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Preface

For the sake of meeting people’s demand for information capacity, mobile commu-
nication technology has evolved from the first-generation mobile communication
system (1G) that only supported voice calls to the fifth-generation mobile commu-
nication system (5G), which is capable of supporting enhanced mobile bandwidth,
massive connections, and ultra-low latency reliable transmission. The development
of mobile communication not only accelerates the evolution of the scientific and
technological revolution and industrial changes, but also greatly promotes the pros-
perity and development of economic society. Innovative applications such as virtual
reality and augmented reality, industrial internet, internet of vehicles, telemedicine,
and smart cities based on 5G communication are bringing qualitative benefits to
people’s lives.

However, the terrestrial network only covers about 20% of the earth’s sur-
face land, which is less than 6% of the earth’s surface area. To provide seamless
coverage services across the globe, satellite networks are essential to supplement
the terrestrial network to jointly build a full-space three-dimensional communica-
tion network covering land, sea, air, and space. With the continuous evolution of
the 3rd Generation Partnership Project (3GPP), 5G nonterrestrial network (NTN),
and 6G space-terrestrial integrated technology, satellite and terrestrial networks
are gradually forming a trend of deep integration. With the help of the advanced
communication technology of the terrestrial network and the satellite industry, this
integrated satellite-terrestrial network has entered a new and rapid development
stage, realizing the ubiquitous connection of the land, sea, and air three-dimensional
space for remote areas, deserts, oceans, aviation, and other areas, and provid-
ing individuals, enterprises, and governments with new services such as direct
connection of mobile phones, wide-area IoT, and emergency rescue support.

Unlike terrestrial mobile communication systems, an integrated satellite-
terrestrial network faces more complex challenges, mainly including:

1. Huge differences of channel environment: Satellite communication has the
characteristics of long propagation distance, high latency, and high mobility,
which seriously affects the performance;

2. Limited capabilities of the satellite network element platform: The satel-
lite load is limited, and resources such as communication, computing, and
storage are severely limited, which restricts the capacity of the satellite
communication system;

3. High-speed dynamic changes in network topology including routing and
resource allocation. Only by solving these challenges can we fully realize
the huge potential of the satellite-terrestrial integrated converged network,

xi
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xii Preface

bring revolutionary changes to the field of communications, and provide
more extensive, reliable, and efficient communication services. To address
these issues, this book focuses on the theory and technology of integrated
satellite-terrestrial network, which provides a comprehensive discussion on
the research status, key technologies, open issues, and future development
direction from the physical layer to the network layer.

This book consists of 11 chapters.
Chapter 1 briefly describes the history of mobile communications, including

the development of terrestrial communication and satellite communication.
Chapter 2 introduces the evolution of integrated satellite-terrestrial communi-

cation including 5G NR over satellites.
Chapter 3 introduces satellite constellation, including its definitions, types, and

design methods.
Chapter 4 introduces intersatellite free-space optics satellite communication

including its fundamentals, key techniques, and challenge issues.
Chapter 5 introduces the channel characteristics of integrated satellite-

terrestrial communication.
Chapter 6 introduces the channel coding for integrated communication includ-

ing classical channel coding, design challenges, and possible solutions.
Chapter 7 introduces the signal modulation for integrated communication

including classical modulation waveforms and design guidelines.
Chapter 8 introduces the multiple antenna technology for integrated commu-

nication including user link and feed link.
Chapter 9 introduces the multiple access technology for integrated communi-

cation including classic access techniques and potential access techniques.
Chapter 10 introduces the resources and interference management for inte-

grated communication.
Chapter 11 introduces the mobility management for integrated communica-

tion, including location management and route management.
This book has benefited from the support and contributions of many experts

who have rich experience and knowledge in the field of satellite-terrestrial con-
verged communications. Through the publication of this book, we hope to provide
a valuable reference for students, researchers, and industry professionals to help
them better understand the concepts, key technology, and opportunities of the
integrated satellite-terrestrial network.
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Concept of Satellite-Terrestrial
Integrated Communication

Italian inventor Guglielmo Marconi successfully conducted his long-distance
electromagnetic wave communication experiment in 1896 [1], humanity ushering
in a new era of information transmission at the speed limit of the universe—the
speed of light—marking the beginning of mobile communication. With advance-
ments in microelectronics technology as well as large-scale integrated circuits, the
development of mobile communications is gradually maturing and moving toward
global commercialization.

This chapter provides an overview of the development of terrestrial mobile
communications, satellite mobile communications, and satellite-terrestrial inte-
grated communications.

1.1 Terrestrial Mobile Communication

Since the 1980s, mobile communication has undergone a significant evolution
approximately every decade, progressing from the first-generation (1G) techno-
logy, which only supported voice calls, to fifth-generation (5G) technology, which
enables high bandwidth, extensive connectivity, low latency, and highly reliable
transmission. The upcoming sixth-generation (6G) mobile communication is envi-
sioned as the intelligent interconnection of all devices and the digital twin [2, 3].
Figure 1.1 illustrates the historical development of mobile communication. The
advancement of mobile communication not only accelerates scientific and techno-
logical revolution and industrial transformation but also significantly contributes
to economic and social prosperity [4–6].

1G emerged in the 1980s and primarily utilized analog signal-based cellu-
lar mobile communication mechanisms and frequency division multiple access
(FDMA) technology for voice services. Specifically, electromagnetic waves are fre-
quency modulated to carry voice signals over wireless channels; receivers employ
carrier technology to demodulate the signals. During the 1G era, there was a lack of
uniform communication standards across countries, hindering global roaming and
impeding the advancement of wireless communication technology. Notable rep-
resentations of 1G include Bell Labs’ Advanced Mobile Phone Service, the United
Kingdom’s All-Access Communication System, Nordic four-country NordicMobile
telephone System, and Japan’s High-Capacity Mobile System. Additionally, due to
its reliance on analog signal transmission, 1G is limited in its ability to transmit
only voice signals with low spectral efficiency, data rate, capacity, coverage area,
and susceptibility to interference.

1
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Figure 1.1 Evolution of mobile communications.

In order to address the technical challenges of 1G analog communication and
meet the growing demand for communication, the emergence of second-generation
mobile communication (2G) systems has been crucial. The 2G system adopts digi-
tal modulation and advanced multiple access technology, effectively improving
communication metrics such as spectrum efficiency and data transmission rate
while providing voice and low-rate data services. Representative standards of 2G
include IS-95 in the United States and Global System for Mobile (GSM) in Europe.
However, 2G communication is limited to supporting voice and text message trans-
mission, unable to meet the increasing demand for multimedia services such as
pictures and videos.

With the rising need for mobile multimedia services, third-generation mobile
communication (3G) systems are gradually evolving. The 3G system continues to
utilize digital modulation and code division multiple access (CDMA) access tech-
nology while expanding into a new electromagnetic spectrum with a bandwidth of
5 MHz and a data rate ranging from 384 kbps to 2 Mbps. Not only capable of
providing voice and multimedia services, but also offering a wide range of other
services, typical standards of 3G include broadband code division multiple access
(BCDMA) in Europe, CDMA2000 in the United States, and time division syn-
chronous code division multiple access (TD-SCDMA) in China. Furthermore, with
intelligent terminals advancing rapidly alongside this development phase, individ-
uals can efficiently handle images and music streaming video content among other
media services, marking humanity’s official entry into the era of mobile multimedia.

The fourth-generation mobile communication (4G), further developed on top
of its predecessor and adopting more advanced technologies and protocols while
broadening its spectrum even further is now boasting an expanded bandwidth
reaching up to 100 MHz along with peak upstream and downstream rates hitting
speeds between 500 Mbps and 1 Gbps, respectively. The 4G system adopts a new
type of multicarrier modulation, namely orthogonal frequency division multiplex-
ing (OFDM) technology, which converts serial data streams into high-speed parallel
carriers not only significantly improving spectral efficiency, but also effectively
combating multipath fading and enhancing transmission reliability.

The deployment of 4G networks has significantly facilitated the rapid expan-
sion of the internet. However, with the exponential growth of smart devices,
new services such as augmented reality, virtual reality, and intelligent indus-
trial IoT are continuously emerging, placing higher demands on communication
speed and latency. This trend further propels the advancement of 5G mobile
communications. In response to diverse communication needs, 5G delineates
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three primary application scenarios: enhanced mobile bandwidth, ultra-high reli-
ability and low-latency communication, and massive machine-type connectivity.
Notably, the peak uplink and downlink rates in the enhanced mobile bandwidth
scenario can reach up to 10 and 20 Gbps, respectively. Technologically speak-
ing, 5G adopts OFDM multicarrier modulation with varying parameters along
with massive multiple-input multiple output (MIMO) technology. Furthermore, it
expands spectrum resources to encompass both low-frequency and high-frequency
millimeter-wave communications.

With the widespread commercialization of 5G, the global industry has ini-
tiated research and exploration into 6G. As we approach 2030 and beyond,
human society is poised to enter an era of intelligence, characterized by balanced
and high-end social services, scientific and precise social governance, as well as
green and energy-saving social development. Progressing from mobile internet to
the Internet of Everything, and ultimately to the intelligent connectivity of all
things, 6G will facilitate a transition from serving individuals and their interac-
tions with objects to supporting efficient connections among intelligent entities.
This will be achieved through the intelligent interconnection of people, machines,
and objects in a synergistic symbiosis that meets the demands for high-quality
economic and societal development. It will serve to enable intelligent production
and living while promoting the construction of an inclusive and intelligent human
society.

