thus cannot carry out many
critical missions.

Besides, a HAP can generate a greater power rating than
a UAV, e.g., the “Stratobus” has a 1000 m2 solar generator
and high-energy density batteries, which are able to generate

a power rating of eight kW. The great power generation
capability indicates that a HAP can provide communication
services for a lot of users with high bitrate requirements.
Meanwhile, higher power indicates that a HAP has a larger
footprint, and the degradation of signal quality caused by
meteorological attenuation will be alleviated by increasing
transmit power to some degree.

4) Footprint: The large footprint is one of the most sig-
nificant features of a HAP, which popularizes both research
and utilization of it. Thanks to a high deployment altitude, a
HAP has a great probability of enabling line-of-sight (LoS)
propagation of around 565 km in diameter. Due to topological
obstacles and radio propagation characteristics, a realistic
coverage area for a HAP is around 240 km in diameter over
most land areas and around 500 km over oceans or plains
(where the topography is flat). Owing to their wide footprint,
HAPs have been envisioned to connect remote areas where
traditional Internet connectivity is unserved or underserved.
Theoretically, only thousands of HAPs are required to es-
tablish global interconnectivity. Besides, the wide footprint
enables a HAP to be considered a satellite alternative.

Different from a HAP, a UAV has a relatively small foot-
print. Yet, like a HAP, the size of the UAV footprint is closely
related to the deployment environment. For instance, when
deployed in a rural area, a UAV will have a large footprint
because of the absence of severe shadow fading or signal
blockage caused by high-rise buildings. A UAV has a small
footprint when deployed in a dense urban area. As a result,
extensive attention has been paid to the topic of extending the
UAV footprint by optimizing the UAV deployment altitude.

C. Design Consideration of NSIN

1) Heterogeneity: As presented above, NSIN consist of
many different airborne platforms that are quite different in
terms of deployment altitude, footprints, computing power,
and so on. Therefore, heterogeneity is the most important
feature of NSIN and must be taken into account in the NSIN
design process, especially in the protocol design of NSIN.

HAPs and UAVs collaboratively construct a network with
a multi-tier structure. In this multi-tier network, different
footprints of a HAP and a UAV may lead to footprint overlap
and inter-tier interference. To this end, advanced beamforming
schemes and spectrum sharing mechanisms [41] should be
designed to alleviate the interference so that the performance
of NSIN will not be degraded.

As presented above, HAPs and UAVs have distinct abilities,
resulting in the fact that HAP communication systems and
UAV communication systems may adopt diverse communi-
cation paradigms. For instance, they may work at different
frequency bands, explore different modulation and demodula-
tion techniques, and adopt diverse signal exchange methods.
To this end, the design of NSIN should achieve some technical
breakthroughs in terms of the integrated protocol design, the
integrated network framework design, the optimal deployment
of gateways, and so on.

UAVs are widely used in various scenarios due to their
flexible and agile deployment capabilities. In comparison,
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HAPs have larger sizes and heavier masses, making them
less flexible than UAVs. Consequently, the mobility control
of NSIN cannot be modeled and optimized using the same
approaches as UAVs. HAPs and UAVs also exhibit different
communication persistence and lifespans, which should be
taken into account when designing protocols and optimizing
network resources for NSIN.

2) Cooperation: The cooperation between HAPs and
UAVs can significantly enhance the performance of NSIN.
In many applications, increasing the number of collaborative
airborne platforms can greatly improve the service ability of
NSIN.

On one hand, the footprint of a HAP is much larger than
that of a UAV, so the collaboration of HAPs and UAVs
will greatly extend the coverage of UAV networks [42]. On
the other hand, in some areas, such as mountainous and
metropolitan regions, the coverage of HAP networks can be
improved by deploying UAV relays. By acting as relays, UAVs
can enhance the quality of HAP-UAV-user links in a flexible
and proactive manner. Airborne platforms in NSIN can act as
aerial network nodes with diverse functionalities, including
sensing nodes, computing nodes, communication nodes, and
so on. Thus, through the cooperation among these airborne
platforms, NSIN can complete some critical tasks (e.g., search,
rescue, surveillance, and earth observation) faster and more
accurately. In non-cooperative HAP and UAV networks, each
airborne platform may be required to accomplish several tasks,
the process of which will not only lead to great task latency
but also occupy a significant amount of radio resources (e.g.,
frequency and power). The robustness of NSIN can also be
enhanced by airborne platform cooperation; as a result, the
heterogeneous NSIN will keep organized even in the case of
platform or link failure.

3) Disruption and delay prone network: The link disrup-
tion is likely to occur in NSIN. Link disruption will be caused
by many factors, including airborne platform-related factors
(e.g., platform mobility, failure/replacement, interference, and
antenna pattern) and propagation environment-related factors
(e.g., blockage and various types of propagation fading).
Delays in NSIN information transmission may be caused by
long-distance transmission, poor link status, reduced network
throughput, packet queueing, and network congestion, etc.

Therefore, some mechanisms should be designed to tackle
the link interruption issue and reduce transmission delay
in NSIN, which include beam alignment, mobility control,
interference management, transmission protocol design, queue
management, and congestion control. The reader can refer to
more details of the mechanism design for NSIN in Section X.

4) Airborne platform constraints: When designing NSIN,
one should simultaneously consider the constraints of HAPs
and UAVs in terms of their sizes (or space), weights, mo-
bility, and power. SWMAP constraints significantly affect the
endurance, sensing, computation, and communication capabil-
ities of NSIN.

• Size or space: Airborne platforms with larger sizes
or more space have a greater payload capacity and
more mounting points. Thus, a larger airborne platform
can carry more powerful sensors and peripherals, such

Insert Twisting Carbon fiber main beam  

Cover Terminal Insert Rear airfoil Main beam D-box 

(a) Structure of a blade of a propeller

(b) Ground testing

Fig. 8. Structure of a carbon fiber propeller blade of our airship, and a ground
scaling test experiment.

as Internet of Things (IoT) devices, transceivers, hubs,
cameras, three-axis accelerometers and gyroscopes, mag-
netometers, barometers, the global positioning system
(GPS), and electro-optical pods. In this way, these plat-
forms have the ability to complete preset tasks more
accurately, quickly, and effectively. However, the larger
the size of the platform, the heavier the platform. Corre-
spondingly, the cost of manufacturing and operating the
platform is higher, and its popularity is limited.

• Weight: The weight of both the payload and the airborne
platform itself will significantly affect its endurance. The
weight of the payload is a crucial performance indicator
for an airborne platform. For a HAP, it is closely related
to the locations of the pods mounted on the HAP, and a
HAP can carry more payloads by deploying decentralized
pods. The lighter platform also enables it to mount more
payloads and extends the platform’s endurance. In fact,
the design and manufacturing of lightweight airborne
platforms is a significant trend. In recent years, advanced
lightweight materials such as carbon fiber have been
widely utilized in NSIN. For example, we have utilized
carbon fiber materials to manufacture the propeller blades
of our airship, as shown in Fig. 8, which greatly enhance
the propeller structure, reduce the weight of the pro-
peller, and lower energy consumption. The Aquila drone
engineered by Meta has a tremendous wingspan (141
feet) compared to a Boeing 737’s 113 feet. Furthermore,
being built with carbon fiber, Aquila weighs only around
900 pounds, which is approximately half the weight of
a smart car.

• Mobility: Mobility is one of the most important char-
acteristics of an airborne platform, which contributes a
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lot to its popularity. Compared to stationary platforms,
mobile airborne platforms have many merits, e.g., they
can improve the fairness of network service, proactively
improve channel quality, enhance network performance,
and accomplish 360◦ panoramic sensing and monitoring
of specific areas or targets. The degree of performance
improvement is also related to the flexibility of the plat-
form. Airborne platforms have some constraints on their
moving directions and speeds, and the types of airborne
platforms affect their maneuverability. For instance, com-
pared to a LAUAV, a HAP has greater maneuverability
limitations owing to its larger size and inertia. To this
end, NSIN designers need to separately enforce mobility
constraints for airborne platforms in NSIN.

• Power consumption: Power consumption constraints are
key consideration during the process of designing NSIN
and play a crucial role in prolonging its lifetime. Dif-
ferent types of airborne platforms have diverse require-
ments for power consumption constraints. In particular,
small and battery-driven platforms have stricter power
constraints. Although solar-powered airborne platforms
are not much more energy-sensitive than battery-driven
platforms, developers have to design energy-aware pro-
tocols for them such that they can operate normally
during hard and long nights. To save power consumption
for accomplishing tasks, NSIN developers should also
pay attention to the design of energy-efficient manage-
ment mechanisms. The propulsion power consumption
of airborne platforms can be much greater than that for
accomplishing tasks. The amount of propulsion power
consumption is closely related to the maneuverability
of the platforms. Eq. (1) presents a propulsion power
consumption model (in W) of an airship derived from the
aerodynamic theory and computational fluid dynamics
(CFD) numerical simulation results.

P =
0.56ρV 3D

2
3
0.172λ1/3+0.252λ−1.2+1.032λ-2.7

Re1/6

−0.17V -0.4 + 0.6205
(1)

where V , D, and λ represent the flight speed, the volume,
and the slenderness ratio of the airship, Re a Reynolds
number, and ρ the density of air. Fig. 9 and Fig. 10
also illustrate the propulsion power consumption versus
the platform flight speed of a HAP and a rotary-wing
UAV, respectively. From these figures, we can know that
the movement control of airborne platforms is extremely
energy-consumption. Therefore, designers should take
into account the energy-efficient movement control of
airborne platforms when deploying NSIN to accomplish
tasks.

5) Situation assistance: The NSIN is deployed in a rather
complex 3-D airspace. To effectively support network con-
struction, management, utilization, and operation, NSIN de-
signers should be aware of, analyze, and exploit situational
information related to NSIN.

The situation of NSIN mainly includes the network situa-
tion and the security situation. The network situation of NSIN
characterizes such NSIN statuses as resources, capabilities,
capacity, and traffic. In terms of resources, the network

Fig. 9. Total required power and required power for propulsion versus
speed of an airship, obtained through CDF numerical simulation.

Fig. 10. Propulsion power consumption versus speed of a rotary-wing
UAV [36].

situation involves the status of spectrum, power, storage, and
platforms. Network capability status describes the commu-
nication, computing, sensing, PNT, and ISR capabilities of
NSIN. Capacity status includes link capacity, sub-network
capacity, and network capacity. Regarding the traffic situation,
the network situation describes the status of network and node
traffic congestion, as well as the types of traffic present in the
network, such as control or payload traffic. It is noteworthy
that different types of traffic have distinct service requirements
on NSIN, and the necessity of merging multiple different types
of traffic into a network has been widely recognized.

In a designated time and space range, elements (e.g.,
neighboring flight platforms, terrain, and meteorology) of
the airspace environment may threaten the safe flight of an
airborne platform. The security situation refers to the spatial
and temporal distribution of the level of threat to the safe
flight of platforms. It is an important prerequisite for the safe
and efficient sharing of airspace by multiple heterogeneous
airborne platforms. For instance, airborne platforms in NSIN
need to fly to a target airspace autonomously and share the
limited and complex airspace when carrying out the mission.
Then, when planning the trajectories of airborne platforms,
developers should consider cooperative planning with civil
airspace, the avoidance of obstacles, and the collision with
other flight platforms in the neighboring area.

6) Aviation regulations: Owing to safety, privacy, and
harmonious operation concerns, the aeronautical regulation
activities of NSIN are regulated by national civil aviation
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authorities. It indicates that NSIN must operate under civilian
laws and be subject to civilian regulations and licensing
to guarantee safe and harmonious operations. Civil aviation
authorities of different countries may formulate different rules
for NSIN. However, relevant rules are formulated mostly
considering the following factors: 1) The categories, sizes,
and weights of airborne platforms (e.g., airships, balloons,
and aircraft). For instance, airborne platforms weighing more
than 0.25 kg must be registered in most countries. 2) The
pilot or control methods of airborne platforms, i.e., unmanned
or manned. For example, current aeronautical regulations
restrict unmanned HAPs from flying in civilian airspace, but
the deployment of manned HAPs may be a step towards
allowing HAPs in such airspace. 3) The flight altitude and
safe distance towards other objects, e.g., LAUAVs are not
allowed to fly above 120 m in China. 4) The flight regions of
airborne platforms, whether they are above an urbanized area,
restricted areas, near national borders, or near airports. For
instance, airborne platforms are prohibited from flying within
five km of the national border in China. 5) The urgency of
flight missions, e.g., the flight plan approval process will be
simplified in some countries during the period of executing
anti-terrorism and emergency missions.

7) Spectrum regulation of NSIN: At the World Radiocom-
munication Conference in 1997 (WRC-97), the frequency
bands, i.e., 47.2-47.5 GHz (downlink) and 47.9-48.2 GHz
(uplink), further confirmed at WRC-19, were first allocated
to HAPs for worldwide usage. This proposal was promoted
by the US as the federal communications commission (FCC)
approved the application of the Sky Station International
Corporation to utilize this 2 × 300 MHz band for strato-
spheric application of Internet service and interactive video
communication service relay in 1996. Yet, concerning the
great rain fading and immature technical solutions in the upper
frequency bands, some lower frequency bands were agreed to
be occupied by HAPs at WRC-2000. Thereafter, technological
advances and the pressing requirement of providing global
broadband applications resulted in a review of the current
spectrum regulatory provisions. At WRC-19, delegates agreed
to allocate a portion of millimeter-wave (mmWave) frequency
bands to HAPs for worldwide usage. The WRC-23 agenda
item 1.4 also explained the sharing and compatibility studies
of HAPs as International Mobile Telecommunications (IMT)
base stations for mobile services in some frequency bands
below 2.7 GHz. The detailed spectrum regulation for HAP
networks is summarized in Table VI.

As for UAV networks, the spectrum is allocated in ac-
cordance with usage. The control and non-payload com-
munication (CNPC) link is established to ensure the safe
operation and efficient control of UAVs. As shown in Table
VII, some frequencies for UAV CNPC links are allocated
with some usage restrictions. Yet, partial frequencies fall
in the bands allocated to fixed satellite services. Then, the
sharing compatibility issue between UAV CNPC links and
satellite-ground links should be tackled. Payload links refer
to the links used for other radio equipment than those for
CNPC links. The payload devices (e.g., camera, repeater, and
flying base station) are closely related to missions, which can

transmit measurement and perception data from a UAV to the
ground. Table VII also depicts the frequencies allocated to
UAV payload links.

D. Promising Use Cases of NSIN

As presented above, airborne platforms in NSIN can fulfill
various roles. By functioning as aerial macro-base stations,
they have the ability to offer cost-effective communication
services over a wide coverage area. Specifically, when the
coverage radius of a HAP is 50 km and the maintenance
cost is $500 per hour, the communication cost will be $1.325
million per gigabit per year. It indicates that the coverage
cost per unit area of a HAP is only 6.7‰ times that of a
ground macro-base station. They can act as mobile relays to
connect isolated information islands, collect data, and deliver
data back to TN or NTN gateways. For instance, airborne
relays can be deployed to facilitate communication between
offshore vessels. Particularly, vessels within 200 km offshore
can be interconnected by deploying two HAP relays when the
coverage radius of a HAP is 50 km. Besides, by deploying
130 HAPs, any two vessels within 200 km offshore of China
can be connected. Airborne platforms can serve as aerial
edge computing nodes [43]–[45], effectively reducing network
latency by shifting computing capabilities from the cloud to
the network edge. Enabling the ability of edge computing, one
can regard NSIN as content delivery networks (CDN), which
enable low-latency and high-interaction content delivery ser-
vices. NSIN can provide network access services for rural or
remote areas with inadequate communication infrastructures
[46]. They can also act as caching nodes [47]–[49]. By
caching content in NSIN, the network resource allocation and
service abilities of data centers can be proactively optimized
according to users’ QoS requirements. The aforementioned
essential functions of airborne platforms provide NSIN with
promising application prospects for various critical use cases,
as discussed below.

Emergency communication: Emergency communication
is one of the most important goals of deploying NSIN. NSIN
is resistant to natural disasters and geographical limitations.
When TN are disrupted due to earthquakes, floods, mudslides,
and other disasters, NSIN can be quickly deployed to re-
cover communications and establish information transmission
channels for emergency rescue. Additionally, NSIN can act as
complement radio access networks to sustain services of TN
when terrestrial flash crowd traffic occurs in densely populated
areas [50], [51].

QoE enhancement: One can deploy NSIN to assist TN
in enhancing users’ service of experience. Take video trans-
mission as an example, Intra-coded pictures (I frames) and
Predictive-coded Pictures (P frames) are the basic data of
video traffic. The codec compression ratios of I and P frames
are great, and thus we require great network bandwidth to
deliver I and P frames. The enhancement frames (i.e., Bidirec-
tionally predicted pictures (B frames)) are used for improving
the quality of received videos. The codec compression ratio
of B frames is small, and the required network bandwidth for
the transmission of B frames is small. One can then choose to
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TABLE VI
SPECTRUM REGULATION OF HAP NETWORKS

Applications Allocated frequency (in GHz) Allocated Time Region
Internet and video
communication services

47.2-47.5 (Downlink),
47.9-48.2 (Uplink)

WRC-97,
WRC-19

Worldwide

Internet services 1.885-1.98, 2.01-2.025, and 2.11-2.17 WRC-2000
Region 1 (Europe and Africa)
and region 3 (Asia and Australia)

Internet services 1.885-1.98 and 2.11-2.16 WRC-2000 Region 2 (Americas)
Broadband services 31-31.3, 38-39.5 WRC-19 Worldwide
Fixed services 21.4-22 and 24.25-27.5 WRC-19 Region 2

IMT base station
0.694-0.96, 1.71-1.885, 1.885-1.98,
2.01-2.025, 2.11-2.17 and 2.5-2.69

WRC-23
Different regions use different
frequencies

TABLE VII
SPECTRUM REGULATION OF UAV NETWORKS

 

Applications UAV's role Allocated frequency (in GHz)

Emergency communications Flying BS CNPC link:

0.96-1.164, 2.4-2.4835, 5.03-5.091,

5.47-5.875 (remote control)

10.95-14.5, 17.3-20.2, 14.0-14.5, 

27.5-30.0 (allocated at WRC-15)

Payload link:

2.4-2.4835, 5.47-5.875

1.32 (UtG video stream)

Airborne fronthaul/backhaul hub network Flying access point (or relay)

(Integrated) sensing and communication
Flying sensor, computing, and

communication node

Mobile edge computing
Flying computing and communication 

node

deliver I and P frames via TN and transmit B frames through
NSIN. After combining I, P and B frames on the terminal
end, users’ service experience can be greatly enhanced. In
addition, for applications involving video streaming and image
rendering, real-time processes of such operations as video
coding and decoding, orchestration, geometrical transforma-
tion, project transformation, and perspective transformation,
are crucial. By shifting the rendering ability from the cloud
to the NSIN network edge, the process latency can be greatly
reduced, and then the potential of enabling emerging time-
critical applications such as extended-range (XR) or metaverse
via NSIN-assisted TN may be unlocked.

Cargo-UAV applications: It is envisioned that numerous
cargo-UAVs will fly in the airspace of densely populated
cities. To ensure the safe operation of these cargo-UAVs, re-
liable and low-latency communication links among them and
controllers (enforced by law) must be established, and a large
amount of data about them should be collected and analyzed
continuously and timely. HAPs in NSIN can be deployed
to satisfy the above requirements perfectly. Owing to the
high deployment altitude, HAPs can establish communication
links of good quality with cargo-UAVs. Thus, controllers can
control cargo-UAVs in a reliable and low-latency manner via
HAPs. The on-board processors of HAPs also have strong
computing and storage capabilities, which can handle the large
amount of data generated by cargo-UAVs timely.

ITS applications: NSIN can provide improved coverage
and surveillance services for intelligent transportation sys-
tems (ITS). UAVs in NSIN can achieve the goal of local
service enhancement, and HAPs in NSIN can provide wide

coverage services. Take railway transportation as an example,
NSIN will become a new regime for continuously monitoring
the surroundings of railways and detecting abnormal events
around railway tracks. The service requests from high-speed
cars and trains in ITS are increasing with the proliferation
of ITS services. However, it is hard for stand-alone TN to
provide low-latency and continuous coverage services for
these transportation vehicles. To satisfy their requirements,
these vehicles can establish connections with suitable network
platforms in NSIN. For instance, high-speed cars and trains
do not need to frequently hand over between access points
by accessing HAPs. This reduces the signaling overhead and
handover latency significantly.

Communications among Non-Terrestrial Platforms: As
is known, 71% of the earth’s surface is covered by the ocean.
Humans have only explored and charted 5% of the ocean, and
there are rich resources waiting to be explored in the ocean.
As a result, more and more fixed or mobile offshore platforms
(e.g., gas and oil rigs, scientific expeditions, and surveillance
platforms) are being established to exploit the abundant re-
sources on the seabed and explore the unknown environments.
Nowadays, these platforms exchange data with their terrestrial
controllers through renting satellite links, which inevitably
results in long transmission latency. NSIN, which is much
closer to these platforms, can be deployed as relay networks
to establish the connection between them and their controllers.
In this way, the end-to-end (E2E) transmission latency among
these platforms and controllers can be significantly reduced.

Meteorological monitoring: Meteorological monitoring
(e.g., typhoon monitoring) is of great importance in both civil-
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Fig. 11. A scenario of monitoring typhoons using NSIN.

ian and military research fields. Most existing meteorological
monitoring systems are space- or ground-based. However,
space-based systems face limitations in ensuring continu-
ous monitoring due to satellite orbit constraints. Ground-
based systems have limited detection ranges and poor flex-
ibility. NSIN-based monitoring systems can overcome these
shortcomings by offering continuous monitoring capabilities
throughout the entire life cycle of climate phenomena like
typhoons, snow, and rainfall. Therefore, the development of
NSIN-based meteorological monitoring systems is expected
to be a significant trend in the near future. Fig. 11 shows a
proposal of monitoring typhoons we are working on using
NSIN.

Proliferation of IoT services: Existing terrestrial infras-
tructures are limited and increasingly unable to support the
highly demanding IoT services. For example, more and more
IoT devices are expected to be deployed in such areas as
forests, mountains, and oceans where there is no or rare
TN coverage. In this context, NSIN is envisioned as a key
infrastructure to complement existing terrestrial infrastructures
to collect data or offload computationally intensive tasks from
IoT devices and charge them in an efficient and cost-effective
way [37], [52]–[54].

E. Summary and Discussion

NSIN are significant heterogeneous and multi-layered net-
works consisting of the HAP, HAUAV, and LAUAV network
segments. There are many notable differences between HAP
and UAV, which prevent most protocols designed for UAV
networks from being applied directly to NSIN. Researchers
and designers should conceive protocols and network man-
agement architectures for NSIN that take full account of
the heterogeneity among airborne platforms as well as their
cooperation. Besides, there are many promising use cases for
NSIN where HAP networks play an irreplaceable and funda-
mental role. However, the impact of the unstable movement of
HAP on the performance of HAP networks is seldom studied.
The monitoring data from our field experiments showed that
an airship rotated around one revolution per minute, and its
attitude angle could vary greatly. The unstable movement of
the platform can result in position shifting and deformation of
the HAP’s footprint. As a result, users close to the boundary

of the footprint will frequently trigger handoffs, and their QoS
requirements are hard to be satisfied. A HAP moves with six
degrees of freedom, i.e., X-direction, Y-direction, Z-direction,
yaw, roll, and pitch. The movement of the HAP along the
X- and Y-directions will not affect the size of the footprint,
but rather its location. The movement along the Z-direction
will result in the expansion or contraction of the covered area.
Further, the changes in its footprint are closely related to the
installed antenna type of the HAP. For instance, given a high-
directional antenna, the area of the coverage area expands with
the uplift of the HAP; however, in the case of a low-directional
antenna (or omnidirectional antenna), the area of the coverage
area shrinks with the uplift of the HAP. Meanwhile, in the case
of rotation, beams will change, and beamforming technologies
should be enabled to resist the impact of platform rotation.

III. CHANNEL MODELING OF NSIN

A good understanding of the channel characteristics of
NSIN, key physical parameters of the channel, and channel
modeling issues lays the foundation for the design of NSIN.
The signal propagation environment of NSIN is quite different
from that of TN, satellite networks, and UAV networks. The
NSIN propagation environment goes through the stratosphere
and troposphere, where the temperature, humidity, and atmo-
spheric pressure vary greatly. Besides, the platforms in NSIN
have special SWMAP characteristics. As a result, existing
channel models of terrestrial, satellite, and UAV networks may
not be directly applied to model channels of NSIN.

In this section, we first discuss the phase delays of different
types of antenna arrays onboard NSIN platforms. Next, we
discuss the channel propagation characteristics of NSIN from
both large-scale fading and small-scale fading perspectives.
Fig. 12 illustrates the components of a typical channel model
of NSIN. Third, we provide a detailed explanation of the
existing channel models customized for NSIN.

A. Phase Delay

Let rm,n = [xm, yn, zmn]
T denote the location vector of

the (m,n)-th array element with respect to (w.r.t) a reference
array element and d = [cosφ sin θ, sinφ cos θ, cos θ]T the
DoA unit vector with θ and φ representing the elevation angle
and the azimuth angle, respectively, the phase delay of the
(m,n)-th array element w.r.t the reference array element can
then be given by τm,n = −β ⟨d, rm,n⟩, where ⟨·⟩ represents
the inner product operation and β = 2π/λ with λ being the
carrier wavelength. The (m,n)-th element of the array matrix
can be expressed as [a(θ, φ)]m,n = exp(jτm,n).

Unfortunately, an airborne array antenna will jitter due
to the unstable movement of the airborne platform, which
challenges the analysis of the phase delay. In this subsection,
we discuss the impact of jittering on phase delay. Denote
R as a rotation matrix capturing the attitude of an airborne
platform, which can be measured by yaw, pitch, and roll
angles. The impact of attitude changes on the array element
can be modeled as rtruem,n = Rrm,n, and denote Rij as the
(i, j)-th element of R. We can then summarize the expressions
of phase delays and steering matrixes of three typical types
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Fig. 12. Components of a typical channel model of NSIN.

of antenna arrays, including linear antenna arrays, rectangular
antenna arrays, and circular antenna arrays in Table VIII.

B. Large-Scale Fading

Large-scale fading happens because electromagnetic (EM)
waves between Tx and Rx are blocked and/or shadowed by
large objects (e.g., buildings, hills, and trees). It therefore
includes free space path loss (FSPL) and shadow fading. The
strength of large-scale fading is closely related to the distance
between Tx and Rx and is typically frequency-independent.
Besides, rain, atmospheric gases, and scintillation may lead
to large signal fluctuations.

1) Free space path loss: As the EM wave spreads from
Tx to Rx over an increasing area, the transmitted signal
attenuates with increasing distance. The results of channel
measurements, as shown in Fig. 13, indicate that the value
of FSPL (in dB) can be calculated by [22]

FSPL = 10α log10(d3D) + EPa (2)

where α is the path loss exponent, d3D the distance between
a user and an airborne platform, EPa the extra path loss,
depending on carrier frequency, flight altitude of the airborne
platform, and the topography the propagation environment.

2) Shadow fading: The shadow fading is closely related
ground users’ elevation angles towards an airborne platform.
Shadowing is the deviation of the received power of an EM

(a) Fixed-wing UAV

(b) Measurement scenario

Fig. 13. A channel measurement experiment [22].

signal from its averaged value. Then, shadow fading is usually
modeled using a statistical distribution. Experimental results
in [22] showed that depending on platform’s altitude, it is
suitable to model shadow fading using generalized Gamma
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TABLE VIII
A LIST OF PHASE DELAYS AND STEERING MATRIXES UNDER THREE TYPICAL ANTENNA ARRAYS

Array structure Phase delay Steering vector/matrix
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… 
… 

N-1 

S 

 

d 

0 

Case I (jitter free):
τn = −ξ(n− 1)d sin θ
Case II (jitter):
τn = −ξ(n− 1)d(R22 sin θ +R32 cos θ)

[a(θ)]n = 1√
N
e−jτ
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… 
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N-1 

M-1 
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0 

Case I (jitter free):

τ = −ξ(m−
M − 1

2
)d cosφ sin θ︸ ︷︷ ︸

τm

−ξ(n−
N − 1

2
)d sinφ cos θ︸ ︷︷ ︸

τn
Case II (jitter):

τ =
−ξ(m− M−1

2
)d(R11 cosφ sin θ

+R21 sinφ sin θ +R31 cos θ)︸ ︷︷ ︸
τm

−ξ(n− N−1
2

)d(R12 cosφ sin θ
+R22 sinφ sin θ +R32 cos θ)︸ ︷︷ ︸

τn

A(θ, φ) = ax(θ, φ)×
aT
y (θ, φ)

where,
[ax(θ, φ)]m = 1√

M
e−jτm

[ay(θ, φ)]n = 1√
N
e−jτn

Y 

X 

Z 

N-1 

S 

 

d 

0 

 

1 

n 

Case I (jitter free):
τ1 = 0

τm = −ξd sin θ cos(
2π(m−2)

M−1
− φ),

∀m ∈ {2, . . . ,M − 1}
Case II (jitter):
τ1 = 0

τm = −ξd cos(
2π(m−2)

M−1
)(R11 cosφ sin θ

+R21 sinφ sin θ +R31 cos θ)

−ξd sin(
2π(m−2)

M−1
)(R12 cosφ sin θ

+R22 sinφ sin θ +R32 cos θ),
∀m ∈ {2, . . . ,M − 1}

[a(θ, φ)]1 = 1√
M

[a(θ, φ)]m = 1√
M

e−jτm ,
∀m ∈ {2, . . . ,M − 1}

distribution and Log-normal distribution. Besides, both the
mean and the variance of shadow fading depend on the
elevation angle, and a large angle results in a small mean
and variance.

3) Atmosphere attenuation: The atmospheric attenuation
model characterizes the EM wave absorption of atmospheric
gases. Its strength depends on the carrier frequency, elevation
angle, transceiver deployment altitude above sea level, and ab-
solute humidity. This type of attenuation should be considered
at frequencies above ten GHz. Nevertheless, one should also
calculate this type of attenuation at any frequency above one
GHz when the elevation angle between Tx and Rx is below
ten degrees. ITU-R P.676 (in Annex 1) outlines in detail the
computing procedure of atmospheric attenuation [55].

4) Rain attenuation: Rain attenuation is a phenomenon
relative to the EM wave frequency and the rainfall rate.
Rain causes attenuation in EM waves through the processes

of absorption and scattering. Rain attenuation is a critical
factor to consider for frequencies above six GHz. As for
signal transmission in typhoon environments, it is essential
to calculate the rain attenuation for frequencies in the several
hundred MHz range, as the rainfall rate can reach up to 72.8
mm/h [56].

ITU-R P.618 [57] described a comprehensive approach
for estimating the long-term statistics of rain attenuation,
taking into account the factors of frequency, rainfall rate,
elevation angle, and polarization. In addition to this, modeling
rain attenuation can be achieved through the application of
a synthetic storm technique and the utilization of raindrop
size distribution models like lognormal and optimized models
[58]. However, the mentioned rain attenuation models are
independent of time series. As a result, it is not enough to
design NSIN (especially the PHY and MAC layers of NSIN)
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using these models. Then, one should propose time series rain
attenuation models. ONERA n-state Markov chain and the
German Aerospace Research Center (DLR) rain attenuation
model are two types of well-known models of NSIN and
satellite communications. There are three components in an
ONERA model. The 1st one describes a coarse attenuation
time series with values of “rain” and “no rain”. The 2nd

one is a microscopic model describing attenuation time series
with high resolution. The 3rd one combines the two obtained
time series to generate a complete long-term attenuation time
series [59]. The DLR model comprises a generic component
and a specific set of parameters. These parameters enable the
adjustment of the time series generator to simulate scenarios
with different frequencies, elevation angles, and climatic zones
[59].

5) Tropospheric scintillation attenuation: Tropospheric
scintillation attenuation indicates rapid amplitude and phase
fluctuations in received signals. Tropospheric propagation
should be considered for frequencies above six GHz, and
the tropospheric scintillation effect increases with frequency,
being especially significant above ten GHz. Sudden changes
in the refractive index caused by variations in water vapor
content, temperature, and barometric pressure can cause signal
fluctuations. Fig. 14 depicts an experiment of dropping three
meteorological sounders from our airship in a row and the
recorded humidity data of them. Experimental results show
the significant variation of water vapor content. Additionally,
the scintillation effect becomes more pronounced at lower
elevation angles due to longer propagation paths. The ITU-R
P.618 presents an accurate prediction method for the scintilla-
tion attenuation amplitude [60]. It shows that the tropospheric
scintillation attenuation may be dozens of dB in the case of
a low elevation angle. The scintillation attenuation can be
negligible under a high elevation angle case (e.g., > 10◦).
Nevertheless, one should also consider the tropospheric scin-
tillation attenuation in the case of a high elevation angle during
rain.

C. Small-Scale Fading

Small-scale fading is caused by the constructive and de-
structive interference of multi-path signals between Tx and
Rx. It depends on the carrier frequency and occurs at a
spatial scale approximately equaling to the wavelength of the
signal. Small-scale fading characterizes the rapid fluctuation
in received signal strength over short distances and short time
periods. Small-scale fading includes flat fading, frequency
selective fading, fast fading, and slow fading, which are
affected by the EM propagation environment.

1) Flat fading: In flat fading, the signal amplitude remains
unchanged during each symbol duration, but the amplitude
and phase of the symbol may change over short distances.
To mitigate the impact of flat fading, some techniques, such
as diversity reception and error correction coding, should be
utilized.

In flat fading, all frequency components of the received
signal fluctuate simultaneously and in the same proportion.
As a result, this type of fading is also called non-selective

Airship 
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Open the hatch Thermocouple 

set 

Weather 

Sounder 

Parachute 

(a) Process of dropping sounders

(b) Recorded humidity data

Fig. 14. A meteorological measurement experiment via our airship.

fading. One can model the flat fading channel using a two-
state model. This model distinguishes two states: a good
state corresponding to LoS and slightly shadowed channel
conditions, and a bad state corresponding to severe shadowed
channel conditions. A semi-Markov model can capture the
state duration. One can utilize a Loo distribution to charac-
terize the fading in each state. The received signal consists of
the direct path signal and multi-path components. 3GPP TR
38.811 provides system-level evaluations of flat fading [61].

2) Frequency selective fading: Frequency selective fading
occurs when the symbol duration is shorter than the delay
spread. It may lead to inter-symbol interference (ISI). An
equalization technique should be employed to mitigate the
impact of this type of fading. This type of technique utilizes
a digital filter at Rx to counteract the channel effect. Fre-
quency selective fading, as the name indicates, affects diverse
spectral components of signal with varying amplitudes. After
modifying some crucial parameters related to NSIN scenarios,
the procedure presented in subsection 7.5 of 3GPP TR 38.901
[62] should be utilized to model the frequency selection fading
channel. The elevation angle between a ground user and
a HAP is a crucial parameter. NSIN scenarios with fewer
clusters than those specified in 3GPP TR 38.901 require the
inclusion of angular scaling factors in cluster generation [62].