In the future, 6G communications will be capable of:

• Integrating advanced computing, big data, artificial intelligence, and block
chain and other information technologies to achieve deep integration of
communications with sensing, computing, and control;

• Holographic interaction, common-sense interconnection, digital twins, and
intelligent interaction, which will make full use of emerging technologies
such as brain-computer interaction, artificial intelligence (AI), andmolecular
communication to shape new forms of life with high efficiency in learning,
convenient shopping, collaborative office work, and healthy living;

• Applying emerging information technology for existing agricultural pro-
duction and industrial production in-depth empowerment, which can add
impetus to the healthy development of production, and thus promote rapid
development of a digital economy;

• Using a mobile communication network to build a smart society and inte-
grating land-based, air-based, space-based, and sea-based networks to
achieve ubiquitous coverage, which will greatly extend the coverage of pub-
lic services, narrow the digital divide in different areas, which in turn will
effectively enhance the level of social governance refinement.

The ultimate goal of 6G is to realize efficient and intelligent interconnection
among individuals in the physical world by constructing a ubiquitous real-time dig-
ital world that accurately reflects and predicts the real state of the physical world.
This advancement can help humanity enter a new era of intelligent interconnection
between human beings, machines, and things through deep fusion of virtual reality
ultimately realizing the vision of intelligent connection of everything.
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1.2 Satellite Mobile Communication

Satellite communication systems utilize artificial satellites in orbit as relay sta-
tions to transmit radio signals for information exchange between terrestrial and
space-based users [7, 8]. As depicted in Figure 1.2, the satellite communication sys-
tem comprises a space segment and a ground segment. The space segment primarily
encompasses the orbiting satellite and the ground station responsible for its control.
The ground station is chiefly responsible for tracking, telemetry, remote control,
and providing essential management and control functions to ensure the proper
functioning of satellites in orbit. Ground systems for satellite communication typi-
cally include gateway stations and user stations. Gateway stations are equipped
with high-capacity and large-aperture antennas to connect with the ground network
and satellite feed beams, while user stations communicate with gateway stations via
communication satellites. Typically, user stations transmit minimal traffic to gate-
way stations, while backhaul data traffic is more substantial. The communication
link between the communication satellite and user terminal is referred to as the
user link; furthermore, the link from user to satellite may be referred to as the user
uplink, while that from satellite to user is known as the user downlink. Additionally,
feeder links refer to communication links between satellites and gateway stations;
intersatellite links pertain to links used for intersatellite communications.

The gateway station serves as the interface between satellite and terrestrial
networks, comprising a radio frequency subsystem and a baseband subsystem.
The baseband subsystem encompasses a satellite modem, access service network,
web accelerator, network routing, and security system. Meanwhile, the radio
frequency (RF) subsystem of the gateway station consists of an antenna, RF com-
ponents, and intermediate frequency (IF) components. Typically, with a diameter
ranging from several meters to over 10 meters, the antenna is accompanied by fil-
ters, low-noise amplifiers, and power amplifiers within the RF components, while

Figure 1.2 Basic satellite communications system.
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IF components mainly consist of up- and downconversion devices. The RF sub-
system facilitates the transformation of RF signals from satellites to IF before
transmitting them to the baseband subsystem, similarly handling upconversion of
IF signals from the baseband subsystem to RF for transmission back to satellites
after amplification. Within the baseband subsystem lies a modem responsible for
managing data traffic between user terminals and gateway routers/servers as well as
controlling power/frequency in both forward/reverse links along with satellite net-
work bandwidth. Additionally, tasked with authenticating/authorizing user access
and implementing quality-of-service management is the access service network;
web accelerators are utilized for enhancing throughput/end-user performance in
Hypertext Transfer Protocol/Transmission Control Protocol (HTTP/TCP)-based
applications. Lastly, ensuring traffic security/user quality-of-service falls under the
responsibility of the network routing/security system.

The subscriber station comprises three primary components: the antenna, the
outdoor unit, and the indoor unit. The outdoor unit is composed of a feeder,
receiving equipment (including a low-noise amplifier and downconverter), and
transmitting equipment (comprising a high-power amplifier and upconverter). An
IF connection cable links the outdoor unit to the indoor unit. The indoor unit
includes baseband receiving equipment (IF downconverters and demodulators) and
baseband transmitting equipment (IF upconverters and modulators), among other
components. Typically, the user station’s antenna measures around 1 meter in
length and utilizes a solid-state amplifier.

The intersatellite link is a wireless link established between satellites. Through
the intersatellite link, data communication, information exchange, and relative
position measurement can be achieved. The intersatellite link connects multiple
satellites together, making each satellite a node in the space communication net-
work. This forms a space communication network with satellites as interchange
nodes, reducing the dependence of satellite-to-satellite communication on ground
communication networks and effectively improving the transmission efficiency
of the space communication network. Different types of intersatellite links can
be categorized according to orbital types (space domain) and frequency types
(frequency domain). Intersatellite links can be categorized into intraorbit inter-
satellite links and interorbit intersatellite links according to different orbital types.
According to different frequency types, intersatellite links can be categorized
into millimeter-wave/microwave band intersatellite links and laser intersatellite
links. Millimeter-wave/microwave intersatellite links use radio waves as the carrier,
while laser intersatellite links use lasers as the carrier. Compared with millimeter-
wave/microwave intersatellite links, laser intersatellite links have an ultralarge
bandwidth and can achieve higher communication rates and smaller range mea-
surement errors. On the other hand, millimeter-wave/microwave links have a wider
beam and are easier to be pointed, tracked, and captured by the receiver.

1.3 Typical Satellite Communication Systems

Satellite communication systems are an extension of terrestrial communication sys-
tems, utilizing various technologies such as computers, microelectronics, onboard
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processing, and space-satellite multibeams to establish global communication
networks and achieve worldwide connectivity.

As well, satellite communication spectrum resources encompass various elec-
tromagnetic wave frequency bands utilized in satellite communications, each
impacting functionality differently. These bands include:

• L-band (1–2 GHz), primarily used for mobile communications, satellite
phones, and remote sensing, it supports services like voice calls, text
messaging, and earth observation data transmission.

• S-band (2–4 GHz), utilized for meteorology and satellite communications,
including National Aeronautics and Space Administration (NASA’s) deep
space communications, it has limited bandwidth availability due to prioriti-
zation of ground services.

• C-band (4–8 GHz), used for satellite communications and broadcasting, par-
ticularly in tropical areas due to its rain resistance, it’s the first band allocated
for commercial satellite telecom.

• X-band (8–12 GHz), known for its anti-interference capabilities and effi-
ciency in military applications, particularly for beyond-line-of-sight com-
munication.

• Ku-band (12–18 GHz), popular for direct broadcasting and satellite com-
munications, allowing high data rates and smaller antennas, but susceptible
to rain fade.

• Ka-band (26.5–40 GHz), supports high-bandwidth communications and
is used for internet access via satellites, although it faces greater rain
attenuation challenges.

These frequency bands facilitate a range of applications from military com-
munication to commercial broadcasting, each chosen based on specific operational
needs and environmental conditions.

These systems can be categorized into narrowband and broadband satellite
communication based on the services they provide. To be more specific, nar-
rowband satellite communications offer low-speed voice data as well as Internet
of Things (IoT) services, while broadband counterparts provide high-speed, low-
latency internet services for mass connections. Additionally, as shown in Figure 1.3,
satellite communication systems can be classified into low Earth orbit (LEO),
medium Earth orbit (MEO), and geostationary orbit (GEO) satellites. Specifically,

Figure 1.3 Typical satellite communication systems.
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GEO satellites are positioned at an altitude of 35,786 km from the ground while
LEO satellites range from approximately 200 to 2,000 km in altitude. A summary
of typical existing satellite communication systems is presented in Table 1 of [8, 9].

1.3.1 High-Orbit Narrowband System

A well-known high-orbit narrowband satellite system was the International Mari-
time Satellite Organization (Inmarsat), which was established in 1982 to provide
global maritime satellite communications services. Subsequent enhancements from
1985 to 1989 also extended the system’s capabilities to include aeronautical and
terrestrial communication services. The Inmarsat satellite system comprises ground
stations, mobile stations, and space stations. The initial three generations of
Inmarsat satellite systems primarily offered narrowband services. During the late
1970s, Inmarsat leased satellites such as Marecs from Europe and Marisat from
the United States, which formed the first generation of the Inmarsat system provid-
ing global maritime satellite communication services for ocean vessels. The second
generation of Inmarsat was deployed in the 1990s. For early first- and second-
generation Inmarsat systems, effective communication could only be achieved
between ships and shore stations; ship-to-ship communication required connection
through shore stations to establish two-hop communication. With the third-
generation Inmarsat system, vessels can communicate directly with each other and
support direct communication with portable telephone terminals. Communication
between the satellite and vessel is conducted using L-band frequency band, while a
dual frequency band of C-band and L-band is utilized for communication between
the satellite and shore station C-band for voice signals and L-band for telegrams.

Presently, Inmarsat is currently transitioning toward broadband, with the goal
of providing broadband internet and satellite communication services for various
platforms such as vehicles, airborne terminals, and ships. The fourth generation of
Inmarsat (Inmarsat-4, I-4) offers L-band voice services, IoT services, global broad-
band regional network services, maritime broadband connectivity services, and
aviation broadband connectivity services. Inmarsat-4 represents the world’s first
global satellite-based 3G network; its initial three satellites were launched in 2005
and 2008, respectively. Additionally, the system capacity was expanded with the
launch of the Alphasat satellite in 2013. Each individual satellite of Inmarsat-4 is
positioned in a high Earth orbit at an altitude of 35,786 km and can generate 19
wide beams along with more than 200 narrow spot beams to support both previous
narrowband services and new broadband services.