3) Fast fading: In a fast fading channel, the channel
impulse response exhibits rapid variations within the symbol
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Fig. 15. Classification diagram for existing HAP channel models.

duration. Fast fading distorts the shape of the baseband
pulse, resulting in linear distortion that causes inter-symbol
interference (ISI). Adaptive equalization helps reduce ISI by
eliminating the linear distortion induced by the channel.

4) Slow fading: In a slow fading channel, the CIR changes
at a much slower rate than the transmitted baseband signal.
One can utilize receiver diversity and error correction coding
techniques to combat the effects of slow fading.

D. Existing Channel Models of NSIN

To fully comprehend the capabilities of NSIN, it is crucial
to have a profound understanding of NSIN channel models.
This paper focused on summarizing and analyzing NSIN
radio-frequency (RF) channel models, and the reader can
refer to [11] for HAP free space optical (FSO) channel mod-
els. Besides, NSIN channel modeling includes HAP channel
modeling and UAV channel modeling, where UAV channel
modeling has been extensively studied. In this subsection, we
focus on the discussion of HAP channel modeling and analysis
of the differences between HAP channel models and UAV
channel models.

1) HAP channel models: In the research community, recent
HAP channel models can be primarily categorized into two
groups: deterministic models and stochastic models. These
classifications are outlined in Figure 15.

Deterministic model: A deterministic channel model re-
quires constant parameters (e.g., angle of arrival/angle of
departure (AoA/AoD)) during simulations [63] and leverages
some methods (e.g., ray-tracing, digital map-assisted, and
two-ray [63]) to estimate the CIR or channel coefficients.
The accuracy of deterministic models relies on extensive
and environment-specific databases, which can characterize
the terrain topography, the electrical properties of buildings,
and other obstacles. Besides, model parameter adjustment
according to propagation measurement data is required.

This type of HAP channel modeling method has attracted
much attention. For example, in [64], a ray-tracing-based
propagation channel model between a HAP and a ground mo-
bile station was developed. This model examined the effect of
angle variations on propagation loss by utilizing a ray-tracing
tool that accounted for changes in elevation and azimuth
angles. In [64], the authors employed a ray-tracing technique
to compute the power level and path loss experienced by a
mobile user, as mentioned in [65]. By analyzing the outcomes,

the propagation parameters, including path loss and Rice
factor, were derived as functions of elevation and azimuth
angles. In addition to evaluating angle variations, the authors
investigated the effects of building height and street size on
the propagation loss of downlink HAP channels in an urban
environment. They utilized a ray-tracing tool to conduct this
study and published their findings in [66]–[68]. The research
presented in [69] examined the propagation path loss of the
downlink HAP channel using two-dimensional ray-tracing and
the uniform theory of diffraction. The study evaluated the
effects of wave reflection from building walls and the ground,
as well as wave diffraction. Diverse from the above channel
modeling methods using ray-tracing tools to simulate wave
reflection and diffraction, the work in [70] studied the impact
of terrestrial clutter on downlink HAP propagation loss and
developed a HAP propagation path loss model including free
space path loss and clutter-induced attenuation using the ray-
tracing data.

Statistical model: Without using measurement data, a
statistical model utilizes statistical distributions and empirical
parameters to capture the characteristics of propagation chan-
nels in a low-complexity manner and includes the empirical
channel model, the geometry-based stochastic model, and
tapped delay line (TDL)-based stochastic model.

In empirical channel model methods, some empirical chan-
nel fading models (e.g., Rician fading channel) are applied to
compute the propagation loss of downlink HAP channels [71].
For instance, in [72], the downlink HAP propagation channel
loss was calculated from the superposition of free space (or
LoS) path loss and additional shadowing (or NLoS) path
loss, where the LoS probability was determined by empirical
parameters. The work in [22] modeled the downlink HAP
propagation loss as the superposition of free space path loss
and multipath and shadow fading, with the multipath and
shadow fading being determined by empirical parameters.
Given the highly directional nature of EM wave propagation
in the high-frequency band, the research presented in [73],
[74] developed a downlink HAP channel model that included
both dominant LoS and sparse NLoS propagation compo-
nents. The work in [75] studied the mmWave downlink HAP
channel modeling, where rain attenuation was a dominant
propagation loss. Besides, as scattering was restricted at
mmWave frequency bands, the path loss was considered to be
dominated by LoS propagation loss. Therefore, the downlink
HAP propagation channel was modeled as a superposition of
rain attenuation and LoS path loss. Some studies, such as
[76]–[80], have utilized the Rician fading channel to model
the downlink HAP channel due to its ability to consider
both LOS and NLOS components. Furthermore, as the LoS
component is often obstructed by various obstacles such as
buildings, trees, hills, and mountains, the effect of shadow
fading has been highlighted in some studies. To model the
downlink HAP channel, shadowed-Rician fading was utilized
in [81], [82]. Shadowed-Rician fading is a more generalized
form of Rician fading, which assumes that the amplitude of
the LoS component follows a distribution that is different
from the Rician distribution. The multi-state HAP statistical
channel model [83], [84] was developed based on the HAP
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propagation channel models mentioned above. This model
could simulate more downlink HAP propagation states, such
as LoS, shadowed, and blocked states. In this type of channel
model, different fading models were utilized to simulate di-
verse propagation states, and a Markov chain was explored to
theoretically model and analyze the state transitions. Besides,
the work in [85] analyzed the channel model between HAPs,
which took into account the antenna radiation pattern, the
effects of atmospheric factors, and the polarization mismatch
of the Tr and Rx antennas.

Geometry-based stochastic modeling methods capable of
capturing spatial–temporal downlink HAP channel character-
istics were derived from a predefined stochastic distribution
of effective scatterers through applying the fundamental laws
of EM wave propagation [86]. The accuracy of this type
of channel model is highly dependent on how the scatterers
around the Tx and Rx are modeled. The scatterers are typically
assumed to be distributed in either regular geometric shapes or
irregular shapes. For example, multipath propagation models
for downlink HAP channels based on (improved) circular
straight cone geometry were developed in [87], [88], respec-
tively. The propagation of reflected signals was modeled by
taking into account all scatterers within the coverage area
of a HAP system. 3-D geometry-based reference models for
downlink HAP channels were proposed in [89]–[91] with the
assumption that the scatters in the vicinities of Rx and or
Tx were non-uniformly distributed within a regular geome-
try shape(s). In contrast to the studies conducted in [89]–
[91], which analyzed the impact of non-isotropic scattering
environments, the approach presented in [92] introduced a
3-D geometry-based reference model that took into account
both isotropic and non-isotropic scattering for HAP channels.
Moreover, the dynamic behavior of scatterers and the potential
for scatterers to reappear after they disappeared were explored
in [93], [94]. By analyzing the dynamic evolution of scatterers,
3-D geometry-based reference models were developed for
HAP channels.

Stochastic models for HAP channels can be created by
utilizing a TDL method with varying numbers of taps. Each
tap in this model can represent the fading statistics of the
multipath components of HAP channels. Empirical measure-
ments and numerical simulations can be used to analyze the
fading statistics of individual taps. For instance, considering
the multipath effect and the inherent dispersion characteristics
of signals at different propagation paths, the works in [95],
[96] proposed to use TDL to model HAP mobile channels in
a wide-area environment.

2) UAV channel models: UAV channel modeling is critical
for the performance analysis and system design of UAV com-
munication systems. Nevertheless, there are some challenges
in UAV channel modeling; for example, the propagation
features of UAV channels are under-studied for spatial and
temporal variations in non–stationary UAV channels. The
airframe shadowing and jittering are also under-explored. In
recent years, there has been a significant increase in attention
from both industry and academia towards the research on
UAV channel modeling. In industry, some technical standards
for UAV channel modeling have been released by Nippon

Telegraph and Telephone Corporation (NTT), Nokia, Ericsson,
Intel, and Huawei, and so on [97]–[101]. In academia, many
surveys on UAV channel modeling have been published [102]–
[104]. Some surveys, including [102]–[104], have summarized
the available UAV channel measurement campaigns, as well
as various large- and small-scale UAV fading channel models.
Besides, some important issues (e.g., airframe shadowing,
Doppler spread, blockage, scattering, and delay dispersion)
in UAV channel modeling were discussed.

3) Differences between HAP and UAV channel models:
There are many significant differences between HAP channel
modeling and UAV channel modeling, for example, whether
consider the impacts of meteorological factors and airframe
shadowing on channel modeling. Restricted by the deploy-
ment altitudes of UAVs and the allocated frequencies, few
studies on UAV channel modeling [105]–[107] have taken
into account the influence of meteorological factors, such
as atmospheric absorption, rain and cloud attenuation, and
tropospheric scintillation. On the contrary, the investigation of
the influence of meteorological factors is a highly researched
topic in the field of HAP channel modeling. Particularly, at
frequencies above 10 GHz, the atmospheric absorption must
be calculated [108]. Meanwhile, for elevation angles below
10 degrees, the atmospheric absorption is recommended to
be calculated for frequencies above 1 GHz. At frequencies
above 6 GHz, it is recommended to calculate rain and cloud
attenuation. Similarly, at frequencies above 6 GHz, tropo-
spheric scintillation corresponding to rapid amplitude and
phase fluctuations of signals should be calculated. Further-
more, due to the longer transmission path, the influence of
tropospheric scintillation becomes more pronounced at small
elevation angles, especially for high carrier frequencies.

The impact of airframe shadowing is seldom considered in
HAP channel modeling. However, in UAV channel modeling,
the research on the airframe shadowing impact has attracted
much attention. In UAV communications, airframe shadowing
occurs when the UAV-to-ground (UtG) path is blocked by
UAV maneuvering, banking turns, or UAV structures such as
wings, fuselage, and engines. The shadowing results depend
on some factors, like carrier frequency, antenna placement,
and the exact shapes, sizes, and materials of UAVs.

E. Summary and Discussion

The signal propagation environment of NSIN differs sig-
nificantly from that of space networks, UAV networks, and
terrestrial wireless networks. As a result, the existing channel
models for these network types may not be directly applicable
to NSIN. The channel modeling of NSIN should consider
the phase delay of deployed antennas (which may be greatly
affected by unstable platform movement), atmosphere atten-
uation, rain attenuation, tropospheric scintillation attenuation,
the effect of multipath, and Doppler frequency shift. In this
section, we provide detailed explanations of phase delay
modeling under platform jitter, the influence of atmospheric
effects on NSIN channel models, and the small-scale fading of
NSIN channels. Besides, we reveal the significant differences
between HAP and UAV channel models and review recent
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(a) Transmit signals from our
airship

(b) A ground receiver

Fig. 16. A communication coverage and signal reception quality measure-
ment experiment via our airship.

efforts in HAP channel modeling. However, there is a lack
of studies on the high-accurate channel estimation for HAP
networks. Most existing HAP channel models are established
based on ray-tracing tools or statistical/empirical distributions.
There is a need to enhance the accuracy of the channel
model by mining and analyzing field measurement data, which
accurately reflects the realistic behaviors of NSIN propaga-
tion channels. However, due to the high cost of conducting
extensive HAP channel measurement campaigns and certain
restrictions imposed by aviation regulations, researchers have
made limited contributions to measurement-based HAP chan-
nel modeling.

IV. NETWORKING OF NSIN

In this section, we elaborate on the networking approaches
for NSIN, mainly from the perspectives of constructing and
managing NSIN.

A. Deployment of NSIN

1) QoS-driven NSIN deployment: The deployment loca-
tions of airborne platforms in NSIN greatly affect the QoS
of served users. For instance, we conducted an experiment
to test the coverage performance of a communication system
onboard our airship, as shown in Fig 16. Table IX summarizes
test results. The experimental results show that users at the
edge of the HAP footprint will experience a high packet loss
rate. Therefore, it is essential to investigate the QoS-driven
NSIN deployment problem. QoS-driven NSIN deployment
refers to the optimization of the deployment locations or
trajectories of aerial platforms in NSIN based on space-
time distributions of serving users in a considered area,
the goal of which is to meet the users’ QoS requirements.
Typically, users’ QoS requirements can be characterized as
their received signal-to-noise ratio (SNR) or achievable data
rates [109]. Nevertheless, it is difficult to solve the QoS-
driven NSIN deployment problem. First, NSIN consists of
multiple sub-networks deployed at different altitudes. The

sub-networks have many differences in capabilities, such
as payload, communication, and maneuverability. Therefore,
studying the QoS-driven NSIN deployment problem means a
solution of a joint optimization and deployment problem of a
stereoscopic, multi-layered, heterogeneous network. Secondly,
the airspace environment in which NSIN are deployed is
complex and constantly changing. The airspace needs to be
shared by the aerial platforms of NSIN and civil aviation
aircrafts. There are also many unknown and uncertain risk
areas in the airspace. Therefore, studying the QoS-driven
NSIN deployment problem needs to explore how to ensure
the flight safety of aerial platforms. To meet the above
challenges, it is first necessary to mathematically model the
stereoscopic, multi-layered, and heterogeneous characteristics
of NSIN. A feasible approach to reflecting the stereoscopic
and multi-layered characteristics of NSIN is to define different
coverage or footprints for various platforms, design a time-
varying sub-network selection scheme, and establish a multi-
category signal interference regime. In order to characterize
the heterogeneity of aerial platforms, a viable method is to
constrain the service capabilities of platforms from the per-
spective of limiting available computing, storage, and network
resources. Additionally, it is necessary to plan offline or online
trajectories for NSIN platforms by detecting the surrounding
environment. Next, formulating and solving the NSIN deploy-
ment problem to meet the user’s QoS requirements, subject
to the constraints on the stereoscopic, multi-layered, and het-
erogeneous characteristics and the flight safety requirement.
The formulated optimization problem is typically a multi-
objective, multi-constrained, high-dimensional, and serialized
decision-making problem. Therefore, it is challenging to use
traditional optimization approaches to obtain the optimal or
sub-optimal solution. Instead, intelligent optimization, rein-
forcement learning, and graph neural networks are better
approaches to solve this type of problem.

The QoS-driven NSIN deployment problem is currently
under active research, and a number of related studies have
been published in the literature during the past few years
[110]–[125]. Table X summarizes the recent studies on the
QoS-driven NSIN deployment problem in the literature. For
instance, the work in [110] formulated a HAP constellation
deployment problem with a goal of maximizing the network
capacity under the constraints on QoS metrics that were
characterized by the efficiency and reliability of communi-
cations. To efficiently search for deployment locations of
HAPs, an improved artificial immune algorithm was designed.
The works in [111]–[113] proposed to deploy a near-space
communication system to meet the QoS requirements of
ground users. The following problem was studied: how to
strike a balance between the flying speed of a near-space
platform and the good coverage for users subject to a complex
distribution? The authors transformed the conflict between
flying speed and coverage into a multi-objective problem and
developed various multi-objective optimization evolutionary
algorithms based on decomposition to solve this kind of
problem. The issue of deploying a stand-alone HAP and
multiple UAVs to provide communication coverage or partial
computing services for ground users also attracts much atten-
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TABLE IX
AN EXPERIMENT OF TESTING COMMUNICATION COVERAGE PERFORMANCE VIA OUR AIRSHIP.

Location of airship Location of receiver Distance (km) Packet loss rate Latency (ms)
(41.412629◦,88.167300◦) (42.275686◦,87.076372◦) 132 0% 3.656
(41.558200◦,87.975700◦) (41.849713◦,86.329568◦) 141 0% 3.688
(41.627400◦,87.817200◦) (41.834235◦,85.923380◦) 159 0% 3.676
(41.685900◦,87.662700◦) (41.947432◦,85.409625◦) 190 0.029% 3.997
(41.845100◦,87.541100◦) (42.006960◦,84.597780◦) 245 0.05% 4.132
(41.987700◦,87.503637◦) (41.825335◦,83.861625◦) 302 0.08% 4.167
(41.880320◦,87.542650◦) (41.825335◦,83.861625◦) 306 0.12% 4.525

TABLE X
A SUMMARY OF OBJECTIVE, APPROACH, AND INVESTIGATED NETWORK TYPE OF QOS-DRIVEN NSIN DEPLOYMENT PROBLEM

Refs. Objective Technique Network Type 

[110] 
Maximize the HAP network capacity under the 

constraints on efficiency and reliability requirements  
Artificial immune algorithm HAP constellation 

[111]-[113] 

Strike a balance between the conflicting near-space 

platform flying speed and the good coverage for users 

subject to a complex distribution 

Multi-objective optimization 

evolutionary algorithms, problem 

decomposition 

Stand-alone HAP 

[114] 
Provide reliable communication services for terrestrial 

vehicles 

Problem decomposition, 

alternative optimization 

Stand-alone HAP and 

multiple UAVs 

[115] 
Ensure fairness and the provision of high achievable data 

rate to ground users 

Deep reinforcement learning and 

fixed-point iteration scheme 

Stand-alone HAP and 

multiple UAVs 

[116] 
Provide communication coverage for ground with high 

quality 

Stochastic geometry theory Stand-alone HAP and 

multiple UAVs 

[117] 
Minimize the overall latency and energy consumption for 

task offloading to aerial platforms from ground users 

Deep reinforcement learning and 

federated learning  

Stand-alone HAP and 

multiple UAVs 

[118] Maximize the received SNR of terrestrial users Alternative optimization 
Stand-alone HAP and 

single UAV 

[119] 
Maximize the ratio of the footprint of an HAP to the 

inter-HAP distance. 
Convex optimization HAP constellation 

[120] 
Reduce the energy consumption of sensors and boost 

the coverage of the HAP-assisted WSN  
Potential game approach Stand-alone HAP 

[121] 
Optimize the locations of HAPs to satisfy the QoS 

requirements of terrestrial users  

Potential game approach, 

adaptive play learning algorithm 
HAP constellation 

[122] 
HAP location optimization to satisfy the QoS 

requirements of terrestrial users 
artificial immune approach HAP constellation 

[123] Rapid communication recovery 
Machine learning, Convex 

optimization 
Stand-alone HAP 

tion from the research community [114]–[117]. For instance,
the authors in [114] designed an NSIN architecture to provide
reliable communication services for terrestrial vehicles. In
this architecture, vehicles would receive both signals directly
from a HAP and relayed signals from multiple UAVs. To
enhance the spectral efficiency and downlink transmission
rate of NSIN, researchers investigated the joint design of
non-orthogonal multiple access (NOMA) and UAV location
optimization. Furthermore, in [118], the joint optimization
of UAV trajectory and phase shift of RIS was studied to
maximize the received SNR of terrestrial users. An alter-
native optimization algorithm was designed to optimize the
UAV trajectory and adjust the RIS phase shift. In [119],

researchers proposed a HAP deployment algorithm that aimed
to maximize the ratio of the HAP footprint to the inter-
HAP distance. The works in [120] designed a HAP-assisted
wireless sensor network (WSN) architecture to reduce the
energy consumption of sensors and boost the coverage of the
WSN. A potential game approach was developed to determine
the deployment locations of HAPs so that the above goal
could be achieved. In [121], the deployment of HAPs for
providing communication services to terrestrial users was
formulated as a potential game. To identify the deployment
locations of HAPs that could satisfy the QoS requirements
of more users, a restricted spatial adaptive play learning
algorithm was devised. The work in [122] investigated the
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methodology of HAP deployment to guarantee ground users’
QoS requirements.To optimize the locations of HAPs, an
enhanced artificial immune approach based on immune review
was developed. Additionally, the deployment scenario of a
HAP system for quick communication recovery in a disrupted
communication area was presented in [123]. To guarantee
the QoS requirements of users in a given area, a machine
learning-based propagation model was developed to optimize
the deployment altitude of a HAP.