Inmarsat has initiated the deployment of its sixth-generation maritime satel-
lites (Inmarsat-6, I-6) featuring both L-band and K-band frequencies. Designed to
deliver enhanced communication network coverage and capacity for mobile termi-
nals, governments, and IoT customers worldwide, Inmarsat successfully launched
its inaugural I-6 satellite, I-6 F1, in 2021. The company plans to launch three
Inmarsat-8 satellites into geostationary orbit by 2040 to ensure that I-8, along
with the I-6 satellites, can provide resilient high-capacity satellite internet services.
Each of these new satellites is five times smaller than conventional GEO satellites
with a volume of just 1.5 cubic meters. Furthermore, I-8 will serve as a radio-
navigation transponder for satellite-based augmentation system services aimed at
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enabling precise tracking for safe navigation of aircraft and maritime safety while
also unlocking new capabilities for machine-to-machine tracking in industries such
as agriculture and transportation.

1.3.2 High-Orbit Broadband System

1.3.2.1 IPSTAR

In 2005, the Thai company Thaicom launched IPSTAR, heralding the advent of
broadband satellite services in the Asia Pacific region. IPSTAR holds the distinc-
tion of being the heaviest commercial geostationary orbit satellite ever constructed,
boasting a launch mass of nearly 6,500 kilograms. The IPSTAR satellite is a high-
throughput broadband communications satellite, providing a total two-way link
capacity of approximately 50.5 Gbps. It enables high-speed, two-way broadband
communications across the Asia-Pacific region through multiple high-speed narrow
beams. Compared to conventional Ku-band satellites, the IPSTAR system maxi-
mizes transmission frequencies and increases bandwidth by a factor of 20, thereby
enhancing operational efficiency and meeting the growing demand for high-speed
broadband internet access and data. Covering 22 countries and regions in Asia and
the Pacific, IPSTAR provides data and internet services to rural areas within its
coverage area.

1.3.2.2 Spaceway-3

On August 14, 2007, a Boeing 702 launched Spaceway-3 with a weight of approx-
imately 6,075 kg. Hughes utilizes Spaceway-3 for the provision of broadband
internet services. At that time, Hughes Networks was the world’s leading manufac-
turer of very small aperture terminal (VSAT) equipment. With the successful launch
of the Spaceway-3 satellite, Hughes Networks pioneered the Ka-band satellite
broadband service.

The Spaceway-3 satellite boasts a capacity of approximately 10 Gbit/s, exceed-
ing that of other satellites in the same generation by more than fivefold. In addition
to delivering substantial communications capacity, it also facilitates single-hop
communications between VSATs. Spaceway-3 leverages advanced antenna tech-
nology to establish a dynamic spot beam, offering a more adaptable approach to
managing satellite communications capacity and enabling on-demand broadband
services. Primarily catering to businesses, government agencies, and individuals in
North America, Alaska, Hawaii, and parts of Latin America, Spaceway-3 delivers
broadband services.

1.3.3 Low-Orbit Narrowband Systems

1.3.3.1 Iridium

In 1990, Motorola of the United States proposed the Iridium low-orbit satellite
communication system with the aim of utilizing 66 low-orbit satellites to deliver
global satellite phone, paging, and low-speed data services to users. The ini-
tial iteration of the Iridium communications system was deployed in 1997, made
commercially available in 1998, and achieved global coverage by 2002. This first-
generation system utilizes a constellation of 66 satellites operating at an altitude
of 780 km with an inclination of 86.4 degrees. Each orbital plane consists of 11
operational satellites and one to two backup satellites at a slightly lower altitude
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of 648 km. The Iridium satellites employ Ka band for communication with gate-
way stations and L band for end-user interaction, with each satellite weighing
approximately 680 kg. Featuring 48 spot beams and a communication rate of 2400
bit/s, each satellite is capable of supporting up to 1,100 concurrent calls.

In 2007, Iridium initiated the Iridium Next Generation (Iridium-NEXT) pro-
gram. The first launch of 10 Iridium-NEXT satellites took place in January 2017,
with the final launch occurring in January 2019, completing the deployment of
75 Iridium-NEXT satellites. All Iridium services were transferred to the Iridium
NEXT satellite system in February 2019, completely replacing the first-generation
Iridium system. The Iridium-NEXT satellite communications system comprises
66 LEO satellites, nine in-orbit backup satellites, and six ground-based backup
satellites. Each satellite is equipped with 48 spot beams, providing a coverage
diameter of approximately 400 km for each spot beam and up to a full cover-
age area diameter of 4,500 km per satellite. The spot beams can be overlapped to
effectively reduce drop rates. Through the configuration of phased-array antennas
with 48-beam transceivers, the addition of Ka frequency band for user link, and
software-defined reproducible processing payloads, Iridium-NEXT achieves higher
service rates, greater transmission capacity, and enhanced functionality.

1.3.3.2 Globalstar

In June 1991, the Globalstar Project was established as a joint venture between
Laura Corporation and Qualcomm Incorporated, both based in the United States.
This collaboration led to the founding of Globalstar Corporation. The company
successfully deployed its inaugural satellite in February 1998, and by Febru-
ary 2000, with a total of 48 operational satellites and four backup satellites, it
commenced full commercial services.

The Globalstar system can provide voice, fax, paging, and data transmission
services to subscribers worldwide, with the exception of the Arctic and Antarc-
tic regions. The system comprises 48 satellites orbiting at an altitude of 1,414 km
across eight orbital planes, each containing six satellites. Each satellite is equipped
with L-band and S-band active multibeam phased array antennas. The L-band
antenna consists of 61 units for receiving signals from ground-based mobile termi-
nals, while the S-band antenna consists of 91 units for transmitting signals to these
terminals. System maintenance and upgrades are efficiently conducted through
ground-based software deployment. The satellite employs a bent pipe architec-
ture for signal relay back to Earth with minimal processing once received from the
ground. During a call, Globalstar transmits the caller’s signal via CDMA technol-
ogy to the appropriate gateway satellite antenna before routing it through terrestrial
communications systems. With no interplanetary links or on-planet processing
required, the Globalstar system significantly reduces investment costs in order to
provide cost-effective satellite communication services.

1.3.4 Low-Orbit Broadband Systems

1.3.4.1 Starlink

Starlink is a satellite broadband communications system led by SpaceX, aiming
at providing global internet coverage through the construction of low-orbit satel-
lites. Since 2019, SpaceX has been launching Starlink satellites. As of August 2023,
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a total of 4,903 satellites have been successfully deployed and are delivering
high-speed satellite internet services to over one million locations worldwide. The
initial phase of the Starlink constellation operates in Ku-band, Ka-band, and
V-band, with an orbital altitude ranging from 540 to 570 km, respectively. Each
satellite enhances its capacity through the use of four powerful phased array anten-
nas and two parabolic antennas. Individual satellites cover an area of approximately
2.77 million square kilometers with a single-beam coverage radius extending up to
8 km. Due to the large number of satellites launched as part of the LEO constella-
tion, SpaceX employs leading recoverable rocket technology and multistar systems
to effectively reduce launch costs. Furthermore, each satellite features a compact
design with flat panels that minimize size while utilizing a single solar array for
simplified system design.

In June 2020, SpaceX applied to the United States for a license to use the Con-
stellation II network in the E frequency band, which is planned to include 30,000
satellites. With the license of SpaceX’s 2G network, it is expected to provide faster
communication rates to more users and achieve full global coverage. This new
license enables SpaceX to launch more greatly improved satellites with a through-
put per satellite that is much higher than the 1G system. The Starlink II satellites
launched in 2023 will be able to use T-Mobile’s PCS frequency band (1.9 GHz for
CDMA, GSM, and TDMA services in North America) to provide SMS and low-
rate data services in the United States. The Starlink II satellites weigh more than
1250 kg and have a capacity of more than 200 Gbps, while supporting onboard
processing and intersatellite link technology, which can reduce the dependence on
ground gateways to achieve rapid landing of services.

1.3.4.2 OneWeb

In 2014, the OneWeb satellite constellation was proposed. It is a low-Earth orbit
satellite broadband communication system, with an initial phase consisting of 648
low-Earth orbit satellites and a long-term plan of 6,372 satellites. OneWeb launched
the construction of the satellite constellation in 2015. Due to issues such as spec-
trum licensing and lack of funding, satellite launches did not begin until 2019. Each
satellite in the initial phase is expected to weigh approximately 150 kg, have an alti-
tude of 1,200 km, an inclination of 87.9◦, and be deployed in 12 orbital planes.
Each satellite generates 16 elliptical Ku-band user beams and 2 Ka-band feed beams.
The throughput of each satellite is expected to be 6 Gbit/s, and ground terminals
use phased array antennas, allowing the entire system to provide downlink speeds
of up to 50 Mbit/s to ground users. The first-generation OneWeb satellite constel-
lation does not have intersatellite links and uses ground-based gateway stations for
routing. OneWeb plans to provide services to regions north of 50 degrees, including
the United Kingdom, Northern Europe, Greenland, and Alaska.

1.4 Satellite-Terrestrial Integrated Communication

The development of satellite internet began with Motorola’s Iridium system in the
1980s, and has mainly gone through three development stages. From the perspec-
tive of service content, satellite internet has evolved from a constellation system
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mainly providing traditional low-speed voice, narrowband data, and IoT services
to a broadband constellation system that can provide high-speed, low-latency, and
massive internet data services. From the perspective of market positioning, it has
gradually shifted from competition with ground communication systems to com-
plementary and collaborative relationships. Figure 1.4 illustrates the evolution of
satellite and terrestrial networks, which are described in detail as follows.

1.4.1 Competition with Terrestrial Communication

The first stage of satellite communication systems (1980–2000) mainly competed
with terrestrial communication. During this period, the represented satellite constel-
lations were the Iridium constellation, Globalstar, and the Orbit Communications
(Orbcomm) system, which were separately proposed by Motorola, the United
States’ Laura, and Qualcomm, and the Orbit Communications companies. The
service development of low orbit constellation in this stage was divided into two cat-
egories: voice and low-speed data and internet access. With the rapid development
of terrestrial communication systems, they were far superior to satellite communi-
cations in terms of features such as communication quality and tariff prices, so that
satellite systems at this stage declared bankruptcy around 2000.

1.4.2 Complement to Terrestrial Communication

The second stage of satellite communication systems (2000–2014) mainly were
complementary to the terrestrial communications network. Early high-throughput
satellites such as IPSTAR and Anik F2 had a system throughput between 2 and
50 Gbps and a data download rate of less than 5 Mbps, which could only meet 2G
communication services. At that time, most of the world’s satellite internet busi-
ness was concentrated in the United States, mainly dial-up internet households,
and the scale of the global satellite internet industry was less than US 1 billion. In
2005, WildBlue Corporation of the United States launched home broadband inter-
net access services using AnikF2 and WildBlue-1 satellites, but limited by the total
system capacity, it could only provide users with a downlink rate of 512 kbps.

Figure 1.4 The evolution of satellite and terrestrial networks.
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In addition, during this period, satellite communications were mainly used as a
supplement to terrestrial communications networks, playing an irreplaceable and
important role in network coverage in remote areas and in communications under
extreme terrestrial conditions.

1.4.3 Convergence with Terrestrial Communication

In 2014, satellite communications began to integrate with terrestrial communica-
tions. With the high-throughput satellite capacity increasing to 100 Gbps and the
maturity of key technologies such as packet technology and compression modu-
lation, the download speed of user data can reach 50 Mbps. High-throughput
satellites were gradually able to meet the broadband internet application require-
ments of high-definition video, multimedia, and so on, thus ushering in the era of
satellite internet applications [9, 10]. The scale of the satellite internet industry has
been steadily growing, with average annual revenue per user stable at 100, and the
number of global users increasing by 1 million per year on average. For example,
Viasat-1 and Viasat-2, launched by Viasat, have significantly improved the broad-
band service speed provided, gradually supporting small screens (12 Mbps/360 p),
standard definition (25 Mbps/480 p), high definition (50 Mbps/720 p), and full
high definition (100 Mbps/1080 p) from the perspective of video transmission
quality [11].

Since 2018, as the market application of high-throughput satellites has grad-
ually matured, the scale of the satellite internet industry has undergone a steplike
development, accompanied by the rapid growth of user numbers and the rapid
decline of resource prices. In the past three years, the average annual revenue
per household for global satellite internet users has dropped to 96, and the num-
ber of global users has increased by 3 million per year on average. At the same
time, the application development of 4G and 5G has led to exponential growth
in the number of global internet users, the number of connected devices in the
internet of things, and the amount of communication data. To meet the demand
for large-scale, high-volume terminal access, the mobile management capabilities
and terminal antenna technologies of high-throughput satellite-terrestrial systems
have developed rapidly, and satellite internet has begun to provide application ser-
vices for users with high-speed mobility, such as aviation and maritime users. The
next-generation high-throughput satellites, represented by Viasat-3 and SES-26,
adopt full-digital beamforming technology, which will further enhance the on-orbit
reconfigurable software-defined capabilities and support full-dynamic capacity gen-
eration and utilization [12]. The single-satellite capacity of Viasat-3 launched in
2023 will even reach the level of 1 Tbps, enabling operators to provide users with
higher up/download speeds and support the high-speed access applications of large
civilian aircraft and cruise ships. Moreover, with the deployment of low-Earth-orbit
satellite internet constellations such as Starlink and OneWeb, satellite internet will
enter a new era of integration of low- and high-orbit systems [13].

1.4.4 The Vision of Integrated Communication

Figure 1.5 presents a 6G-oriented satellite-terrestrial integrated communication,
mainly composed of ground networks, near-space networks, and space-based
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Figure 1.5 Typical satellite communication systems.

networks [14, 15]. To be more specific, the ground network mainly includes ground
cellular base stations, satellite gateway stations, and a core network. The near-space
network includes drones and air-access platforms, while the space-based network
mainly includes high-, medium-, and low-orbit satellite communication payloads
and platforms. The satellite-terrestrial integrated communication network employs
a unified network architecture and standard transmission technologies, which is
capable of providing broadband or narrowband access services for a wide range of
communications equipment, thus meeting the needs of space-based, sea-based, and
land-based users for anytime and anywhere communications. Satellite-terrestrial
integrated communication enables the deep integration of satellite and ground
mobile communication in terms of communication technology, components, com-
munication equipment, communication networks, and communication services and
applications, greatly reducing costs and improving user experience, and promoting
the healthy development of the entire industry.

The 6G-enabled satellite-terrestrial integrated network is expected to truly real-
ize seamless access and seamless coverage, providing global seamless coverage and
uninterrupted services. Users will be able to access both ground mobile networks
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and satellite networks at anytime and anywhere and switch between them without
perception.
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The Evolution for Satellite-Terrestrial
Integrated Communication

Integrating satellite and terrestrial communication is a crucial technology for
achieving global coverage and seamless communication and has become an inevi-
table trend in the future development of communication. This chapter introduces
the demands of integrated satellite-terrestrial communication, typical applica-
tion scenarios, the evolution of international standards, as well as the possible
challenges.

2.1 Demand for Integrated Communication

Over the past several decades, the relentless pursuit of enhanced spectral efficiency
and increased transmission rates has led to significant optimizations in terrestrial
wireless communication systems. These systems have been tailored to better serve
individual mobile users and Internet of Things devices. Simultaneously, the drive
for improved power efficiency and greater throughput has guided the evolution of
satellite communication systems, which now provide specialized services for pro-
fessional mobile users and VSAT users. Due to the distinct needs of these different
user groups, as well as varying application scenarios and channel environments, the
technological advancements in terrestrial and satellite communication systems have
evolved along relatively independent trajectories [1, 2].

In recent years, LEO satellite internet has become a new competitive track and
focus in the wireless communication field, triggering a global wave of development.
The United States Starlink is currently the largest low-orbit broadband satellite
communications system, with more than 1 million VSAT users. AST SpaceMobile
is actively conducting related technology trials in the realm of direct mobile-to-
satellite connections. SpaceX and T-Mobile are collaborating to build a satellite
communication system that supports direct mobile phone connections. Ericsson,
Thales, and Qualcomm have jointly announced their collaboration to develop a
satellite communication system based on 5G NTNs. Apple is already providing
satellite to mobile emergency SOS services in some countries. Relevant Chinese
enterprises, research organizations, and universities are also conducting research
and validation of 5G/6G satellite-terrestrial communication technologies.

The 3rd Generation Partnership Organization (3GPP) is converging satellite
communications and terrestrial mobile communications in the 5GNTN protocol in
terms of radio transmission technology, network architecture and security, terminal
access, and authentication [3]. This integration creates the conditions for construct-
ing a satellite-terrestrial integrated communication system that provides seamless

15
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global coverage to meet the needs of the Internet of Everything and limitless com-
munication. As wireless communication technology advances, particularly with
the increasing clarity of 6G technological requirements, the demand for satellite-
terrestrial integrated communication has become more vital from the perspectives
of user needs, operator expectations, and industry development. This demand is
primarily reflected in four aspects, as shown in Figure 2.1.

Popular demand for satellite communication users: The traditional users of
satellite communications were governments, the military, and specialized insti-
tutions and professionals. With the expansion into space for human activities,
satellite communications are gradually moving toward ordinary individuals. Per-
sonal mobile communication services and applications centered on cell phones
increasingly require direct connection of cell phones to satellites to avoid var-
ious problems and inconveniences caused by dedicated satellite communication
terminals. Cell phones can flexibly access satellite and earth networks, eliminat-
ing the need for dedicated satellite terminals, reducing user costs and enhancing the
cell phone user experience, which is undoubtedly an important market driver for
integrated satellite-terrestrial communications.

Demand for seamless coverage: While terrestrial mobile communication sys-
tems can provide broadband mobile access services for everyone and everything
on land, they struggle to cover oceans, mountains, forests, deserts, high altitudes,
and near-space regions. While satellite communication systems can cover the entire
surface of the Earth, medium- and high-altitude airspace and adjacent space, it is
difficult to provide broadband satellite access services for cell phone users. There-
fore, it is necessary for them to complement each other to provide seamless coverage
as well as anytime, anywhere access services.

Demand for smart connections for everything: The smart Internet of Everything,
which is centered on information transfer and application processing, requires
not only low-cost local-area IoT connectivity, but also economical wide-area IoT

Figure 2.1 Demand for satellite-terrestrial integrated communication.
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connectivity to support the rapid interaction and sharing of information and the
realization of converged services and applications. Integrated satellite-terrestrial
communication provides more convenient and economical technical means for the
intelligent connection of everything in remote areas on the ground, medium- and
high-airspace, and adjacent space.

Shared industrial chain for integrated communication: Terrestrial mobile com-
munications have billions of users, a strong technical team, and a complete
industrial chain. However, satellite communication participants and industrial scale
are far lower than that of terrestrial mobile communication, which is also an impor-
tant reason for the high cost of satellite communication equipment and operation
and the slow update of technology. How to fully utilize the industry chain of terres-
trial mobile communication and how to develop ordinary mobile communication
users into satellite communication users are two important problems faced by the
operators, and integrated satellite-terrestrial communication provides a technical
path for the solution of these two problems.

2.2 Typical Application Scenarios

The critical value of integrated satellite-terrestrial lies in providing users with
continuous, stable, and reliable communication network accessibility anytime
and anywhere. The combined provision of ubiquitous communication services by
terrestrial networks (TNs) and NTNs ensures that user accessibility to communi-
cation services is unaffected by geographical environments [4]. This joint approach
offers the only viable connectivity solution for regions with weak communication
infrastructure, such as rural and remote areas.