2) QoE-driven NSIN deployment: With the rapid growth
of streaming services, it becomes increasingly important to
focus on the subjective experiences of users. QoS metrics
can only measure network performance and cannot reflect
users’ subjective feelings about service quality. The concept
of QoE was proposed to tackle this issue. QoE reflects the
subjective feelings of users watching videos and becomes the
main performance evaluation criteria for video service quality.

Research on QoE in wireless communications is a hot and
under-studied topic. There is a consensus that a unified QoE
evaluation model cannot be achieved. This is because different
video applications have diverse requirements for video quality.
For instance, short video applications focus on the opening
rate per second, high-definition long video applications have
stringent requirements for high bandwidth, video conferences,
and online games pursue low latency and high smoothness.

However, it is widely accepted that users cannot accept
three categories of feelings during video transmission, i.e.,
freeze, blur, and large delay. Therefore, some underlying layer
and upper layer mechanisms need to be carefully designed
so that users’ QoE requirements, including low latency, high
video quality, and smooth playback, can be satisfied.

It is easy to know that the QoE evaluation indicators are
subjective. In this case, one should analyze the relationship
between users’ QoE and its influencing factors and establish
a mapping model between them. For example, one can utilize
the peak signal-to-noise rate (PSNR) to objectively measure
the quality of demodulated videos. To objectively measure the
smoothness of played videos, a viable approach is to design
and optimize a logarithmic utility function that takes into
account factors such as the user’s achievable data rate, desired
playback rate, and application type. A typical smoothness
measurement model can take the following form, ϕ (r̄ (t)) =

α
M∑
i=1

log2β(1 +
Br̄i(t)
Ri

), where r̄ (t) = (r̄1 (t) , . . . , r̄M (t)),

r̄i(t) is the time-averaged data rate of user i ∈ {1, . . . ,M}, Ri

represents the desired playback bitrate of user i, B represents
the total bandwidth, and α, β are both positive values that are
different for various types of applications.

It is not difficult to optimize a certain QoE evaluation
indicator alone. Nevertheless, it is highly challenging to si-
multaneously optimize all the indicators owing to their mutual
restrictions.

There have been limited methods for QoE-driven HAP de-
ployment thus far. However, the research on QoE-driven UAV
deployment has recently gained extensive attention. Table XI
summarizes recent literature on QoE-driven UAV deployment.
For example, the works in [126]–[128] proposed to minimize
the video transmission latency by formulating and solving

a UAV resource optimization problem. In [126], the authors
addressed the issue of jointly optimizing computing offload-
ing, UAV 3D trajectory, UAV transmission power control,
and system bandwidth to maximize computation efficiency
and guarantee users’ video transmission latency requirements.
A latency-guided video delivery framework was proposed
for cache-enabled multi-UAV networks in [127]. The authors
studied the optimization problem of joint UAV and cache
placement to minimize video delivery latency.

Different from [126]–[128], the works in [129]–[132] pro-
posed to optimize UAV resources to ensure smooth video
playback. In [129], [130], a logarithmic function was used
to model smooth playback utility with respect to video trans-
mission rate. The authors investigated joint optimization of
UAV transmit power, UAV trajectory, and system bandwidth
to maximize the minimum utility among all users, subject to
constraints on UAV total power and video playback. The work
in [131] utilized the mean opinion score (MOS) to measure the
smoothness of playback video. The authors proposed to lever-
age a hybrid deep reinforcement learning (DRL) approach
to adjust UAVs’ moving directions and distances to achieve
energy-efficient and smooth video playback.

Several works including [133]–[136] investigated the joint
resource optimization problem in UAV networks to ensure
high-quality video reception by users. In [133], the authors
studied the joint optimization problem of UAV trajectory
and transmit power to maximize the minimum PSNR of
users’ video reconstruction quality. An iterative optimization
algorithm was developed, consisting of block-coordinated
descent and successive convex approximation schemes, to
solve the problem. The authors in [134] proposed a joint
optimization approach to ensure the quality of received videos
by users by optimizing user scheduling, UAV trajectory, UAV
transmit power, and bandwidth. They developed an alternative
optimization approach to solve the mixed-integer and non-
convex joint optimization problem.

However, the above works [133]–[136] did not investigate
the trade-off among QoE indicators. To tackle this issue, the
works in [137]–[139] investigated the joint optimization of
QoE indicators. For instance, the work in [137] developed a
UAV path planning scheme to deliver low-latency and high-
quality videos to users. The authors in [138] formulated the
QoE by considering three factors, including video quality,
jitter between video frames, and video latency. They jointly
optimized the video resolution, UAV trajectory, and UAV
transmit power using the deep Q-network (DQN) and actor-
critic approaches to maximize the QoE of real-time video
streaming.

B. Handoff Management

The handoff (or handover) means the shift of communica-
tion services for a particular user from one platform footprint
(i.e., cell coverage of a platform on the ground) to another.

Both the mobility of serving users and the instability and
mobility of airborne platforms will trigger the handoff process.
For instance, the movement and mechanical vibrations of
airborne platforms, as well as the airflow in the troposphere
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TABLE XI
THE RECENT STUDIES ON THE QOE-DRIVEN UAV DEPLOYMENT IN THE LITERATURE.

Refs. Location/
trajectory

Transmit
power

Band-
width Caching MEC Latency Smooth

playback
High
quality

Single
UAV

Multi-
UAVs

Optimi-
zation

AI/
ML

[126] ✓ ✓ ✓ ✓ ✓ ✓ ✓
[127] ✓ ✓ ✓ ✓ ✓
[128] ✓ ✓ ✓ ✓ ✓

[129], [130] ✓ ✓ ✓ ✓ ✓ ✓
[131] ✓ ✓ ✓ ✓ ✓
[132] ✓ ✓ ✓ ✓
[133] ✓ ✓ ✓ ✓ ✓
[134] ✓ ✓ ✓ ✓ ✓ ✓
[135] ✓ ✓ ✓ ✓ ✓ ✓ ✓
[136] ✓ ✓ ✓ ✓ ✓ ✓
[137] ✓ ✓ ✓ ✓ ✓
[138] ✓ ✓ ✓ ✓ ✓ ✓ ✓
[139] ✓ ✓ ✓ ✓ ✓ ✓ ✓

Fig. 17. Attitude changes of our airship.
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Fig. 18. Change in the yaw angle of our airship.

and stratosphere, can cause changes in attitudes and locations
of airborne platforms [140]. Fig. 17 shows the attitude changes
of our airship caused by mechanical vibrations and sudden
airflow over two days. From this figure, we can observe that
the pitch and the roll angles can vary up to 3.3◦ and 1◦.
Besides, Fig. 18 shows that sudden airflow has a significant
affect on the yaw angle of airship, and the change is more than
5◦. Consequently, the locations or shapes of cells may also
change, as illustrated in Figure 19. Nevertheless, there are
some differences in terms of the handoff frequency for users
in the footprints of airborne platforms. The handoff frequency

Fig. 19. Changes in locations or shapes of cells caused by airflow and
platform mechanical vibration.

is influenced by various factors, including the distribution
of users (e.g., inner users vs. edge users), the speeds of
both platforms and users (slow vs. fast), the coverage area
of platforms (large vs. small), and the status of platforms
(e.g., normal vs. abnormal operation). For instance, unstable
platform movements will greatly increase the handoff proba-
bilities of edge users in a footprint.

Handoff types can be categorized into two groups: hard
handoff and soft handoff. In the case of a hard handoff, the
session established by an old network is terminated before it
is re-established by a new network. The situation is opposite
in the case of a soft hand, where the session is maintained by
the new network before the old network breaks the session.

Besides, the handoff can be horizontal or vertical. Hori-
zontal handoff indicates the mitigation of a session from one
footprint to another in the same network. On the contrary,
vertical handoff refers to the seamless transition of a session
between two heterogeneous networks.

The handoff process results in the mitigation of state
information and PHY layer connectivity from one footprint
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Handoff Management

in NISN 

[140] - [164]

Secure HandoffSecure HandoffSecure HandofSecure HandofSecure Handoff

[152] - [154]

Irregular Cell Shape  

[140] - [151]

Regular Cell Shape  

Algorithm Design

[140] - [148] 

performance Analysis

[149] - [151] 

 

[155][156]

Platform-Side Metric-Based

Handoff Decision 

 

Surveillance

Information Assisted

[157] - [160]

[157] - [159]

Local Information

[160]

Global Information

User-Side Metric-Based 

Handoff Decision 

Consideration 
[161] - [164]

Fig. 20. Classification diagram for the key handoff management strategies
for NSIN in the literature.

to another. Specifically, the handoff process consists of three
phases: footprint discovery, trigger, and execution phases.
During the footprint discovery phase, a user actively sends
probes or passively listens to broadcast service advertisements
to discover several footprints on assigned channels. According
to the discovery, the user establishes a list of candidate
footprints prioritized by handoff criteria (e.g., received signal
strength (RSS), carrier-to-interference ratio (CIR), congestion
status, and surveillance information). During the trigger phase,
the decision to initiate a handoff is made based on various cri-
teria, such as sub-network rental fees, SNR, handoff latency,
elevation angle, and the availability of free channels. During
the execution phase, the inter-footprint mitigation of sessions
takes place, ensuring the seamless transfer of all contextual
information related to the user.

A well-designed handoff algorithm is essential to reducing
the overhead (e.g., session interruption, packet loss, handoff
latency) of the handoff process [141]. Therefore, we highlight
some of the key handoff management strategies developed for
NSIN in the literature, the classification diagram of which is
summarized in Fig. 20.

One of the significant goals of handoff algorithms is to
ensure that the disruption experienced by users during handoff
is imperceptible. Recently, a large number of methods have
been introduced in the literature for reducing the overhead
during the handoff process [140]–[147]. For example, the
work in [140] investigated the horizontal handoff between
footprints served by the same HAP and the important problem
of controlling which footprint to switch to at which time.
With the aid of the measured RSS/CIR, a low-latency handoff
algorithm was proposed. In this algorithm, a time-reuse time-
division multiple/time-division multiple access (TDM/TDMA)
frame structure was exploited. To maintain transparency in
the handoff process for users, a single-frequency variant was
proposed in which the HAP transmitted to or received from
different spot beams (i.e., footprints) in various parts of the
frame.

Handoff algorithms with a fixed RSS/CIR threshold, how-
ever, could not effectively tackle the handoff issues in a HAP
network. This is because the HAP is usually in a quasi-
stationary state, and the RSS of cell edge users in the HAP
will dynamically change. As a result, the fixed threshold

setting will cause frequent handoffs between cells. To address
this issue, the work in [148] proposed an adaptive handoff
algorithm to trigger the handoff according to predicted RSS by
an improved least mean square (LMS) scheme. It was shown
that the adaptive handoff algorithm could significantly reduce
the unnecessary handoff time and keep the handoff failure
probability at a lower level.

Except for developing some schemes to manage the hand-
off, many researchers have paid much attention to the analysis
of the impact of airborne platforms’ unstable movements
on the handoff probability [149]–[151]. For instance, the
swing angle changes rapidly and unpredictably, making it
challenging to adjust the parameters and orientations of air-
borne antennas in real-time to mitigate the impact caused
by the swing. To this end, the work in [149] discussed the
swing state of a HAP, analyzed the impact of the swing
state on the handoff, and derived the average and maximum
handoff probabilities. A novel HAP swinging model based
on fixed angle beamforming was proposed in [150]. Owing
to the platform swing, the so-called “Ping-Pong handoff”
would happen. Then, the authors analyzed the impact of
platform swing in two cases: 1) all users executed the handoff
immediately when the swing happened; 2) all users refused
to handoff (if triggered) to avoid the “Ping-Pong handoff”.
Furthermore, in [151], the issue of yaw shift of HAP was
addressed, and its influence on handoff was examined. A
formula was derived to calculate the number of handoff calls,
which indicated that various factors such as users’ density
and location distribution in the cell, HAP’s yaw angle, cell
geometry, and the number of active calling users could impact
the number of handoff calls.

In the above studies [140]–[151], a simple coverage model
such as the circular and regular hexagonal coverage was
introduced to mathematically analyze the handoff. While the
mathematical analysis is simplified, it poses challenges to
validating the derived conclusions in practical engineering sce-
narios. Therefore, some handoff algorithms based on irregular
or inconsistent cell shapes were developed [152]–[154]. The
work in [152] proposed a smart cell shape design for handoff
management in a HAP network. Using user distribution and
behavior data, the smart network design divided the coverage
area into smaller spots and synthesized the desired cell by
grouping some of these spots together. Consequently, the
frequent handoffs from moving users could be significantly
reduced. To investigate various issues related to the horizontal
HAP handoff process, the work in [153] designed inconsistent
footprint shapes for users locating at different positions of
the service area using directional antennas. Based on the
results, it was found that a wide beam-width antenna was
suitable for serving users located in the center of the service
area, whereas users located at the edge of the service area
would benefit from a narrow beam-width antenna. To address
the frequent handoff issue caused by the user movement as
well as the unstable HAP movement, an adaptive handoff
scheme with an overlapped footprint design was developed
in [154]. Particularly, this paper utilized the mechanism of
cooperative transmission between two HAPs to guarantee
the QoS requirements of users at the edge of the coverage
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area. To improve transmission reliability, the HAP with a
higher channel gain was selected for cooperative transmission.
Additionally, handoff decisions were made based on the user’s
movement direction and channel gain to minimize session
interruption time caused by frequent handoffs.

In the above studies [152]–[154], single-metric (e.g.,
RSS/CIR) or user-side multi-metric (e.g., user distribution
and user movement direction) handoff decision algorithms
were designed. However, the metrics on the airborne plat-
form side play a crucial role in the handoff decision-making
process. For instance, when multiple users make handoff
decisions simultaneously, solely relying on the RSS-based
handoff algorithm can lead to HAPs with high RSS over-
load and HAPs with low RSS idle, potentially causing load
imbalance within HAP networks. This, in turn, can result in
network congestion and packet loss. Therefore, some handoff
algorithms considering metrics on the airborne platform side
were designed [155], [156]. For instance, a load-balancing
handoff algorithm considering both the RSS of users and the
residual energy of HAPs was developed in [155]. To minimize
handoff failures during changes in network traffic load, a
fuzzy channel allocation scheme was introduced in [156]. This
scheme employed a guard channel policy and dynamically
adjusted the optimal number of reserved channels based on
QoS parameters. By efficiently allocating channel resources,
the scheme prioritized ongoing calls over new calls.

Diverse from the above handoff schemes, local and global
surveillance information collected by airborne platforms was
utilized to assist the handover decision-making in [157]–[159].
Particularly, to decrease handoff frequency, local information
such as the broadcast location, velocity, and flying direction
of the airborne platform was leveraged to predict its flight
trajectory. A global information-supported machine learning
(ML) method could effectively predict future traffic loads, and
then a joint decision on handoff and resource allocation could
be made. Additionally, in order to ensure uninterrupted UAV
connectivity within an NSIN-integrated network, a predictive
decision algorithm based on global air control information
and a handoff strategy were devised in [160]. Leveraging
the global air control information, the predictive algorithm
determined available access points for UAVs to establish
new links or recover from old links in future time slots.
Complementing the predictive algorithm, the handoff strat-
egy seamlessly maintained UAV connectivity by transitioning
among soft handoff, tracking hard handoff, and non-tracking
hardoff states based on the predictive results.