The combined provision of continuous communication services by TNs and
NTNs ensures smooth transitions across different geographical environments and
effectively reduces costs. Users are encouraged to utilize low-cost, high-capacity
terrestrial communication means while demand-based switching between satellites
and terrestrial stations to ensure continuous connectivity. Typical scenarios include
nearshore coverage areas and regions with overlapping satellite-terrestrial coverage
for direct mobile-to-satellite connections.

The combined provision of robust communication service by TNs and NTNs
ensures that user accessibility is unaffected or minimally affected during emergen-
cies. These services enhance the resilience of terrestrial communication systems
against disasters through space-based and air-based support, thereby providing
higher reliability. The typical application scenarios are shown in Figure 2.2 and
introduced as follows.

Personal communication: Mobile phones, the most common personal com-
munication tool, can access the network via terrestrial mobile networks when
available. In places where there is no terrestrial mobile network signal, or when
the terrestrial mobile network fails due to force majeure, the cell phone can be
accessed to the network via satellite, realizing truly seamless coverage and anytime,
anywhere access.

Telecommunications: Satellite-terrestrial integrated communication systems
can supply base station backhaul, broadband access, and satellite relay services
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Figure 2.2 Typical application scenarios.

for remote areas, islands, offshore platforms, and mobile platforms, offering satel-
lite connectivity and data relay services without modifying existing communication
networks.

Transportation communication: Professional vehicles and trains on land as well
as other transportation require professional communication, data transmission, or
passenger network access. These can be provided by terrestrial networks where
available and by satellite access when in deserts, uninhabited areas, or the centers
of lakes and seas.

Low-altitude coverage: A satellite-terrestrial cooperative network can
empower net-connected unmanned aerial vehicles (UAVs), utilizing NTN ubiqui-
tous coverage in conjunction with terrestrial cellular networks, in which control
commands for control surface and high reliability requirements are carried by non-
terrestrial networks, and broadband data services such as images, videos, and so
on are transmitted through terrestrial cellular networks, enhancing the control con-
tinuity and reliability of the net-connected UAVs while taking into account the
performance of the broadband services.

Navigation and aerospace: Satellite-terrestrial integrated communication’s
satellite network enhances navigation capabilities, providing localization and nav-
igation enhancement services for personal and professional users. It also sup-
ports aerospace-related information transmission services, such as high-speed data
transmission and Internet Protocol (IP) telemetry and command services.

IoT intelligent connectivity: On fixed or mobile platforms, IoT terminals are
provided with direct connection or indirect connection services, enabling appli-
cations such as grid monitoring and maintenance, geological monitoring, forest
monitoring, UAV data transmission and control, offshore buoy information col-
lection, ocean container information collection, crop monitoring, and rare wildlife
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monitoring, along with appropriate emergency handling. These services can fulfill
the need for large-scale, low-cost terminal access.

Emergency: Satellite-terrestrial integrated communication systems can provide
natural disaster warnings for events like earthquakes, floods, typhoons, tsunamis,
forest fires, and volcanoes to ordinary users through mobile phones. After disasters,
survivors and rescuers can use mobile phones tomaintain necessary contact through
satellite communication. Additionally, satellite communication can also be used
for everyday emergency communication where terrestrial emergency networks or
terrestrial mobile networks are unavailable.

2.3 Integration Models

After a long exploration period, satellite and terrestrial communication integration
has substantially progressed, which is shown in Figure 2.3. Specifically, the first-
generation satellites served as broadcast relay satellites when terrestrial networks
predominantly used fixed-line telephones. In the 1990s, China’s Emergency Mobil-
ity Bureau began using VSAT, signifying the small, intelligent ground stations with
tiny aperture antennas. Usually, many such small stations work together with a
large station to establish a satellite communication network [5].

The second-generation satellites were digital communication satellites. Satel-
lite and terrestrial mobile communication systems attempt to integrate during the
2G era, creating satellite mobile communication systems. In 1989, the Interna-
tionalMaritime Satellite Organization (Inmarsat) expanded its scope frommaritime
and aeronautical satellite communication to terrestrial satellite communication,
renaming itself the International Mobile Satellite Organization. In 1994, it was
restructured and transformed into an international commercial company, becom-
ing the earliest satellite mobile communication system service provider. Maritime
satellite phone is its service product.

Figure 2.3 Directions for satellite-terrestrial integrated development.
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Third-generation satellites are characterized by high throughput and multiple
beams. In 2019, China Satellite Communications successfully completed an inte-
gration test of 5G data transmission via a high-throughput satellite, which involved
building a satellite base station backhaul test system between the portable station of
high-throughput satellites and the terrestrial 5G network. Based on this, the infor-
mation can be transmitted between the 5G base station and the satellite-terrestrial
link, marking substantial progress in a satellite-terrestrial network.

Fourth-generation satellites are high-density constellation satellites character-
ized by large-caliber and multibeam capabilities. In the B5G as well as 6G visions,
these satellites will support direct connection for all types of terminals. International
Telecommunication Union (ITU) and 3GPP standardization organizations have set
up special working groups to study the standardization of satellite-terrestrial inte-
grated communication. Explicitly, the business model, networking model, and
terminal development model are the main integrated directions for the future.

2.3.1 Service Models

A NTN’s three typical business models include high-speed relay, broadband direct
connect, and narrowband direct connect, as shown in Figure 2.4 [6].

To be more specific, the high-speed relay model of NTNs provides services
such as base station backhaul and satellite Wi-Fi. For example, by using the
high throughput link of high-throughput satellites, it can effectively supplement
or replace costly terrestrial optical fiber or wireless backhaul, achieving high-speed
relay transmission of video, IoT, and other data to the core network, thereby better
serving local cell sites.

Due to the benefits of broad coverage, large capacity, independence from geo-
graphical constraints, and the ability to broadcast information, the broadband
service of NTNs is capable of addressing the limitations of terrestrial networks (such
as coverage restrictions, inability to support high-speed mobile user applications,

Figure 2.4 Three service models.
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high network resource consumption by broadcast services, and vulnerability to
natural disasters).

Compared to broadband service, narrowband service is relatively simple, typi-
cally offering only phone service and Short Message Service (SMS). However, it is
easier to implement at this stage and has a substantial market demand, especially
in maritime, emergency rescue, and polar exploration environments.

2.3.2 Networking Models

The overall architecture is divided into NTNs and TNs. NTNs include commu-
nication systems that operate independently of terrestrial infrastructure, mainly
through high-orbit satellites, medium- and low-orbit satellites, and high-altitude
platforms. High-orbit satellites are employed to deploy lightweight core networks
(including control-plane functional network elements and user-plane functional net-
work elements), access networks, edge computing service units, and AI-enabled
platform functions. Medium- and low-orbit satellites are utilized to deploy core
network user-plane functional network elements, access network, edge comput-
ing service units, and AI-enabled platforms. TNs refer to communication systems
that rely on terrestrial infrastructure, including cellular networks, Wi-Fi and fiber-
optic networks used for deploying terrestrial full-featured core networks, terrestrial
gateways, and terrestrial mobile base stations. Similar to terrestrial communica-
tion system framework, integrated communication systems comprise three primary
components: access networks, transmission networks, and core networks [7].

As shown in Figure 2.5, the integrated network model can take the form of
loose coupling discrete networking or tight coupling integrated networking.

Figure 2.5 Networking models.
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In the loosely coupling model, satellites and terrestrial networks operate
independently. Explicitly, the satellite sends data to its core network, and data
interaction is realized via interfaces between the satellite and terrestrial core net-
works. Satellites are used as a complement to terrestrial networks, and terrestrial
links are used as the primary connection method for end users to access the inter-
net. Satellites are used as an auxiliary connection method, (i.e., as a backup link to
provide services when the terrestrial link is unable to do so), thus improving ser-
vice availability and reliability. At this point, although the quality of service may
be degraded, it may still play an important role in extreme scenarios. In natural
disaster events, satellite connectivity is the only option for end users to connect to
the internet.

Under the tightly coupled mode, the satellite network and ground network
employ a compatible air interface design, and the terminal adopts a dual-mode
design. The satellite and terrestrial network provide cooperative services and uni-
fied management so that users can realize seamless switching between the satellite
network and terrestrial network via one terminal.

Satellite-terrestrial integrated networks provide users with more reliable, con-
sistent service and connect air, space, land, and sea, forming an integrated ubiqui-
tous network pattern. Different coverage forms and networking modes are adopted
for scenarios with different user densities, such as cities, counties and towns, vil-
lages, the air, and the sea. Cellular three-dimensional coverage is adopted in cities to
support user density and diverse and massive service characteristics under the trend
of three-dimensionalization of cities, and ensure user service experience. Counties
and towns use cellular planar coverage to ensure coverage. Rural areas are covered
by a cellular line plus point mode, focusing on areas where users are concentrated.
At the same time, NTNs provide ubiquitous coverage in all scenarios, acting as a
relay satellite, transparent base station, and wireless router in areas where users are
relatively concentrated. In areas where users are randomized, dispersed, and sparse,
they provide direct connection satellite functions for user terminals.

Satellite-terrestrial integrated networks need synchronized services across low-,
medium-, and high-orbit satellites to enrich network capabilities. More specifically,
high-orbit satellites offer high-capacity coverage with mature technology and sta-
ble industries suitable for broadcast and multicast services. A single satellite can
provide extensive service. Integrated with TN in a base station plus satellite broad-
band relay mode, it extends the coverage of existing base stations. Medium-orbit
satellites are able to provide global, rapid, low-cost, and ubiquitous coverage with
eight satellites. This system efficiently serves mobile carriers like ships, vehicles, and
aircraft with seamless global low-cost and moderate-speed communication.