However, the important issue of secure handoff was not
investigated in the above studies. Some recent studies dis-
cussed the secure access authentication issue in the handoff
process [161]–[164]. Ensuring fast and secure handover is
crucial for maintaining seamless coverage of NSIN over a
wide area. The work in [161] investigated the optimization
of the handoff latency with a given security requirement
in an NSIN-integrated network. A new handoff approach
that utilizes pre-authentication and security context transfer
was suggested. The proposed scheme distinguishes between
two types of handoffs: intra-domain and cross-domain. In
the case of intra-domain handoff, the user only needs to

initiate an application to the controller. However, for cross-
domain handoff, the user must initiate an application to
the management center, which involves saving all relevant
information related to the NSIN-integrated network. To reduce
the handoff latency while ensuring security, some temporary
proxy certificates were transferred in advance. Meanwhile, to
overcome the shortcomings of large handoff latency because
of security requirements, the operations of platform trajectory
prediction and pre-authentication were proactively performed
based on periodically updated network status information.
The authors in [162] also developed a secure and lightweight
access authentication scheme for handoff management in
an NSIN-integrated network. To minimize authentication de-
lay and signaling overhead during the handoff process, the
access authentication scheme for re-authentication message
transmission adopted a multicast communication mode. The
authentication process consisted of three phases: initialization,
registration, and multicast authentication. In the initialization
phase, to reduce the handoff latency, the handoff sequence
was assigned in advance according to the proxy authentication
center (PAC) coverage area. In the registration phase, to
reduce the handoff latency caused by the configuration of
link local addresses between users and PACs, different PACs
would maintain the same link local unicast address. During
the authentication phase, a multicast authentication method
was employed to minimize the number of unnecessary access
authentication messages.

C. Network Management

The recent studies on NSIN network management can be
classified into network topology management and integrated
network management. A summary of the corresponding man-
agement approaches is presented in Table XII.

1) Network topology management: Compared to space
networks and TN, NSIN possess distinctively dynamic con-
nections and topologies. For example, the flight trajectories of
some platforms may be random in a 3D airspace, resulting in
intermittent and unpredictable connections. The operational
duration of flight platforms in NSIN is significantly shorter
compared to network nodes in space networks and TN. In this
case, NSIN should be resilient to the dynamical topology to
sustain service provision. Besides, as en essential component
of 6G networks, NSIN should be designed to efficiently
support multiple types of traffic concurrently. Adopting self-
organization mechanisms holds promise for NSIN to be
resilient to topology changes and adapt to distinct service
requests. These mechanisms encompass self-configuration,
self-healing, self-optimization, and self-protection functions.
Self-configuration indicates the automatic recognition and
registration of new neighbor nodes. Self-healing mechanisms
in NSIN automatically address node failures and connec-
tion interruptions, ensuring uninterrupted services or mit-
igating service degradation. Additionally, self-optimization
mechanisms automatically optimize the technical parameters
of nodes to achieve specific objectives. Finally, to ensure
network security and data confidentiality, the self-protection
automatically protects NSIN from penetration by unregistered
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TABLE XII
A SUMMARY OF GOAL, KEY TECHNIQUE, AND KEY IDEA OF NETWORK MANAGEMENT APPROACHES PROPOSED IN THE LITERATURE ABOUT NSIN

References Goal Technique Key idea 

[165] 
Link fault 

recovery 

Airborne RIS deployment Deploy airborne RIS to tackle link disruption 

[166] 
Time-varying graph, 

heuristic search 
Backup links 

[167],[168] 
Platform 

coordination 

AI/ML management 

approach 

Through exchanging critical information and utilizing AI/ML 

techniques, HAPs could provide persistent and resilient communication 

coverage. 

[171],[172] Subnetwork 

or topology 

management 

SDN controller 
Deploy multiple SDN controllers for separate sub-network 

management. 

[173] SDN controller 
Find optimal placement locations of SDN controllers for dynamic 

network topology management. 

[143],[169]-

[176] 

NSIN 

architecture 

redefine 

SDN controller and NFV 
SDN controller performs network resource management. 

NFV virtualizes the infrastructure entities of each network segment. 

[177] SDN controller and NFV 
Find optimal placement locations of SDN controllers, model complex 

network services as service function chains using NFV. 

[178] SDN controller and NFV 
SDN and NFV realize globally optimized unified network management 

and support the dynamic configuration of devices.  

[179],[180] SDN controller and NFV 

Leverage SDN/NFV techniques for conducting network-level resource 

slicing, optimize VNF chaining and placement for computation 

offloading 

[181] SDN controller and NFV 
Deploy an SDN controller to orchestrates VNFs, optimize the VNF 

mapping and scheduling 

users. Let’s illustrate the aforementioned process with an
example. When a new node emerges or an existing node
fails, neighboring nodes undergo a neighbor discovery process
to acknowledge this change. Network modifications trigger a
series of message exchanges among nodes to reorganize the
network. The next step is the connectivity establishment of
nodes during self-organization by executing connection mech-
anisms in the PHY and upper layers. After establishing the
connections, the service recovery process will be performed
to recover from local service disruptions. Meanwhile, some
optimization schemes, such as energy optimization, will be
implemented to implement network and service optimization.

However, the task of designing dependable and effective
self-organization functionalities in NSIN is challenging. The
processes of self-organization require frequent measurements
and probing. Then, the important issue of the trade-off be-
tween the optimality of self-organization and the signaling
cost should be investigated. Incomplete, delayed, or even
erroneous feedback may happen, which may significantly
impact the efficiency of self-optimization processes and the
service performance of the re-organized NSIN. Meanwhile,
ultra-reliable self-organization functionalities in NSIN should
be designed to minimize or avoid human intervention.

Some endeavors have been made to ease the design of
self-organization functionalities in NSIN [165]–[168]. For
example, considering the unprecedented abilities of RIS in
terms of enhancing spectral efficiency, coverage expansion,

and security enhancement, the work in [165] proposed to uti-
lize RIS technologies in NSIN-integrated air-space networks.
With the utilization of RIS, the quality of inter- and intra-layer
communications was improved, and the job of heterogeneous
network self-organization was eased [165].

By utilizing RIS to program the dynamic RF environment,
the traditional concept of cell boundaries could also be dis-
rupted. Airborne platforms can be configured as airborne-
RISs to extend service coverage. Link disruption caused
by interference can also be mitigated by airborne-RISs. By
analyzing a time sequence link weight graph, the authors of
[166] developed a link fault recovery approach that targeted
the unstable inter-domain neighbor relationships, frequent
routing updates, and slow routing convergence issues in an
NSIN-integrated space-ground network.The key idea of this
approach was to dynamically choose backup links and search
for a recovery path with the shortest length and the maximum
path weight based on backup links when the link failure
occurred.

AI/ML techniques can also be explored to effectively tackle
the important issues in the self-organized NSIN. Deploying
multiple HAPs as a network can greatly boost communication
coverage. However, the construction of HAP networks is
technically and economically challenging. The proposal for
network self-organization aims to eliminate the need for direct
human intervention and reduce operational costs. The work in
[167] then applied reinforcement learning (RL) and swarm
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intelligence approaches to solve the self-organization and
coordination problem of multiple HAPs for communication
coverage. The work in [168] investigated the coordination of
multiple self-organizing HAPs in a volcanic cloud emergency
scenario for communication coverage. To coordinate a swarm
of HAPs, a swarm intelligence-based algorithm was devel-
oped. This algorithm comprised different modes, including
scouting mode, exploitation mode, decision loop, and main
exploitation mode. Similar to a foraging behavior, the partic-
ipating HAPs exchanged vital information as they explored
the environment. The HAPs achieved persistent and resilient
communication coverage by exchanging critical information
and utilizing swarm techniques. The swarm’s resilience was
tested by simulating the failure of a participating HAP.

2) Integrated network management: As mentioned above,
NSIN are a type of heterogeneous, stereoscopic, multi-tier,
and time-varying networks. Different frequency bands may
be allocated to diverse sub-networks (or network segments),
and the capabilities (e.g., communication, computing, and
storage) of airborne platforms in different sub-networks are
heterogeneous; thus, the communication system of a specific
sub-network may be separate from other sub-networks. The
separation of sub-networks will significantly limit the recon-
figurability and interoperability of NSIN and greatly increase
network management costs and complexity.

Exploring the concepts of software and virtualization,
software-defined networking (SDN) and network function vir-
tualization (NFV) techniques can redefine the NSIN architec-
ture to tackle some challenges in NSIN, including inconsistent
air interfaces and complicated heterogeneity, as well as reduce
the management costs and complexity of NSIN. Furthermore,
the flexible integration of sub-networks in NSIN can be greatly
enhanced by leveraging SDN and NFV techniques. These
techniques enable advanced network management strategies,
promote business agility, and facilitate service innovation.

On one hand, SDN facilitates centralized control in the
data plane by decoupling the controller from the switch.
This grants the controller a comprehensive overview of NSIN
and enables the global management capability. In the data
plane, SDN-enabled platforms will receive instructions from
the centralized controller and do not need to understand
diverse protocols. In this way, the flexibility of managing these
platforms can be significantly improved.

On the other hand, NFV can implement various network
functions through visualization technologies and decouple
network functions from proprietary hardware devices. Thus,
the dispatching of network functions as instances of common
software to service providers breaks through the barriers
created by dedicated hardware devices.

Fig. 21 illustrates an SDN- and NFV-based network man-
agement framework of NSIN for providing flexible network
services. In this framework, the data flow needs to flow
through a sequence of virtualized network functions (VNFs)
to implement a specific service. Different network services
such as business management, session management, mobility
management, access control, service multiplexing, and cov-
erage maintenance can be implemented by diverse service
function chains (i.e., sets of ordered virtual functions with

logical dependencies).
By exploring the concept of NFV, heterogeneous resources

from diverse sub-networks can be extracted into unified virtual
resource pools for flexible resource management, orchestra-
tion, and allocation. Separating the data plane from the control
plane enables the SDN controller to design efficient network
protocols and issue instructions for SDN-enabled platforms.
This type of framework enables flexible network reconfig-
uration, dynamically adapting network service provisions to
changing service requirements. When service requests change
or the capability of network service provisions changes (due
to dynamic network topology), reconfigured services can be
easily implemented by updating software or the sequence of
VNFs.

Recently, many promising SDN and NFV solutions have
been developed to manage the integrated NSIN [143], [169]–
[181]. In [169], an SDN- and NFV-enabled system architec-
ture consisting of infrastructure, control, and application lay-
ers for NSIN-integrated network management was designed.
In the infrastructure layer, some airborne platforms acted as
SDN-enabled switches or gateways to forward data packets
based on flow tables. The infrastructure entities in each
sub-network were virtualized, and VNFs were deployed on
demand. In the control layer, both master SDN controllers and
slave SDN controllers were configured to effectively manage
the network. The master SDN controller collaborated with
its slave counterparts to gather the global network status and
oversee the entire network topology for resource management
at a high level, while the slave SDN controllers undertook
fine-grained resource management tasks. The application layer
would provide diverse programmable services and manage-
ment modules through some interfaces. The resource request
issues of the application layer would be interpreted by the
interfaces into the instructions of SDN controllers. In [177],
an SDN/NFV-enabled NSIN-integrated network management
architecture was developed. To realize the SDN/NFV-enabled
architecture effectively, the crucial issues of the design of
gateway deployment policies, the optimal placement of SDN
controllers, the embedding of service function chains, and
the establishment of traffic routes between these chains were
investigated. In [182], an integrated NSIN hierarchical net-
work architecture was proposed for beyond 5G (B5G) wireless
networks. In this architecture, a centralized SDN controller
was embedded to manage the operation of the whole NSIN
and incorporated the cross-tier sub-networks at the upper level.
Three separate SDN controllers in the lower layer were em-
bedded into sub-networks for local network management (or
fine-grained management). In [183], an SDN-enabled NSIN-
integrated network architecture was developed for network
management. Particularly, the optimal placement strategy of
an SDN controller for dynamic network topology management
was studied. Besides, an SDN/NFV-enabled NSIN-integrated
network architecture was proposed in [178] to implement
unified network management and dynamic device config-
uration. In the NSIN-integrated network, SDN controllers
were deployed to create SDN tunnels in the core network,
and VNFs were deployed in the clouds to enhance network
flexibility and reliability.
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Fig. 21. SDN/NFV-enabled NSIN management architecture.

D. Summary and Discussion

The deployment of NSIN is task-driven, and therefore,
NSIN should be deployed to satisfy the QoS and QoE
requirements of tasks. It is essential to formulate the NSIN
deployment problem as an optimization problem. However,
this type of optimization problem is hard to formulate due to
the multi-layered and heterogeneous network structure as well
as some restrictions on the flight airspace and the platform
itself. Therefore, great efforts should be spent in the processes
of modeling of problem constraints with consideration of
network characteristics, and novel approaches are desired to
be designed to solve this type of problem effectively. In this
section, we discuss the existing works on QoS- and QoE-
driven NSIN deployment in detail, which may shed light on
the comprehensive modeling of NSIN deployment problems.
Handoff has a significant impact on the service performance
of NSIN, especially for users located near the boundaries of
NSIN footprints. We explore the primary reasons for handoff
among NSIN-covered users, summarize the impact of handoff
frequency, and survey recent advancements in addressing
handoff issues. We discuss the network management of NSIN
from the perspectives of network topology management and
integrated network management. Specifically, we provide de-
tailed explanations of the procedures involved in network self-
organization mechanisms for topology management, and we
provide an overview of network architectures for integrated

network management based on SDN and NFV. Based on our
research on NSIN deployment, handoff management, and net-
work management, we can conclude that situational informa-
tion, which includes security situations and network situations,
is crucial for designing effective networking approaches. Yet,
the research on situation-assisted NSIN networking is still in
its initial stage, and the accurate perception of situations in
NSIN is challenging. For instance, there are a large number
of small threat targets without obvious features, which makes
it difficult to detect them in time and accurately. Owing to its
stereoscopic, multi-layered, and heterogeneous characteristics,
it is highly challenging to estimate the link budget and net-
work capacity of NSIN. Nevertheless, potential improvements
in network resource utilization and energy efficiency make it
worthwhile to pay more attention to situation-assisted NSIN
networking.

V. TRANSMISSION VIA NSIN
In this section, we overview the design of key technologies

in the PHY layer, MAC layer, network layer, and transmission
layer that aim to solve the effective transmission issue in
NSIN.

A. PHY Layer

Fig. 22 shows a logical diagram of the digital signal
processing module designed for communication systems of
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Fig. 23. Architecture of the digital beamforming [184].

our airship. In this PHY layer module, many techniques have
to be studied, and beamforming is one of the most significant
techniques. The purpose of beamforming is to implement
efficient coverage by electronically controlling the amplitudes
and phases of the weights of antenna array elements. It can
be divided into active beamforming and passive beamforming.
Table XIII describes the main ideas, pros, and cons of different
types of beamforming techniques.

1) Active beamforming: Active beamforming array is an
architecture where RF amplifiers are utilized as internal ele-
ments of an antenna array. According to the hardware structure
of the antenna array, the active beamforming architecture can
be classified into digital beamforming, analog beamforming,
and hybrid beamforming.

Digital beamforming: For the digital beamforming archi-
tecture, as shown in Fig. 23, all operations (e.g., precoding,
multiplexing, signal weighting, phase shifting) are performed
in the digital domain. At the transmit end, amplitudes and
phases of digital signals can be simultaneously and flexibly
adjusted. In digital beamforming architecture, each antenna
element has a dedicated RF chain, enabling a variable number
of beams based on the number of elements forming the beam.
Additionally, all beams can be steered, and algorithms can
synthesize a drive signal to optimize the desired characteristics
of each beam. Owing to its high flexibility in producing
beams, many digital beamforming methods for NSIN have
been proposed in recent years [73], [80], [185], [186], [186]–

Digital Analog Mixed 

signal 

Baseband 

processing 

DAC 

ADC 

RF chain 

Fig. 24. Architecture of the analog beamforming [184].

[190]. For example, [185] introduced a digital beamforming
method that combined horizontal and vertical adjustments to
address the displacement of HAP cells projected on the ground
due to variations in stratospheric wind or turning flight. The
work in [186] investigated the interference mitigation problem
in NSIN by optimizing beamforming vectors of HAPs and
formulated this optimization problem as second-order cone
programming, which was solved by an interior-point method.
Besides, the work in [187] studied the digital beamforming
for HAP multiple-input multiple-output (MIMO) systems and
derived a beamformer matrix according to the critical observa-
tion that signal power concentrated on a statistical eigenmode
instead of a statistical correlation matrix. However, the digital
beamforming architecture increases digital chip content and
the corresponding cost and power consumption.

Analog beamforming: As illustrated in Figure 24, the
analog beamforming architecture incorporates a phase shifter
at each antenna element, allowing for flexible and adaptive
beams that can be directed in any direction. All phase shifters
share a common RF chain in this type of architecture; as
a result, analog beamforming is power- and cost-efficient.
The authors in [191] investigated the problem of analog
beamforming to achieve low power consumption and ex-
ploited the benefits of beamforming in HAP-based multi-user
MIMO communication systems. They formulated the analog
beamforming problem as quadratically constrained quadratic
programming and proposed a semi-definite relaxation ap-
proach to solve it. In [192], the authors investigated how to
control the beam directions of the antenna onboard a HAP
with consideration of the position of a ground gateway and
attitude changes of a HAP. In [193], the authors proposed to
optimize beamwidth and beam directions to prevent existing
TN from being interfered with by a HAP. Besides, the authors
in [194] studied the issue of HAP interference alleviation
in HAP massive MIMO communication systems through
user equipment beamforming. They proposed a semi-definite
relaxation method to obtain the user equipment beamforming
vector by maximizing its signal-to-pilot contamination ratio
(SPR). However, the fine tuning of the beams in this type of
beamforming architecture is limited due to the low resolution
of quantized phase shifts.

Hybrid beamforming: This beamforming architecture
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TABLE XIII
COMPARISON OF DIFFERENT TYPES OF BEAMFORMING TECHNIQUES

Beamforming 

type
Main idea Pros Cons

Analog 

beamforming

Apply phase shift to analog

signals.