Low-orbit satellites are characterized by low latency, large overall capacity,
and low free-space path loss, making them suitable for small terminals. Low-orbit
satellites are more suitable for building satellite internet. 5G has officially entered
commercial use, and the technology maturity is high, and so the low-orbit satel-
lite system can reuse the technology and features of 5G standards. In terms of
system architecture, satellite internet can be regarded as a kind of 5G access net-
work through the integration of the access network, sharing core network with the
ground, and realizing air interface protocol processing and route forwarding by
deploying signal processing, link layer, network layer switching routing, and other
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functional modules on the star. At the same time, the ground equipment of satellite
internet can inherit the current 5G base station baseband processing and related
terminal chip results, shorten the research and development cycle, and reduce the
research and development cost.

2.3.3 Terminal Development Models

The mobile terminals of the integrated network are becoming smaller. As shown
in Figure 2.6, the rapid popularization of mobile communications is attributable to
the maintenance of miniaturized terminals while continuously improving capacity
and fostering the user habit of mobile plus high-speed. The user demand brought
about by the rapid development of mobile communications has driven the devel-
opment of satellite communications toward terminal miniaturization and network
broadband [8]. Among them, the miniaturization of mobile terminals refers to the
gradual miniaturization of various terminal equipment for mobile satellite com-
munications. Miniaturized mobile terminals, including ground personal mobile
terminals, vehicle-mounted terminals, airborne terminals, ship-mounted terminals,
and internet of things terminals, provide diversified medium-rate and low-rate
communication services.

2.4 Evolution of International Standards

Over the past three decades, satellite and terrestrial cellular mobile communication
have gradually transitioned from a competitive relationship to a more integrated
one. In the 1990s, LEO satellite and terrestrial cellular mobile communication were

Figure 2.6 Terminal development models.
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highly competitive. As mentioned, the earliest Iridium LEO satellite system con-
sisted of 66 satellites, pioneering the field of LEO satellite communication. The Irid-
ium system employed onboard processing and intersatellite link technology aimed
at consumers, allowing handheld satellite terminals (satellite phones) to provide
seamless communication anywhere on Earth and resolving cross-protocol roaming
between satellite and terrestrial cellular networks. However, traditional satellite
communication has many limitations. The Iridium system filed for bankruptcy due
to massive research and development and system construction costs, later restruc-
turing and shifting to industrial applications. Meanwhile, terrestrial cellular mobile
communication evolved significantly from the 2G to the 5G era, with expanding
user bases and notable commercial success. As the satellite constellation deploy-
ment plans of companies such as Starlink, Telesat, OneWeb, and AST advance,
LEO satellite communication is experiencing a resurgence and gradually integrating
with terrestrial cellular communication [9].

The 3GPP organization began to investigate integrating satellite networks
with terrestrial 5G networks starting from Release 14, aiming to formulate uni-
fied standards to regulate terrestrial mobile communication networks and satellite
communication networks [10]. As shown in Figure 2.7, an initial definition of satel-
lite 5G network architecture models based on transparent forwarding mode and
satellite-based base station mode was provided in Release 15’s TS 38.821, along
with an evaluation of end-to-end protocol stack segmentation issues under differ-
ent network architectures. Release 16 further enhanced the flexibility of network
element deployment within service-based architecture (SBA) to establish a standard
for integrated architectures. As the third phase of the 5G standard, Release 17 aims
to further refine the specific technologies defined in Releases 15 and 16 based on
current framework and functions, addressing key issues such as software-defined
satellite components and new air interface requirements for NTNs.

Figure 2.7 Standardization evolution process.
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2.4.1 Release-15 for NR NTN

The work of 3GPP on NR NTN commenced in 2017, with Rel-15 emphasizing the
definition of deployment scenarios and channel models [11]. In 3GPP TR 38.811,
the primary objectives were to identify reference deployment cases for NTNs and
reach a consensus on essential parameters, including system architecture, orbital
altitudes, and operational frequency bands. The key aspects covered were:

1. Two frequency ranges of S-band and Ka-band;

2. Fixed beams (beams targeted at specific terrestrial areas for extended
periods) and moving beams (beams adjust their coverage as the satellite
orbits);

3. High-attitude platform systems (HAPS), LEO, and GEO deployments;

4. Two types of NTN terminals: VSAT with paraboloidal reflector typically
mounted on buildings or vehicles and handheld terminals;

5. Antenna models for satellites and HAPS.

The second primary goal of Rel-15 was the creation of anNTN-specific channel
model, building upon the existing 3GPP terrestrial channel models. The devel-
oped channel model supported a variety of environments, from urban to rural
settings. Multipath propagation is a common occurrence. For NTNs, due to
the vast distances involved, signal paths tend to be nearly parallel, resulting in
minimal angular spread. Consequently, large-scale fading characteristics, such as
line-of-sight probability, angular dispersion, and delay spread, exhibit significant
differences compared to terrestrial conditions, varying with the elevation angle of
the satellite. For path loss modeling, while free-space path loss forms the basis,
additional considerations for clutter loss and shadowing effects are incorporated to
accurately represent signal attenuation caused by obstacles and terrain. The channel
model also considers atmospheric gas absorption parameters and ionospheric and
tropospheric scintillation losses. These losses are significant under specific condi-
tions, such as low elevation angles, intense solar activity periods, and low-latitude
regions. Shadow regions indicate additional losses due to scintillation, assuming
moderate scintillation intensity.

Release 15 presented two fast-fading models. One of these is a broad,
frequency-selective model that originates from terrestrial channel models but is
adjusted to fit the geometry of satellite communications. It takes into account dif-
ferent delay and arrival angles, along with their interrelationships, in a manner
similar to the adjustments for shadow fading as well as clutter loss. Moreover, in
the version of Release 15, channel models with tapped delay line and the clustered
delay line are formulated for NTN link-level simulations.

2.4.2 Release-16 for New Radio NTN

After completing Rel-15’s studies on New Radio (NR) support for NTN scenarios
and channel models, 3GPP continued with further studies in Rel-16 to adapt NR
for NTN solutions. The main goal was identifying the minimal necessary functions
that enable NR to support NTN. These functions encompassed considerations for
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system architecture, higher-layer protocols, and physical layer aspects. The results
were detailed in 3GPP TR 38.821.

The Next Generation Radio Access Network (NG-RAN) supports the split of
5G base (gNB) stations into a Distributed Unit (DU) and a Central Unit (CU).
Figure 2.8 presents some NTN-based NG-RAN architecture options. The NR
higher-layer protocol stack is divided into the user plane (UP), which handles data
transmission, and the control plane, which manages signaling. For the user plane,
the primary challenge arises from the long propagation delays characteristic of
NTNs. Consequently, Release 16 investigated the impact of these long delays on
several protocols, including Medium Access Control (MAC), Radio Link Control
(RLC), Packet Data Convergence Protocol (PDCP), and Service Data Adaptation
Protocol (SDAP) [12]. Enhancements to the MAC layer were identified as neces-
sary to address issues related to random access, discontinuous reception (DRX),
scheduling requests, and Hybrid Automatic Repeat Request (HARQ).

Mobility management was a primary focus for the CP due to the NTN plat-
form, particularly for the movement of LEO satellites. In idle mode, NTN-specific
system information had to be introduced. Earth-fixed tracking areas can help avoid
frequent tracking area updates. Moreover, it is beneficial to add auxiliary infor-
mation for cell selection. Efficient handover schemes are necessary for the rapid
movement of satellites.

From a physical layer perspective, extensive link-level and system-level evalu-
ations were carried out within S-band and Ka-band. Results concluded that LEO
and GEO satellites could serve handheld user equipment (UE) in the S-band with
appropriate satellite beam layouts. Conversely, other UEs with higher transmit and
receive antenna gains, such as VSATs and UEs equipped with suitable phased array
antennas, could be served by LEO and GEO satellites in both S-band and Ka-band.

Despite challenges such as long propagation delays, significant Doppler shifts,
and moving cells in NTN, Rel-15 and Rel-16 NR features have laid a robust
foundation for supporting NTNs.

2.4.3 Release-17 for NR NTN

Building on the work from Release 16, 3GPP has furthered its investigation of
NTNs inNRRelease 17. The goal is to define the required enhancements for NTNs,
including those based on LEO and GEO satellites, as well as support for HAPS and
air-to-ground networks. The scope of this research encompasses various aspects,
such as the physical layer, protocols, system architecture, radio resource manage-
ment, RF requirements, and the frequency bands used [13]. The primary focus is on
transparent payload architectures with geostationary tracking areas and frequency
division duplex (FDD) systems, under the assumption that all UE is equipped with
Global Navigation Satellite System (GNSS) capabilities.

Figure 2.8 CU-DU split NTN architecture.
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In terrestrial NR networks, uplink timing is synchronized based on the down-
link reception timing, and the propagation time is typically much shorter than the
transmission time slot. However, in NTN environments, the propagation time is
significantly longer than the transmission time slot. UEs equipped with GNSS capa-
bilities can determine the relative speed between the UE and the satellite, as well
as the round-trip time (RTT) between them, by using their own position and the
NTN ephemeris data. Using the calculated relative speed, the UE can apply Doppler
precompensation to ensure that its uplink signals are receivedat the correct frequency
by the satellite or gNB. The gNB provides a common timing advance (TA) to the UE,
which represents the RTT between the satellite and the gNB. The UE then adds the
RTT between itself and the satellite to this common TA to derive the complete TA.
This complete TA serves as the offset between the downlink timing received by the
UE and the uplink transmission timing, ensuring proper synchronization.