• Simple in hardware implementation.

• Power and cost efficient.

• Fine tuning of the beams is limited.

• Does not support multiple streams.

• Will create significant interference among 

undesired directions.

Digital 

beamforming

Apply amplitude/phase 

variation to digital signals.

• Support multiple streams.

• Provide high number of beams.
• Complex and power consuming.

Hybrid

beamforming

Employ beamforming at both 

digital and analog domains.

• Provide digital flexibility.

• Provide high number of beams.

• Each beam only benefits from the gain of 

the sub array.

• Offer complexity like analog 

beamforming.

RIS

Reconfigure the propagation

environment by passive 

beamforming.

• Available at affordable cost.

• Offer high beamforming gain.

• Enhance spectrum efficiency.

• Extend network coverage.

• Improve energy efficiency.

• Theoretical results need to be confirmed in 

real-world systems.

• Has worse SNR than massive MIMO
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Fig. 25. Architecture of the hybrid beamforming [184].

utilizes the advantages of both analog beamforming and
digital beamforming architectures. It employs precod-
ing/beamforming at both RF and baseband, where the antenna
elements are still driven by analog phase shifters, as shown
in Fig. 25. Yet, the number of RF chains remains smaller
compared to the number of antennas. The reduction in the
number of RF chains and corresponding data converters re-
sults in less cost, computational load, and power consumption.
Overall, this type of beamforming architecture strikes a trade-
off between complexity and flexibility. As a result, it has gar-
nered increasing attention from the research community. For
example, the authors in [195] designed a hybrid beamforming
scheme for HAP massive MIMO systems. Particularly, they
derived the relationship between RF beamforming and statis-
tical channel state information according to the duality theory
and utilized the zero-forcing method to conduct baseband
beamforming. The authors in [196] investigated the hybrid
beamforming for HAP massive MIMO systems and formu-
lated the RF beamforming as an average signal-to-leakage-

plus-noise ratio maximization problem. A greedy algorithm
was then designed to obtain the RF beamforming matrix.
Given the RF beamforming matrix, the baseband beamforming
matrix was obtained by a regularized zero-forcing method.
The authors in [197] proposed to solve the high power
consumption, high cost, and high hardware complexity issue
of conducting hybrid beamforming for HAP massive MIMO
systems. To this end, they designed an adaptive cross-entropy-
based optimization method to update the RF beamforming
matrix and employed a zero-forcing method to obtain a digital
beamforming matrix. Besides, the authors in [198] developed
a two-stage precoding scheme to alleviate the interference
between HAPs. Particularly, the proposed scheme separately
controlled the interference between HAPs and user-specific
beams by factorizing the overall precoding weight matrix
into an outer precoder for interference reduction and an inner
precoder for user-specific beam generation.

2) Passive beamforming: Beamforming architecture in
which amplifiers or radios are used as external elements of
an antenna array is known as a passive beamforming array. A
typical passive beamforming pattern is RIS or IRS. In some
scenarios, many aerial platforms of NSIN are expected to act
as aerial relays. To complete the task of relaying signals,
aerial platforms have two selections: 1) act as radio relays
that mount active beamforming payloads; 2) integrate with
RIS/IRS. When acting as radio relays, aerial platforms have
to mount some payloads, such as antennas, analog-to-digital
converters (ADCs), digital-to-analog converters (DACs), data
converters, mixers, power amplifiers, and filters, entailing
high hardware complexity and large energy consumption. On
the contrary, RIS/IRS-mounted relays can be designed by
coating the surfaces of aerial platforms with a thin layer
of meta-surfaces, entailing low hardware complexity. More-
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over, several studies have demonstrated that the capacity at-
tained through RIS/IRS-mounted relays is comparable to that
achieved through radio relays [199], [200]. Further, for NSIN,
the energy consumption of using RIS/IRS is much lower than
that of using radio relays [201], [202]. For example, using
RIS/IRS reduces the communication energy consumption of
NSIN to the required power for the RIS/IRS controller. In
a recent experiment, it was found that the configuration of
each reflector unit consumed 0.33 mW [203]. Studies have
indicated that an RIS/IRS-assisted communication system
could achieve a remarkable 40% increase in energy efficiency
compared to a radio relay-assisted system [199]. Therefore,
RIS/IRS-mounted relays will be a promising solution for
NSIN to build multi-hop links in a cost-efficient way.

Actually, RIS/IRS are a planar array composed of a large
number of passive reflecting elements. By precisely manipu-
lating the phases and directions of incident signals in a con-
trolled manner, the planar array enables passive beamforming,
which intelligently reflects signals towards targeted directions
using passive reflecting elements [12]. Mathematically, denote
xi as the incident wave of the i-th element of RIS/IRS. Then,
the reflected signal can be written as yi = Iie

jαixi, ∀i =
1, . . . ,M , where Ii ∈ {[0, 1]} and αi ∈ [0, 2π) control the
amplitude and phase shift of the reflected signal, respectively,
and M denotes the total number of array elements.

Recently, the investigation of integrating RIS/IRS on dif-
ferent aerial platforms has attracted lots of attention in the
research community. Table XIV compares the recent studies
on aerial-RIS (ARIS). Summarily, the recent researches can be
classified into three groups: channel modeling of ARIS [204]–
[208], deployment or trajectory planning of ARIS [118],
[209]–[218], and performance analysis of ARIS [219]–[224].

In terms of channel modeling of ARIS, for example,
under the condition of considering the correlations of fading
channels in the spatial, time, and frequency domains imposed
by the AoA/AoD, the Doppler, and the orthogonal frequency
division multiplexing (OFDM) operations, the channel mod-
eling of high-dimensional and high-mobility ARIS was inves-
tigated in [204]. In [206], the cascaded channel estimation
in full-duplex ARIS communications under the condition of
varying channel characteristics was studied. For the channel
estimation, a graph attention network was utilized. Under
Rician fading conditions, a composite channel gain expression
was proposed in [207]. Besides, considering the position
perturbation of ARIS, a novel atomic norm minimization
method was developed to estimate the direction of arrival
(DoA) in [208].

In terms of the deployment or trajectory planning of ARIS,
for instance, an optimization framework was formulated and
solved in [209], which considered ARIS’s deployment, power
allocation at a macro base station, phase shift of ARIS,
and blocklength of ultra-reliable low latency communications
(URLLC). The work presented in [210] investigated the
optimization of ARIS’s horizontal position and phase shift
of ARIS to maximize the rate of a strong terrestrial user
while guaranteeing the target rate of a weak terrestrial user.
In [212], the problem of optimizing ARIS beamforming and
trajectory to enable reliable data transmissions from ARIS

to an intended terrestrial user was explored. Furthermore, in
[213], the objective was to maximize the minimum throughput
among all mobile vehicles by jointly optimizing ARIS pas-
sive beamforming and trajectory, with the aim of achieving
communication fairness.

In terms of performance analysis of ARIS, for example, the
outage probability and ergodic spectral efficiency expressions
of ARIS communications were derived by the probability
theory in [219]. The impact of imperfect phase knowledge on
the system capacity of ARIS communications was investigated
in [220], where the phase error was modeled as a von Mises
random variable. On the other hand, [221] derived tractable
analytic expressions for the achievable symbol error rate
(SER), ergodic capacity, and outage probability of ARIS com-
munications. The tight upper and lower bounds of the average
SNR were also derived. Besides, the work in [222] theoreti-
cally analyzed the link budget of ARIS communications for
ARIS ‘specular’ and ‘scattering’ reflection paradigms.

B. MAC Layer

The primary goal of MAC protocols is to improve network
capacity and reduce packet transmission latency. MAC pro-
tocols greatly impact the performance of wireless networks,
including network throughput, latency, and reliability. There
are three categories of MAC protocols, which include fixed
allocation protocols, random contention protocols, and reser-
vation protocols.

Fixed allocation protocols needing to reserve network re-
sources are suitable for wireless networks with stable topolo-
gies or associations, a delay-sensitive constraint, and regular
traffic flows. Random contention protocols are suitable for
wireless networks with random traffic flows, a delay-tolerant
constraint, and time-varying topologies or associations. Reser-
vation protocols are suitable for wireless networks with ir-
regular and highly fluctuating traffic flows and time-varying
topologies or associations.

1) Fixed allocation protocols: Channel resources in this
kind of MAC protocol are allocated or reserved to each node
in wireless networks according to a certain allocation algo-
rithm in advance. Many types of multiple access techniques,
including TDMA, code division multiple access (CDMA),
frequency division multiple access (FDMA), spatial division
multiple access (SDMA), and NOMA, can be explored in
fixed allocation protocols [225]. It is appropriate to apply fixed
allocation protocols to the HAP sub-network in NSIN as a
HAP is quasi-stationary and has a large footprint. Numerous
relevant studies have been presented in the literature. For in-
stance, the authors in [226] investigated the interference issue
in a HAP and fixed wireless access (FWA) coexistence system.
Under the TDMA assumption, they introduced a probabilistic
model to analyze the aggregate interference caused by FWA
transmitters for users served by the HAP. The paper [227]
considered a HAP uplink communication scenario using a
single-carrier FDMA (SC-FDMA) scheme. The investigation
on the performance of a pilot-based uplink channel estima-
tion method was conducted. The impact of some crucial
coefficients, such as a user’s elevation angle, modulation
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TABLE XIV
COMPARISON OF MOST RECENT STUDIES ON ARIS

Refs. Amplitude Phase
shift

Phase
error

Channel
modeling

ARIS
deploy-
ment

ARIS
trajectory

Aerial
platform
features

Single
ARIS

Multi-
ARIS

Optimi-
zation

Lea-
rn

Perfor-
mance
analysis

[204], [205] ✓ ✓ ✓ ✓
[206] ✓ ✓ ✓ ✓
[207] ✓ ✓ ✓ ✓
[208] ✓ ✓ ✓ ✓ ✓
[209] ✓ ✓ ✓ ✓
[210] ✓ ✓ ✓ ✓
[211] ✓ ✓ ✓ ✓
[212] ✓ ✓ ✓ ✓ ✓
[118] ✓ ✓ ✓ ✓ ✓

[213], [214] ✓ ✓ ✓ ✓
[215] ✓ ✓ ✓ ✓
[216] ✓ ✓ ✓ ✓
[217] ✓ ✓ ✓ ✓
[218] ✓ ✓ ✓ ✓

[219], [220] ✓ ✓ ✓
[221], [224] ✓ ✓

[222] ✓ ✓ ✓
[223] ✓ ✓ ✓ ✓

scheme, LTE channel bandwidth, and Doppler shift, on a
HAP uplink channel model was evaluated. The paper [228]
designed a joint power control and space diversity algorithm
to improve the performance of CDMA-enabled HAP com-
munications at a low elevation angle. The authors in [229]
studied the wideband CDMA (WCDMA) uplink capacity and
the interference statistics of HAP macrocells using statistical
geometry and probability theories. Exploiting beamforming
to design SDMA-enabled HAP systems is currently under
active research [75], [76], [80], [187], [191], [230], [231].
The work in [230] investigated the problem of augmenting
ground communications through deploying an SDMA-enabled
HAP. The authors in [75] considered a scenario of deploying a
HAP to provide broadband infotainment services for vehicular
users in rural areas and proposed to utilize steerable beam
directional antennas to realize SDMA for vehicular users.

The investigation into the NOMA-enabled HAP networks
has attracted much attention from the research community.
The papers [114], [232] proposed the deployment of NSIN to
provide reliable communication services to ground users, with
the adoption of the NOMA technique to enhance the quality
of downlink links for users located at the edge of NSIN. The
paper [233] designed a novel secure transmission framework
to provide latency-sensitive medical-care services for ground
users by deploying a HAP and many low-altitude platforms.
The authors proposed to deliver medical-care information
to multiple hotspots via a NOMA transmission scheme and
formulated an optimization problem for minimizing trans-
mission latency, subject to power and spectrum constraints.
An alternating optimization framework was designed to solve
the optimization problem. The authors of [77] investigated
energy-efficient beamforming for HAP-NOMA systems oper-
ating over Rician fading channels. Particularly, they derived
the expression of the NLoS channel of a HAP equipped
with a uniform planar array (UPA). Based on the obtained
channel expression, a HAP-NOMA scheme, including user
grouping and power optimization, was designed. The paper

[234] considered clustered-NOMA NSIN and investigated
the joint UAV location optimization and resource allocation
problem to maximize the overall network uplink achievable
rates. To solve this problem, UAV location optimization and
resource allocation were iteratively performed. A simulation
of HAP backbone networks utilizing the NOMA scheme was
studied in [79]. The paper [235] considered an integrated
HAP space information network using a NOMA scheme. The
authors derived the closed-form expressions of the outage
probabilities of the integrated network in the presence of
imperfect channel state information (CSI) and successive
interference cancellation (SIC). In [236], the authors discussed
the issue of exploiting NOMA-based HAP communications
and multiple antennas with user selection to meet the connec-
tivity, reliability, and high achievable data rate requirements
of users. In [237], the authors proposed to deploy a HAP
communication system to enable NOMA for ground multi-
cell users. The work in [238] theoretically analyzed the outage
probability and ergodic capacity of a two-way satellite-HAP-
terrestrial network with NOMA. Besides, in [239], the authors
investigated the issue of deploying clustered-NOMA-enabled
NSIN to cover remote areas where the clustered-NOMA
technology was leveraged to achieve channel multiplexing and
reduce the complexity of SIC.

2) Random contention protocols: In this type of MAC
protocol, each node in wireless networks accesses channels in
a competitive way. Once obtaining the opportunity to access a
channel, a node immediately accesses the channel or randomly
accesses the channel with a certain probability after detecting
that the channel is idle. If a packet collision occurs, the
transmission fails, and the node chooses to back off and
wait for the next transmission. The greater the number of
transmission failures, the lower the random access probability.
There are many famous random contention protocols, such
as additive links on-line hawaii area (ALOHA), carrier sense
multiple access (CSMA), and CSMA with collision avoidance
(CSMA/CA). The ALOHA protocol utilizes the simplest
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random competition mechanism. Users access a channel im-
mediately when they have data to send. In order to reduce
collisions, users should avoid accessing the channel when the
channel is not idle. For this purpose, the CSMA protocol has
been developed. In this type of protocol, a user first monitors
the channel before sending data, which thus reduces packet
collisions to a certain extent. However, packet collisions may
still happen due to propagation delays. To further reduce
possible collisions, the CSMA/CA protocol is introduced. It
adopts collision avoidance methods to reduce possible colli-
sions. Specifically, it utilizes request-to-send (RTS) and allow-
to-send control messages to implement channel reservation
and collision avoidance, which thus improves the success
probability of data transmission. For example, the authors in
[240] adopted the CSMA/CA and RTS/clear to send (CTS)
handshake mechanisms to solve the efficient access problem
among a HAP and multiple UAVs when sharing channel
resources.

3) Reservation protocols: In this type of protocol, accord-
ing to the amount of network traffic in a node, the node first
competitively sends several short packets to reserve a channel
in advance. This type of protocol mandates the exchange of
reservation control information between nodes. As a result, a
great deal of overhead will be generated when the payload
in the networks is limited or the number of nodes varies.
The impact of channel reservation information on channel
utilization is a major concern for this type of protocol. The
polling MAC protocol is a typical reservation protocol that
maintains a central control node (or master) to centrally
control each node’s access to the channel without contention.

Summarily, the random contention protocols and reser-
vation protocols for dynamic networks can be applied to
HAUAV and LAUAV sub-networks in NSIN.The HAUAV
and LAUAV sub-networks are characterized by high mobil-
ity, which leads to fluctuating link quality and time-varying
topologies. Nevertheless, the packet latency constraint is dif-
ficult to be satisfied in the dynamic HAUAV and LAUAV
sub-networks. During the past few years, the problem of de-
signing effective MAC protocols for UAV networks has been
extensively studied in the literature. Table XV summarizes the
surveys on UAV MAC protocols.

C. Network Layer

A routing protocol aimed at tackling the issue of obtaining
the most connected E2E path to reliably deliver traffic to one
or more destination(s) with a reduced E2E latency. Consid-
ering the high heterogeneity and complexity of NSIN, it is
highly challenging to design an efficient routing protocol to
enable packet transmission across different network segments.
Most existing routing protocols for UAV networks (partially)
cannot be applied to NSIN. As noted in numerous surveys of
UAV routing protocols, these protocols can be broadly cat-
egorized into topology-based routing protocols (such as flat,
cluster-based, and hybrid routing protocols) and geographical
routing protocols.

The topology-based routing protocol (exactly, flat routing
protocol), including some famous protocols such as proactive,

reactive, and hybrid routing protocols, cannot not be directly
applied to route packets in NSIN. This is because all of these
routing protocols assume that the nodes in the network have
equal roles [247], which is not suitable for NSIN. The idea
of adopting a greedy scheme and recovery scheme in UAV
geographical routing protocols may be applicable for NSIN.
However, the entire routing protocol cannot be directly applied
to NSIN, mainly due to the large footprint of HAP as well
as the long distance towards the destination. For instance,
owing to its large footprint, a destination may always be
in the coverage range of a HAP. Yet, owing to the high
deployment altitude, the transmission distance of a UAV-
HAP link is greater than that of a UAV-UAV link. Besides,
for the geographic information-based routing protocols, they
routed packets using the location information of airborne
platforms and adopted a greedy scheme to forward packets.
An important procedure in this type of routing protocol is
that an airborne platform will deliver packets to a neighboring
platform closer to the destination, and the routing process may
fail if an invalid route occurs.