In the transmission mechanism of Release 16 NR, up to 16 stop-and-wait
HARQ processes are employed for continuous data transmission. These HARQ
processes cannot be reused for new transmissions until feedback for the previous
transmission is received. In scenarios with long RTTs and the use of the stop-and-
wait protocol, transmissions can stall when all HARQ processes are waiting for
feedback, leading to reduced communication throughput. To address this issue,
the number of HARQ processes was increased to 32, which helps mitigate stalling
in some air-to-ground scenarios. However, even 32 HARQ processes are insuffi-
cient to handle the RTT in NTNs based on LEO and GEO satellites. Since further
expanding the number of HARQ processes is not desirable, mechanisms must be
implemented to reuse the same HARQ process before the full RTT has elapsed to
prevent stalling. For downlink transmissions, if a HARQ process is reused before
the RTT has completed, HARQ feedback is not required and is disabled. In the
uplink, no HARQ feedback is used, and the gNB can dynamically decide whether
to reuse the HARQ process before the RTT has passed. This decision is made
by sending authorization for new data or retransmissions, or by deciding to send
retransmission authorization after decoding the uplink transmission.

For HARQ processes with feedback disabled, the UE does not need to monitor
for retransmission assignments after a certain period, which helps conserve energy.
When HARQ is not used for retransmissions, link adaptation can aim for a lower
block error rate. However, this approach requires higher RLC retransmission rates
and more frequent RLC status reports to ensure robustness.

To accommodate the long RTT in NTNs, specific MAC and RLC timers have
been extended. As satellites move, UEs must select new satellites based on both
existing standards and new criteria, such as when a satellite no longer covers the
UE’s area. Conditional handover has been enhanced with new criteria that take into
account the UE’s location and the timing of satellite coverage, thereby improving
the measurement and handover process.

2.4.4 Release-18 for NR NTN

In June 2022, the international standards organization 3GPP completed the first
standard version for NTN with low-frequency bands and a transparent forwarding
mode in 5G Rel-17. For the current R18 phase, network-side efforts are advancing
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the space-based deployment of core network user plane functions (UPF), and the
radio access network side is enhancing link transmissions required for mobile
phone direct-to-satellite connections [14]. Looking forward to R19, it is antici-
pated that 3GPP will further consider the standardization of onboard processing
modes and beam-hopping technology enhancements. This progression aims to sup-
port diverse networking modes for satellite-terrestrial integrated communications
and to achieve 6G satellite-terrestrial integrated network capabilities by 2030. Con-
currently, the technical validation and networking of satellite-terrestrial integrated
communications will proceed in three phases:

1. 2023–2025: Technical validation and commercial networking of direct
mobile-to-satellite connections based on 5G Rel-17 NTN;

2. 2025–2030: Technical validation and commercial networking of direct
mobile-to-satellite connections based on later versions of 5GNTN following
the expansion of satellite capabilities;

3. After 2030: Realization of technical validation and commercial networking
applications based on 6G integrated networks.

2.4.5 Other Initiatives

Several organizations and projects have also discussed integrating satellite com-
munication networks with terrestrial 5G networks. For instance, the International
Telecommunication Union (ITU), the European Union (EU) H2020-funded Shared
Access Terrestrial Satellite Backhaul Network enabled by Smart Antennas (SANSA)
project, and the European Space Agency-initiated SATis5 project are actively
engaged in these topics.

The ITU launched a research project in 2016 aimed at integrating satellite
communication systems into Next Generation Access Technologies (NGAT). The
project focuses on the key elements of satellite network integration and proposes
four application scenarios for network convergence: relay transmission, hyperlink
communication, cell backhaul and broadcast distribution, and hybrid multimedia
services.

The EU H2020 5GPPP funded the Sat5G project in its second phase to evalu-
ate the architecture of satellite access networks integrated with 5G networks and
validate key technologies. To achieve these goals, Sat5G defined four application
scenarios for satellite 5G: multimedia content distribution and offloading based
on satellite broadcast services, satellite-based 5G fixed backhaul services, satellite-
based 5G to the home services, and satellite-based 5G mobile platform backhaul
services. In June 2019, the Sat5G project team successfully demonstrated the inte-
grated architecture of satellite and terrestrial networks at the European Conference
on Networks and Communications (EUCNC).

2.5 Possible Challenges

At present, there are three mismatches in satellite communications: a mismatch
between satellite capacity and communication capacity, a mismatch between radio-
frequency capacity and baseband capacity, and a mismatch between cost and
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commercial value [15]. The cost, capability, and scale of satellites constrain each
other. The cost of satellite manufacturing is relatively high, and the manufacturing
efficiency still has a distance in meeting the demand for bulk commercialization.
The cost of satellite launching is relatively high, the current number of shifts is rel-
atively small, and the demand for batch deployment is still to be met. The supply
chain system mainly adopts the major project system model, and the maturity still
needs to be improved. The closed loop of a business model has not yet been formed,
and there are certain difficulties in sustainable investment. With the technological
and industrial integration of space and ground communications, it is expected to
further enhance capacity, expand scale, and reduce costs. The specific challenges
are introduced as follows.

Air interface design: Unlike terrestrial mobile communication, which typi-
cally operates under multipath fading channels, satellite communication channels
are mainly characterized by strong line-of-sight (LoS) channels. Significant differ-
ences exist in terms of Doppler shift, channel attenuation, propagation delay, and
time drift. Additionally, the linearity of RF channels (including power amplifiers)
and variations in signal strength are fundamentally different. These discrepancies
present considerable challenges for unified air interface design, directly impact-
ing the design of critical technical solutions such as waveform, synchronization,
random access, and beamforming coordination. Furthermore, technological inno-
vations are required to optimize the performance of phased array antennas and
power amplifier efficiency.

Seamless handover: The integrated network is characterized by a large spatial-
temporal scale, high dynamics, and multilayer heterogeneity. It is centered around
services/users and needs to adapt flexibly to various dynamic services and space
network environments with limited onboard payload resources. These factors not
only affect the logical architecture of the network but also the implementation and
deployment of network functions, as well as resource management and mobil-
ity management associated with the architecture. As a result, seamless handover
becomes a key challenge.

For scenarios with multiple coverage layers involving satellite and terrestrial
networks, the handover process includes at least the transition between satellite and
terrestrial networks and between high- and low-orbit multilayer satellite networks.
The handover requirements primarily consider the continuity of data transmission
and network load balancing. For terminals, both soft and hard handover methods
exist. Suppose a terminal has dual- or multiconnection capabilities. In that case,
zero-latency handover is possible, requiring the terminal to connect with the new
network before disconnecting from the existing one. Handover prediction and data
forwarding techniques are needed without dual-connection capabilities to minimize
the impact on user data transmission.

Dynamic frequency allocation: In integrated networks, a multilayer-aided
three-dimensional network is formed among high-orbit, low-orbit satellites and
terrestrial base stations. As user demands grow, spectrum resources become increas-
ingly scarce, and traditional rigid frequency segmentation significantly reduces
transmission efficiency. To improve the utilization efficiency of frequency resources,
it is necessary to study the transmission characteristics of multilayer space net-
works, leverage the differences in beams and coverage, and explore soft frequency
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reuse methods for satellite-terrestrial communication. By predicting interference
and coordinating resources, further research into dynamic frequency sharing and
reuse technologies and methods is essential, which is capable of enhancing the
transmission efficiency at the cell edge and reducing interference at the cell edge.

Integration security: In satellite networks, security and privacy are significantly
more important than in traditional terrestrial networks. Satellite communications
are carried out in a broadcast mode and can cover large geographical areas of the
Earth. Therefore, the confidentiality of communications can be exposed if appro-
priate measures are not taken. In addition, satellites are characterized by special
architectural features such as extended propagation time, limited computing power,
and unstable dynamics of the network topology compared to traditional cellular
networks. Extremely unstable wireless links and long propagation delays will sig-
nificantly increase the delay in authentication. The limited computing power and
storage capacity of the entities involved in LEO satellites are not suitable for realiz-
ing high-complexity algorithms [16]. The design of secure and efficient integrated
security protocols is necessary.
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C H A P T E R 3C H A P T E R 3

Constellation Design for
Satellite-Terrestrial Integrated
Communication

With the development of communication technology and influenced by factors such
as the surge in mobile users, the dramatic increase in communication data and the
frequent occurrence of natural disasters, traditional terrestrial communication sys-
tems have struggled to meet the modern communication needs of people. Compared
to terrestrial communication systems, LEO satellite communication systems have
broader communication coverage, more reliable transmission, larger transmission
capacity, stronger resistance to destruction, and less restriction by ground condi-
tions. These advantages effectively compensate for the shortcomings of terrestrial
communication systems, thus attracting the attention of communication researchers
worldwide [1–3].

Since each LEO satellite’s coverage area is unstable, a single satellite cannot
meet the communication requirements for global coverage. The idea of using mul-
tiple satellites to operate together as a system, known as a satellite constellation, has
been proposed to address this shortcoming. Satellite constellations have significant
technical advantages and a wide range of application scenarios, so the construction
of satellite constellation systems has become the main program for satellite commu-
nications, making it a hot research topic for communication-related researchers in
various countries [4–6]. As shown in Figure 3.1, the service scenario of a LEO satel-
lite communication system is formed by multiple satellites with intersatellite links.
Under shared control, these satellites can provide various communication services.
This chapter systematically overviews the definition, types, and design methods of
satellite internet constellations and introduces their development history and the
design methods of several classic constellations.

3.1 Overview of Satellite Constellations

3.1.1 Definition of Satellite Constellation

A satellite constellation, also known as a satellite system, is a communication sys-
tem formed by a group of artificial satellites operating together. Since a single
satellite can only cover a small part of an area and is unstable while a satellite
constellation can provide stable global or near-global coverage, building satel-
lite constellations has become the primary trend in satellite communication. In
a satellite constellation, each satellite is usually positioned in a complementary
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Figure 3.1 Schematic diagram of a LEO satellite constellation service scenario.

set of orbital planes and establishes connections with ground stations on Earth.
Furthermore, communication between satellites is also possible.