Therefore, routing protocols for NSIN should be separately
designed. Existing routing protocols for NSIN can be cate-
gorized into two groups: HAP-assisted routing protocols and
unified routing protocols. Table XVI compares the main ideas
and some key performance indicators, e.g., signal overhead,
communication latency, and packet delivery ratio, of these
routing protocols.

1) HAP-assisted routing protocol: In this type of routing
protocol, HAP networks are consistently utilized as a control
information delivery layer. Specifically, HAPs can broadcast
control information (e.g., automatic dependent surveillance-
broadcast (ADS-B) and SDN information) that will be useful
for the efficient protocol design of UAV networks. This type
of protocol includes:

ADS-B system-aided Geographic Routing (A-GR) [248]:
It is an ADS-B system-aided geographic routing protocol.
ADS-B is a cooperative surveillance system for air traffic
management (ATM). An ADS-B-enabled aircraft will broad-
cast a state vector including identification, position, velocity,
altitude, and other flight-related information. Owing to their
large footprints, HAPs are leveraged to expand the coverage of
the ADS-B system. HAPs will collect ADS-B messages from
different aircrafts and then broadcast this type of message.

A-GR differs from traditional routing protocols in that it
builds a neighbor table using ADS-B messages instead of
sending hello beacons, which reduces the beaconing over-
head. Further, as the ADS-B system and the payload data
transmission system adopt different antennas and frequency
bands, ADS-B messages will interfere with payload packets.
The update frequency of the neighbor table is determined by
the ADS-B message cycle. A-GR designs a routing decision
metric (i.e., instantaneous flight time, IFT) that considers the
distance towards the destination and the relative velocities
of airborne platforms. During the packet forwarding phase,
a typical platform searches its neighbor table to determine
the routing path for the packets. If multiple platforms are
within its transmission range, the one with the best IFT is
selected as the next hop. In the absence of platforms within the
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TABLE XV
RELEVANT SURVEYS ON UAV MAC PROTOCOLS.

Refs. Focus

[23] Promising technological advancements, including directional antenna and full-duplex radio circuits
with multi-packet reception, which can be adopted by MAC protocols of FANET.

[241], [242] Design of MAC protocols for UAV networks with
Omni-directional and directional antennas.

[243] Classify the MAC protocols for UAV networks into two categories:
antenna category-based MAC protocols and access mechanism-based MAC protocols.

[244] Discus the design considerations for MAC protocols of the Internet of Things based on UAV (UIoT),
and summarize the contention-based, contention-free, and AI-based MAC protocols for UIoT.

[245]
Summarize the contention-based, contention-free, and hybrid MAC protocols
for UAV-aided wireless sensor networks and compare the MAC protocols
in terms of the features and focal ideas.

[24], [246] Discuss the protocols that help save energy in the MAC layer of UAV networks.

transmission range of the platform, the packets are buffered
for a certain period of time until suitable platforms appear. If
no suitable platform is found, the packets are dropped.

SDN-enabled approach [249], [250]: By providing an
overview of NSIN and decoupling the control plan and data
plan of the network, SDN can be deployed to design efficient
routing protocols. For example, the authors in [249] proposed
to deploy HAP-SDN controllers in NSIN and designed a
traffic-differentiated routing (TDR) protocol according to in-
formation provided by these controllers. Specifically, in this
protocol, HAP-SDN controllers were deployed to acquire
a comprehensive abstract network view, facilitate unified
scheduling of resources, and guide efficient data processing
and delivery. Supported by controller-collected network state
information (e.g., positions and speeds of UAVs, the num-
ber of successfully/unsuccessfully delivered packets, packet
queuing delay, and transmission delay), an estimation of the
availability of links in the near future was performed. The
forwarding abilities of UAVs as well as packet delay on trans-
mission links were predicted. Meanwhile, to address specific
delay and reliability requirements of traffic flows, this protocol
assigned different weights to flows based on their sensitivity
to delay and level of importance. An optimization problem
aiming to minimize the total cost of all traffic flows was then
formulated and solved to update traffic routing paths. In SDN-
enabled NSIN, however, the fast movement of UAVs may
lead to long configuration update times in the data plane. In
[250], the authors proposed to deploy a HAP-SDN controller
to assist the design of a routing protocol for NSIN. Due
to its wide coverage and relative stability, the configuration
updating time could be reduced by HAP-SDN. The main
functionalities of the controller include: 1) topology discovery,
which involves perceiving and updating network topology in
real-time as airborne platforms are added or removed from the
data plane. 2) routing decision, which involves selecting the
optimal routing path based on traffic distributions and QoS
requirements within the integrated network.

2) Unified routing protocols: Different subnetworks in
NSIN may have diverse transmission capabilities and adopt
different communication protocol formats and even com-
munication system architectures. To achieve high efficient
information transmission over NSIN, unified routing protocols
are desired. When different communication protocol formats
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(a) Prototype of the gateway routing protocol

(b) Hardware device

Fig. 26. A prototype and hardware device of our designed adaptive gateway
routing protocol.

or system architectures are adopted, applying a number of
gateways to interconnect subnetworks will be a feasible way.
For example, we design an intelligent gateway routing pro-
tocol, its prototype and hardware device are shown in Fig.
26. It intelligently adapts the communication performance
of subnetworks by dynamically adjusting the communication
parameters of gateway routers to guarantee smooth video
transmission in NSIN. Fig. 27 also shows the topology of the
NSIN for real-time video transmission and the effects of video
transmission. Except for gateway routing protocols, many
other types of unified routing protocols have been designed
with a consideration of the diverse transmission capabilities
among different subnetworks, including:

Hybrid time-space Graph supporting Hierarchical
Routing (HGHR) [251]: The work in [251] designed a
unified routing protocol, HGHR, for space and UAV networks.
Yet, HGHR can be deployed in NSIN. Similar to space
networks, the topology of HAP networks is predictable.

HGHR is designed based on a hybrid time-space graph
containing two subgraphs, i.e., a semi-deterministic subgraph
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TABLE XVI
CLASSIFICATION, MAIN IDEA, AND COMPARISON OF ROUTING PROTOCOLS FOR NSIN

Table 7 Classification, main idea, and comparison of routing protocols for NSIN.

Classification 
Sub-classific

ation 
Main idea Signal overhead 

Communication 

latency 

Bandwidth \& 

energy consumption 

Packet 

delivery ratio 

(PDR) 

HAP-assisted 

routing protocol 

A-GR [248] 

Use ADS-B messages to find 

neighbor nodes. 

Design a velocity-related metric 

to select a next hop. 

Reduced Medium Medium 
Medium 

(60%-70%) 

SDN-enable

d[249], 

[250] 

Use SDN to control network 

traffic flexibly. Update traffic 

routing paths periodically [249]. 

SDN controllers collect network 

state information regularly. 

Choose the optimal routing 

path according to the traffic 

distribution and QoS 

requirements [250]. 

Reduced [249] 

High 

(susceptible to 

dynamic aerial 

environment) [250] 

Medium [249] 

Reduced [250] 

Optimized [249] 

High 

(cross-domain 

design) [250] 

Medium 

(frequently 

drop packets) 

[249] 

Medium 

[250] 

Unified Routing 

Protocols 

HGHR [251]: 

Construct a deterministic 

time-space graph for HAP 

networks and a 

semi-deterministic one for UAV 

networks.  

Based on the time-space 

graphs, a DTN routing 

mechanism is adopted. 

Reduced 

(opportunistic 

routing) 

High 

(store-carry-forwa

rd mechanism) 

Medium 

(relay) 

Medium to 

high 

(70%-95%) 

Greedy 

[252] 

Construct a graph reflecting 

network resource status, and 

run Dijkstra algorithm on the 

graph to find the shortest 

routing path. 

Reduced 

Reduced 

(shortest routing 

path) 

Low 

(constrained) 

Medium to 

high 

(reduced 

service 

blocking 

probability) 

RNN [253] 

Use intelligent methods to 

predict route selections based 

on historical data. 

Reduced Reduced High Unknown 

RL [254] 

Construct a dynamic topology. 

Use Q-learning method to 

select the next hop. 

Reduced 

(route based on an 

adjacent matrix) 

Reduced 
Low 

(constrained) 

High 

(86%-99%) 

ACO [255] 

Consider the link quality and 

E2E packet delay routing 

decision metrics.  

Leverage ACO algorithm to 

select routing paths. 

High 

(periodical routing 

maintenance) 

Medium Unknown 

Medium to 

high 

(65%-92%) 

for UAV networks and a deterministic subgraph for space net-
works. In the semi-deterministic subgraph, a UAV represents a
node, and the weight of an edge is measured by UAV contact
time and contact probability. The prediction of UAV contact
time and contact probability is accomplished by utilizing a

discrete time-homogeneous semi-Markov process with the
state transition probability and sojourn time probability of
each UAV as inputs. A deterministic subgraph for space
networks can be constructed due to the predictable topology of
space networks. By combining two subgraphs, a hybrid graph
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Fig. 27. An experiment of conducting live steaming transmission of the front
window view of a moving car via our NSIN.

for the integrated networks is obtained. Under the hybrid
graph, HGHR explores the store-carry-forward mechanism in
a delay-tolerant networks (DTN) architecture to implement
packet forwarding.

Greedy routing protocol [252]: The work in [252] pro-
posed a greedy routing protocol for packet forwarding in
NSIN-ground integrated networks. During the process of find-
ing routes, this protocol allocated a higher priority to TN to
fully utilize its computation resources and reduce resource uti-
lization costs. When the E2E latency could not be guaranteed
solely by TN, platforms in NSIN were considered to reduce
the number of transmission hops. The protocol employed a
greedy search approach to find the optimal route between
a source node and a destination node, taking into account
factors such as available bandwidth resources, transmission
latency, and the level of function sharing requirements. Next,
the route with the minimal total weights was selected. Finally,
the protocol selected the most suitable nodes along the chosen
route based on the available computation resources and the
level of function sharing required.

Recurrent neural network (RNN)-based routing proto-
cols [253]: The authors in [253] investigated the challenging
issue of finding effective paths to deliver packets across
a variety of network segments, including space networks,
NSIN, and TN, using RNNs. Particularly, the long short-
term memory network (LSTM) was explored to predict routes
based on historical data. However, the training of neural
networks is time-consuming. To address this problem, they
investigated a coded technique that could alleviate the com-
putational burden. By employing a coded computation model
and selecting suitable machine learning network models, the

training process could be accelerated through coding and
computation offloading [254].

Reinforcement Learning-based Routing [255]: Consider-
ing that TN and NTN had different characteristics concern-
ing bandwidth resources, energy resources, and transmission
delay, the authors in [255] proposed an integrated space-air-
ground routing protocol based on a RL approach. Specifically,
they formulated a path selection optimization problem aimed
at minimizing the transmission latency while considering the
constraints on the remaining network energy and bandwidth.
A Q-learning method was explored to solve this problem, and
a penalty mechanism was activated when a platform had little
residual energy and/or its bandwidth utilization was too high.

Ant Colony Optimization (ACO)-based routing protocol
[256]: The authors in [256] designed an ACO-based routing
protocol for space-air-ground networks. The routing protocol
designed a routing metric by exploring information, including
link quality, E2E latency, and queue length, and consisted of
three phases: route search, link selection, and route mainte-
nance.

In the phase of route search, a source node will broadcast
forward ants to find new routes toward a destination if a route
cannot be found in its routing table. Once the forward ants
reach the destination, the destination will dispatch backward
ants to inform the source node. During the process of route
searching, ants will find multiple routes. In the phase of
link selection, nodes on established routes will randomly
select an effective link to deliver packets based on a link
selection probability related to SNR and remaining pheromone
concentration. During the routing maintenance phase, the
source node regularly sends forward ants to the destination
to assess the route quality. If a failure link is detected during
monitoring, the forward ants will promptly return, and the
source node will update the routing table.

D. Transport Layer

The efficient design of transport layer protocols is a crucial
and hot research topic in the research area of NSIN. Reliable
transmission, congestion control, and flow control are three
main responsibilities of the transport layer protocol of NSIN.
Particularly, a transport layer protocol in NSIN must be
designed to ensure reliable transmission. Certainly, as different
types of applications may have diverse requirements for
transmission reliability and latency, transport layer protocols
should support diverse reliability levels for diverse vertical
applications. Congestion control is a key function of the
transport layer protocol. A congested NSIN will result in
a decrease in the packet delivery ratio and an increase in
the E2E transmission latency. Therefore, efficient congestion
control mechanisms should be designed for NSIN to avoid
data congestion. Besides, flow control is a crucial function
of the transport layer protocol to tackle the possible overload
issue at a receiver.

TCP is the most widely used transport layer protocol;
however, the application of conventional TCP to NSIN faces
many challenges: 1) TCP’s flow control relies on a framing
mechanism, and the size of the congestion control window
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fluctuates continuously, making it unable to adapt to the
changing network topology. Additionally, accurately estimat-
ing the round-trip time (RTT) remains a challenging issue.
2) TCP will suffer from significant performance degradation
mainly due to the frequent handover in NSIN; 3) besides,
complex network structures, inconsistent communication pro-
tocols, and incompatible network equipment greatly degrade
the performance of conventional TCP when applying in NSIN.

As a result, during the past few years, researchers had
attempted to improve TCP or design new transmission con-
trol protocols following different design routes. Generally,
the existing transmission control protocols in NSIN can be
classified into three groups: improved TCP-based, scalable
traffic control-based, and resource optimization-based proto-
cols. Table XVII summarizes the main ideas and main pros
and cons of these protocols.

Improved TCP-based protocol: To tackle the issues of
applying a TCP in NSIN, researchers have made some im-
provements by considering the distinctive features of NSIN,
which makes it more appropriate for NSIN applications.

For example, the authors in [257] proposed a new TCP
for satellite-HAP networks to support high-speed data trans-
mission. Unlike the conventional TCP congestion control
mechanism that utilized the standard additive increase multi-
plicative decrease approach to adjust the size of the congestion
window, they classified the network congestion status into
congestion status and non-congestion status. Based on differ-
ent network congestion statuses, the authors designed a more
aggressive congestion window size increment or decrease
mechanism. The work in [258] developed a fountain code-
based multipath transport protocol for NSIN. The protocol
utilized the fountain code to improve the probability of
successfully decoding packets. Considering the possibility of
establishing multiple independent paths via diverse network
interfaces onboard NSIN platforms, the authors proposed to
deploy an independent TCP congestion control mechanism
for each path. Through transmitting valid packets and ACKs
via different paths, the congestion issue caused by the link
capacity asymmetry was well addressed. The improvement
of TCP for a HAP network was also investigated in [259]. In
particular, the improved TCP involved three new mechanisms:
1) a relay node detecting the network congestion would send
congestion messages to the source to achieve rapid congestion
notification; 2) distinguished the reasons that resulted in the
packet loss to avoid decreasing TCP throughput by mistake;
3) designed different congestion window adjustment schemes
to adapt to the types of traffic.

Scalable traffic control-based protocol: By deploying
programmable network devices or using the SDN technique,
this type of control approach aims to improve the flexibility
of traffic transmission control in complex and heterogeneous
NSIN.

To adapt to the transmission requirements of large-scale
space-air-ground integrated networks (SAGINs), the authors
in [260] proposed a dynamic handover software-defined
transmission control that supported heterogeneous users over
SAGINs. Particularly, they explored the SDN technique to
increase the data forwarding efficiency and implement the

network platforms’ versatility by separating the control and
switch functionalities of SAGINs. They also utilized a queued
game theory to model the SDSAGINs’ transmission control
problem and determined the transmission strategy by maxi-
mizing the social welfare of the queued game theory.

The work in [261] designed a traffic control-empowered
satellite-HAP network architecture. In this architecture, the
deployment of programmable satellite-HAP network nodes
allowed for the utilization of telemetry functions and dynamic
probes to gather network status information, such as link
utilization and network congestion, and monitor network
events, including congestion information and handover errors.
Upon the arrival of a probe at a destination node or when
the transmission hops of the probe reached a limit, feedback
signals carrying local congestion information or other network
statuses were generated and transmitted back to the source
node. These feedback signals were then utilized to adjust net-
work policies, such as sending rates or sub-network switching.

Resource optimization-based protocol: The primary con-
cept behind this type of control protocol is to address con-
gestion alleviation by formulating and resolving a network
resource optimization problem.

The work in [262] studied the congestion control issue
in a HAP-reserved SAGIN. Initially, the authors formulated
an optimization problem for transmission control with the
objective of maximizing the overall throughput of ground
users while taking into account congestion control constraints.
These constraints included the transmission probability of
the ground-air-space link for a user and the number of
users selecting the ground-air-space links. Subsequently, they
presented a transmission control strategy to assist ground users
in determining the probability of switching between a ground-
air-space link and a ground-space link.

The work in [263] investigated the applicability of NOMA
in supporting the NSIN to alleviate transmission congestion.
In this work, a HAP acting as a centralized decision maker
was utilized to perform semi-persistent scheduling and non-
orthogonally allocate time-frequency resources, and massive
UAVs were deployed to execute power control in a distributed
manner. Through solving the joint scheduling, frequency re-
source allocation, and power control problem, the congestion
issue of data traffic in NSIN could be alleviated.

E. Summary and Discussion

Beamforming is an important and attractive PHY layer
research topic in the research field of NSIN, which can
significantly improve the coverage efficiency of NSIN. In
this section, we distinguish two important beamforming tech-
niques, i.e., active beamforming and passive beamforming.
Existing beamforming techniques in recent ten years for NSIN
have been comprehensively surveyed. The active beamforming
technique includes three types of beamforming architectures.
It is now widely accepted that the selection of beamforming
architecture should take into account various factors such as
applications, hardware and software complexities, technolo-
gies, and so on. Nevertheless, things are changing rapidly
in this area. With advances in data conversion technologies
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TABLE XVII
CLASSIFICATION, MAIN IDEA, MAIN PROS AND CONS OF TRANSPORT LAYER PROTOCOLS FOR NSIN
Table 8 Classification, main idea, main pros and cons of transport layer protocols for NSIN.

Reference Classification Main idea Main pros and cons 

[257] 

Improved 

TCP-based 

approach 

Classified the network congestion 

status into the congestion status and 

non-congestion status, and accordingly 

adjust the congestion window size 

aggressively 

Improve network throughput, cannot 

achieve fine congestion control 

[258] 

Utilize fountain code to improve the 

packet decoding ratio, and control 

packets to transmit via multiple 

independent paths.  

Increase network throughput and 

minimize block delivery delay, high 

network resource consumption 

[259] 

Reactively notify network congestion, 

diagnose the reasons of packet loss, 

and adaptively adjust the congestion 

window size.  

Improve network throughput under 

different traffic types, proactive 

congestion notification is not considered 

[260] 

Scalable traffic 

control-based 

approach 

Use queued game theory to model the 

transmission control problem, and 

solve the problem to obtain the 

optimal transmission strategy. 

Improve information transmission 

efficiency, high bandwidth & energy 

consumption 

[261] 

Deploy programmable probes to 

monitor and alert to network 

congestion, and accordingly adjust 

delivery policies 

Responsive to network dynamics, achieve 

load balance and congestion control, high 

energy overhead 

[262] 
Resource 

optimization-based 

approach 

Optimize the transmission control 

strategy to tackle the congestion issue.  

Improve network throughput, link 

switching costs are not considered 

[263] 

Tackle the traffic congestion issue via 

joint scheduling, frequency resource 

allocation, and power control. 

Alleviate network congestion, high 

hardware implementation/design 

difficulty 

and an increased level of on-chip integration, the era of all-
digital beamforming is on the horizon. RIS/IRS, a typical
and emerging passive beamforming technique, have attracted
widespread interest in both academia and industry. We survey
three types of MAC protocols for NSIN, i.e., fixed alloca-
tion protocol, random contention protocol, and reservation
protocol. As HAP networks have quasi-stationary network
topologies, fixed allocation protocols (e.g., TDMA, CDMA,
FDMA, SDMA, and NOMA) for HAP networks have been
extensively studied. Considering the highly dynamic network
topologies, researchers have designed random contention and
reservation protocols for UAV networks. Routing protocol
design is a popular topic in the research area of UAV
networks, with various schemes proposed to ensure efficient
packet delivery. Nonetheless, existing UAV routing protocols
may not be fully applicable to NSIN. We explain some
reasons in this section and present some routing protocols
designed separately for NSIN. Besides, NSIN have some
specific characteristics, such as high mobility, frequently-

changed topology, mechanical and aerodynamic constraints,
and a harsh communication environment. These characteristics
will result in the performance degradation of conventional
transport layer protocols (e.g., TCP) when appling in NSIN.
We have comprehensively surveyed the endeavors in the
design of transport layer protocols for NSIN over the past
ten years. In summary, the design of NSIN protocols should
holistically consider the characteristics (i.e., heterogeneity,
cooperation, and platform constraints) of NSIN to achieve an
integrated design.

VI. OPEN ISSUES AND PROMISING DIRECTIONS

In this section, we present open issues and promising
directions of NSIN deserved for future study and discuss the
corresponding challenges.

A. Generalized Channel model

Generalization capability is an important performance eval-
uation metric for channel models. It is expected that the
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standardized NSIN channel models can produce a generalized
channel model framework with varying parameter sets tailored
to different scenarios. However, due to the heterogeneity of
scenarios and different scales over the wavelengths, it is highly
challenging to develop a general channel model for NSIN. The
general channel model is likely to have a complex, non-linear
relationship between the channel model parameters and the
channel characteristics. These parameters encompass antenna
patterns, large-scale model parameters such as various types
of path loss and shadowing, as well as small-scale model
parameters including multipath amplitudes and delays and
Doppler shifts. The channel characteristics comprise the time
autocorrelation function, spatial cross-correlation function,
root mean square (RMS) delay spread, RMS angle spread,
Doppler power spectral density, and stationary interval. Then,
how to design a general channel model capturing the model
parameters and characteristics requires careful investigations.

B. Dynamic Networking of Large-Scale NSIN

We know that NSIN exist a multi-layered network archi-
tecture consisting of HAP networks and UAV networks. The
definition of NSIN does not constrain the number of platforms
in NSIN. Unlike NSIN, there are a large number of aerial
platforms in large-scale NSIN. Similar to NSIN, large-scale
NSIN are highly dynamic and heterogeneous. For large-scale
NSIN, one of the most important research topics is its dynamic
networking. However, this research topic is challenging due to
the unique network characteristics in terms of network scale,
network topology, and network heterogeneity. For example,
the dynamic networking of large-scale NSIN needs to achieve
efficient interference management. Yet, both the heterogeneity
in terms of platform capability and deployment altitude and
the large number of network platforms bring in complexly
overlapped coverage; as a result, the interference experienced
by network nodes or terminals served by NSIN becomes
incredibly complex. To achieve this aim, one is encouraged to
model the impact of the heterogeneity of network platforms
on coverage and utilize stochastic geometric theory to analyze
the statistical average interference. Network reconfiguration is
another interesting and challenging research direction within
the field of dynamic networking for large-scale NSIN. The
network topology of large-scale NSIN is highly dynamic, with
many network nodes joining (e.g., new nodes or recharged
old nodes) and leaving (e.g., due to malfunction or energy
exhaustion) the network continuously. To maintain network
connectivity, the exchange of a tremendous amount of data
among large-scale network nodes and the process of search-
ing for the optimal routine may be triggered continuously.
Further, the impact of increasing or decreasing the number
of different types of network nodes will be quite diverse.
The complexity of network reconfiguration will increase when
deploying HAPs with different functionalities and mobility
features. In this context, the following issues should be inves-
tigated to achieve effective network reconfiguration for large-
scale NSIN: How can we integrate restricted heterogeneous
network resources to achieve the cooperation of large-scale
network nodes? How can we establish a representation and

virtualization method for heterogeneous resources in large-
scale NSIN to enable network reconfiguration?

C. Situation-Aware (or Situation Acquisition)

Given the deployment of HAPs at altitudes ranging from 17
km to 22 km, NSIN need to produce situations for a expansive
and complex airspace. Investigating and prodocing situations
in such an airspace pose significant challenges with respect
to data overload, network congestion, and scene complexity.
This is because a large amount of data (especially videos,
images, and radar data) in the airspace will be sensed, stored,
and analyzed, which poses a huge pressure on improving
the utilization of the limited network resources. To tackle
this issue, a natural question arises: how do we acquire an
accurate network situation without directly delivering and
sharing the massive amount of raw data in NSIN? In addition,
the scenes in such a vast airspace are susceptible to sudden
changes, which creates significant challenges for accurate
sensing. Moreover, the issue of the explosion of network
data, network scale, and scenarios in NSIN places immense
strain on the computing power of UAVs and HAPs, making
it challenging for them to achieve efficient processing within
limited timeframes. In this case, prioritizing data, fusing it,
generating local situational information, and deducing the
global situation will be crucial issues for in-depth research
in the future to effectively handle the challenges posed by a
vast and complex airspace.

D. Blockchain-Enabled NSIN

With the increasing requirement for providing services via
NSIN, the feasibility of the traditional centralized application
service architecture of NSIN is threatened. In a traditional
centralized NSIN architecture, a single application service
data center controlled by a subject or a third-party certification
agency manages the credibility, security, and integrity of all
network entities, network behaviors, and network data. As a
result, once the data center or certification agency was at-
tacked, the NSIN would become unbelievable. To address this
key issue, blockchain-enabled NSIN should be investigated.

As a distributed architecture, blockchain ensures the cred-
ibility of data and prevents tampering. However, the process
of achieving consensus requires exchanging transaction data
and authentication messages, which consumes a significant
amount of network bandwidth and computing resources. This
type of resource consumption becomes even greater when
deploying NSIN with a larger scale. Therefore, it is impor-
tant to research and develop approaches to orchestrate and
manage resources effectively in order to provide sufficient
storage, bandwidth, and computing resources for deploying
blockchain-enable NSIN.

E. Exploration of All Frequency Spectra

To fully unlock the performance benefits of NSIN, it is
essential to explore all frequency spectra, including sub-
6 GHz, mmWave, Tera hertz (THz), and optical frequency
bands. While sub-6 GHz bands have been the primary working
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frequency in TN and are indispensable in NSIN, mmWave
communications show promise in providing ultra-high capac-
ity. Several open issues remain to be tackled before apply-
ing mmWave communications in NSIN. Firstly, the primary
challenge posed by current mmWave systems is their design
for small cells with radii of a few hundred meters or less.
However, the ground coverage radius can extend to tens of
kilometers or more in NSIN. This calls for a revolutionary
redesign of mmWave systems to cater to the requirements
of NSIN. Secondly, a flexible channel sounder design be-
comes imperative in this scenario. Channel sounding data
is essential for understanding near-space mmWave channel
characteristics. However, conducting channel measurement
campaigns for NSIN proves to be costly and challenging.
Furthermore, diverse NSIN scenarios need to utilize different
channel sounders [2]. Therefore, flexible channel sounders are
necessary to support sufficiently high measurement speeds
and multiple measurement scenarios [2]. In addition, THz
communications are envisioned to achieve high transmission
rates ranging from hundreds of Gbps to several Tbps. The
practical implementation of THz communications in NSIN is
attractive and challenging. For instance, the inhomogeneous
atmospheric propagation medium in the near-space environ-
ment results in the undesirable refraction effect, making it
difficult to achieve THz beam alignment for ultra-long dis-
tance THz propagation links. In addition, significant research
effort is needed to develop high-performance THz devices
and packaging technologies to make THz communications
commercially viable for NSIN. The optical communication
system offers sufficient unlicensed bandwidth for robust, fast,
safe, and efficient transmission, with optical bandwidth being
three orders of magnitude larger than the spectrum resources
available in the RF bands [2]. Owing to the unique deployment
environment, HAP networks adopting optical communication
techniques will be immune to atmospheric turbulence and
absorption effects. However, the limited transmit power under
sky radiance and background shot noise significantly affects
the practical application of optical communication techniques
in NSIN. Advanced transceiver design should be considered
to tackle the above issue. Moreover, in order to address the
challenges of implementing optical communications in a near-
space environment, it is crucial to conduct comprehensive
studies on issues like the analysis of beam wandering and
pointing errors and removing their adverse effects.

F. AI/ML in NSIN

In NSIN, massive amounts of data and complex infor-
mation in the large temporal, spatial, and network domains
will be produced constantly. Accurate analysis and effective
utilization of this data and information are essential for the
successful operation and control of NSIN. The data-driven
characteristic is one of the core advantages of AI and ML
methods, and they can achieve superior performance in the as-
pects of processing and analyzing data. Thus, the development
of AI- or ML-assisted solutions for NSIN is indispensable
to achieve flexible and scalable network management and
improve the overall network performance [2], [9]. Particularly,

AI methods can effectively address diverse types of problems,
including sensing, communication, computing, prediction, and
reasoning, and can achieve solution performance close to the
optimum. Actually, the research direction of developing AI
methods to solve various types of problems has attracted
numerous attentions from both academia and industry in the
past few years. AI and ML techniques empower NSIN to
possess self-awareness and the ability to dynamically adapt
to time-varying service requests through smart networking.
Besides, owing to their powerful capabilities, AI and ML
methods are applicable for the PHY layer and upper layers
of NSIN, which will result in a network with a very high
level of intelligence. While many AI- or ML-based solutions
have been developed and offered useful insights for creating
intelligent NSIN, it will require painstaking efforts from
both academia and industry to meet the technical challenges
towards achieving this goal.

G. Vertical Integration Network Design

Space networks, NSIN, and TN have advantages and disad-
vantages in terms of deployment and operation costs, persis-
tence, responsiveness, vulnerability, and footprint. Thus, the
vertical integration of NSIN with space networks (e.g., low-
earth orbit satellite networks) and TN is widely recognized
as a crucial regime for providing superior services, such as
ubiquitous coverage, reliable, and low-latency connectivity on
earth. To achieve the above ambitious goal, the study on many
important topics in this field is imperative; for example, how
to enable the real-time operation of integrated networks? This
may require an investigation of network edge intelligence and
computing. Edge intelligence and computing enable the pos-
sibility of locally training sub-models and sharing the trained
models rather than sharing the massive amount of raw data
in the integrated networks, which can significantly improve
the utilization of network resources and reduce E2E latency
[7]. How to manage the heterogeneous network efficiently?
The heterogeneity of the integrated networks lies in such
aspects as protocols, devices, interfaces, and functionality.
Then, some new techniques are required to address the
challenging management problem of heterogeneous networks,
including mobile node management, cooperative transport
control, hybrid control architecture design, and hierarchical
control architecture design [2]. Reliability, delay, capacity,
and coverage analysis in a multi-connectivity-enabled network
deserve to be tackled. The research on advanced and massive
random access and beamforming techniques in heterogeneous
space-air networks for superior service provision is also
appealing. Besides, how can different network segments coop-
erate to support seamless network access and enhance service
provision? Recently, the paradigm of using smartphones to
connect directly to NTN has attracted extensive attention
over the world. However, the QoS/QoE is barely satisfactory.
How can we make the high performance Voice/Video over
NTN with the complement of HAP come true? Anyway,
many crucial technological breakthroughs are needed before
the integrated network can contribute to future non-terrestrial
wireless communication standards.
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VII. CONCLUSION

This article highlighted the characteristics and potential
of near-space information networks (NSIN). With the po-
tential to achieve sensing, seamless communications, and
ubiquitous computing in a wide area, NSIN had emerged
as an essential component of future wireless communication
networks. However, the specific characteristics of NSIN make
the existing technologies designed for terrestrial networks
(TN), unmanned aerial vehicle (UAV) networks, and satel-
lite networks not completely suitable for NSIN. This article
comprehensively surveyed the latest advancements in the
channel modeling, networking, and transmission aspects of
NSIN. A wide range of research topics in these three aspects
were discussed from a forward-looking, comparative, and
technological evolutionary perspective. The impact of unstable
airborne platforms on the phase delays of diverse types of
onboard antenna arrays was discussed. The recent advance-
ments in high-altitude platform (HAP) channel modeling were
provided, and the differences between HAP channel modeling
and UAV channel modeling were revealed. Along with the
integration of promising passive beamforming, softwarized,
and machine learning (ML) or artificial intelligence (AI)
techniques, a comprehensive review of the networking strate-
gies of NSIN in network deployment, handoff management,
and network management aspects was provided. Besides, the
promising technologies and communication protocols of the
physical layer, medium access control (MAC) layer, network
layer, and transport layer of NSIN for achieving efficient
transmission over NSIN were overviewed. Overall, the goal of
this article is to characterize NSIN, present prospective use-
cases of NSIN in the near future and beyond, and disseminate
the significant contributions in the crucial research area of
NSIN. By presenting a comprehensive overview, we expect
that more attention from the research community could be
paid to this emerging and promising research field.
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vice,” Ann. des Télécommunications, vol. 68, no. 9-10, pp. 569–578,
2013.

[230] S. Liu, H. Dahrouj, and M.-S. Alouini, “Joint user association and
beamforming in integrated satellite-HAPS-ground networks,” arXiv
preprint arXiv:2204.13257, 2022.

https://doi.org/10.1109/VTC2023-Spring57618.2023.10200841
https://doi.org/10.1109/VTC2023-Spring57618.2023.10200841
https://doi.org/10.1109/GLOCOM.2017.8255106
https://doi.org/10.1109/GLOCOM.2017.8255106
https://doi.org/10.1007/978-981-15-3442-3_21
https://doi.org/10.1007/978-981-15-3442-3_21
https://doi.org/10.1109/ISCAS45731.2020.9180891
https://doi.org/10.1109/ISCAS45731.2020.9180891
https://doi.org/10.1109/VTC2023-Spring57618.2023.10199655
https://doi.org/10.1109/VTC2023-Spring57618.2023.10199655
https://doi.org/10.1109/LWC.2023.3239210
https://doi.org/10.1109/MVT.2023.3289630


48

[231] S. Xu, J. Liu, T. K. Rodrigues, and N. Kato, “Robust multiuser
beamforming for irs-enhanced near-space downlink communications
coexisting with satellite system,” IEEE Internet Things J., vol. 9,
no. 16, pp. 14 900–14 912, 2022.

[232] Y. He, D. Wang, F. Huang, X. Tang, and R. Zhang, “Relay deployment
and network optimization for noma-enabled double-layer airborne
access vehicular ad hoc networks,” in ICCC. IEEE, 2021, pp. 1155–
1160.

[233] D. Wang, Y. He, K. Yu, G. Srivastava, L. Nie, and R. Zhang,
“Delay-sensitive secure NOMA transmission for hierarchical HAP-
LAP medical-care iot networks,” IEEE Trans. Ind. Informatics, vol. 18,
no. 8, pp. 5561–5572, 2022.

[234] P. Qin, Y. Zhu, X. Zhao, X. Feng, J. Liu, and Z. Zhou, “Joint 3d-
location planning and resource allocation for xaps-enabled C-NOMA
in 6g heterogeneous internet of things,” IEEE Trans. Veh. Technol.,
vol. 70, no. 10, pp. 10 594–10 609, 2021.

[235] H. Shuai, K. Guo, K. An, Y. Huang, and S. Zhu, “Transmit antenna
selection in noma-based integrated satellite-hap-terrestrial networks
with imperfect CSI and SIC,” IEEE Wirel. Commun. Lett., vol. 11,
no. 8, pp. 1565–1569, 2022.
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