A satellite constellation is a collection of satellites organized according to cer-
tain rules, working together to achieve specific functions. It is the primary form
of multiple satellites working together. At the same time, a satellite constellation
can also be defined as satellites of similar types and functions distributed in similar
or complementary orbits and working together under shared control to accom-
plish specific tasks. In practical applications, satellite constellations have significant
advantages over single satellites and are increasingly receiving widespread attention
and application.

3.1.2 Development of Satellite Constellations

The satellite internet communication system has overcome many limitations of tra-
ditional ground-based communications, playing a crucial role in emergency rescue,
live global broadcasting, remote communication, and marine fisheries. In 1957 [7],
the successful launch and orbit of the first artificial satellite marked a new era in
satellite communication. Subsequently, the concept of using multiple satellites to
create a network for global coverage began to take shape. This idea can be traced
back to 1945 when Arthur C. Clarke published an article in Wireless World [8],
where he first proposed the concept of a satellite constellation. In the article, Clarke
pointed out that placing three artificial satellites evenly in the GEO could achieve
long-distance wireless communication excluding the poles. His idea of forming a
system by networking multiple satellites laid a solid foundation for the subsequent
research and development of satellite constellation systems.

The exploration of satellite internet began in the 1980s with Motorola’s deve-
lopment of the Iridium system. Later, scholars from various countries proposed
numerous satellite constellation deployment plans. Among the globally renowned
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satellite constellations are Starlink, OneWeb, and Hongyan, with their deployment
plan details shown in Table 3.1.

Iridium constellation: In 1987, the Iridium system [9] was proposed as the
world’s first satellite constellation system with intersatellite links, and it was
launched into operation in November 1998. The Iridium system has undergone
updates and iterations, and it became commercially available in 2018.

Orbcomm constellation: In 1998, the Orbcomm system [10] was launched
into operation, providing short data communication and positioning services to
users worldwide through heterogeneous orbits. The Orbcomm constellation was
the world’s first bidirectional short data LEO microsatellite constellation system,
providing a valuable reference for developing subsequent satellite constellation
systems.

GlobalStar constellation: The GlobalStar system [11] mainly offered mobile
communication services such as voice, fax, data, short messaging, and position-
ing. The satellite communication services provided by GlobalStar have served as an
essential supplement to global communication.

OneWeb constellation: The OneWeb constellation [12] system was proposed
in 2013. The OneWeb satellite network is utilized for internet access and various
applications, including enterprise, government, maritime, aviation, and landmobile
services.

Starlink constellation: The Starlink constellation [13] is currently one of the
most popular constellations. Starlink’s service has now been activated in multiple
countries and regions worldwide, providing a new high-speed internet access option
for users globally.

Hongyan constellation: Hongyan constellation system, independently devel-
oped by the China Aerospace Science and Technology Corporation (CASC), is a
global satellite communication system primarily aimed at advancing the integra-
tion of ground networks and space-based systems, providing users with real-time
data communication and various information services.

Table 3.1 Global Satellite Constellation Deployment Plans

Initial Orbital Orbital
Names of Launch Total Altitude Inclination Orbit
Constellations Country Company Date Number (km) (◦) Type

Iridium USA Iridium
Communica-
tions Inc.

1997 66 780 86.4 Polar
orbit

Orbcomm USA +
CAN

Orbcomm
Inc.

1999 78 740+825 45 Inclined
circular
orbit

GlobalStar USA Globalstar
Inc.

1998 56 1,414 52 Inclined
circular
orbit

OneWeb UK OneWeb 2019 720 1,200 87.9 Polar
orbit

Starlink USA SpaceX 2019 11943 340–1,325 42–81 Inclined
circular
orbit

Hongyan CHN CASC 2018 324 1,100 50 Circular
orbit
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3.2 Classification of Satellite Constellations

Satellite constellations can be classified into various types based on their coverage
performance (ground coverage area, constellation coverage density, coverage time
distribution rate), orbital distribution (satellite spatial distribution), and satellite
application functions [14]. For example, based on coverage performance, satellite
constellations can be divided into global coverage constellations (Starlink, Iridium,
OneWeb) and regional coverage constellations (O3b, Galileo, Eutelsat). According
to the orbital distribution, satellite constellations can be divided into LEO constella-
tions (Starlink, OneWeb), MEO constellations (O3b, Galileo), GEO constellations
(Eutelsat), and so on. According to application functions, satellite constellations can
be divided into communication constellations (Starlink Iridium, OneWeb), naviga-
tion constellations (GPS, Galileo), remote sensing constellations (Landsat), and so
on. Each type of constellation has specific functions that can accomplish different
communication tasks. Furthermore, classification standards are not mutually exclu-
sive so a satellite constellation can belong to multiple types simultaneously. Many
mature solutions exist for global coverage satellite constellations, such as theWalker,
star, and flower. Next, these satellite constellations will be introduced in detail.

3.2.1 Walker Constellation

TheWalker constellation is an inclined circular orbit satellite constellation proposed
by JohnWalker [15] of the British Aerospace Institute. TheWalker constellation has
two unique configurations: the delta and the Rosette. Initially, the Walker constel-
lation referred to the delta constellation, whose structure is shown in Figure 3.2. It
consists of three orbital planes, each with satellite ground track intersections that
form a pattern similar to the Greek letter delta when viewed from the pole. Later,
American scholar Ballard conducted optimization research on the Walker constel-
lation and designed the rose constellation [16]. The Rose constellation consists of
more orbital planes.

Below, we will provide a brief overview of the characteristic and configuration
parameter model for the delta constellation within the Walker constellation. The

Figure 3.2 Delta constellation structure diagram (viewed from the pole).
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delta constellation consists of multiple orbital planes with the same altitude and
inclination. Satellites are evenly spaced and distributed on each orbital plane, pro-
viding stable communication services for coverage areas. Given the specific satellite
orbital altitude and inclination, the Delta constellation only requires three parame-
ters, N , P, and F , to determine the distribution of satellites within the constellation.
Here, N represents the total number of satellites in the constellation, P represents
the number of orbital planes, and F represents the phase factor (with values rang-
ing from 0 to P − 1). The delta constellation configuration parameter model can
be described as follows:

























ik = i

ak = a

ek = 0

ωk = 0◦

Ωk = Ω0 +
360
P
(k − 1)

θk,m = θ0,0 + F(k − 1)360
N

+ P(m − 1)360
N

(3.1)

where k(k = 1, 2, . . . , P) represents the index number of the orbital plane in the
constellation, m (m = 1, 2, . . . , Nsat − 1) denotes the index number of the satellite
within the orbital plane, Nsat is the number of satellites in each orbital plane, and
[k,m] is the mth satellite in the kth orbital plane.

3.2.2 Star Constellation

The characteristics of the star constellation are as follows: all orbits in the con-
stellation share a standard pair of nodes, and adjacent orbits in the same direction
have approximately equal or equal inclinations. The ground tracks are most densely
packed at the nodes and most sparse in between the nodes. The relative positions of
satellites in codirectional orbits remain relatively stable, while those in reverse orbits
experience significant changes. Polar orbit constellations are typical star constella-
tions with codirectional orbits, counterdirectional orbits, and counterdirectional
gaps at the poles.

A polar orbit constellation is a circular orbit constellation, with the design
concept proposed by R.D. Luders [17]. As shown in Figure 3.3, the polar orbit
constellation has an orbital inclination of 90◦, enabling seamless coverage of the
Earth. Similar to the Walker constellation, in a polar orbit constellation, each orbit
has the same altitude, and each orbital plane contains an equal number of satellites
distributed at equal intervals. The configuration parameter model of the polar orbit
constellation can be represented as follows:





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

















ik = 90◦

ak = a

ek = 0

ωk = 0◦

Ωk = 360
P
( j − 1)( j = 1, 2, . . . , P)

θk = (Nk − 1) 360
Nsat

(Nk = 1, 2, . . . , Nsat − 1)

(3.2)
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Figure 3.3 Polar orbit constellation structure diagram (viewed from the equator).

3.2.3 Flower Constellation

A flower constellation is a type of repeating ground track satellite constellation
where multiple satellites share the same ground track. This concept was proposed
by Professor Mortari [18] from the United States. In a flower constellation, each
satellite has the same orbital altitude, argument of perigee, and orbital inclination.
The satellites’ ground tracks form a pattern resembling a flower when observed
from the pole, thus earning the “Flower” designation.

The parameters of a flower constellation include two types: orbital parameters
of individual satellites and constellation configuration parameters [18]. There are
six most critical orbital parameters: semimajor axis (SMA) α, inclination (INC)
i , perigee altitude hρ , right ascension of ascending node (RAAN) Ω, argument of
perigee (AoP) ω, and true anomaly θ .

The flower constellation uses quasi-repeating orbits to achieve global coverage.
Additionally, the flower constellation can use the number of orbits per repeating
cycle Np and the number of days per repeating cycle Nd to replace the semimajor
axis a. For a simple two-body problem, these three parameters have the following
relationship:

{

ne · Nd = n · Np

n2 · a3 = µ
(3.3)

where ne represents the angular velocity of Earth’s rotation, n denotes the angular
velocity of the satellite’s orbit, and µ is Earth’s gravitational constant.

The flower constellation has only one important configuration parameter,
which is the number of orbital planes Fd . However, the following points need to
be considered when determining the number of orbital planes:

1. In a flower constellation, the maximum number of satellites in each orbital
plane is equal to the number of days per repeating cycle Nd . Therefore, the
maximum number of satellites in the flower constellation is N = Fd ∗ Nd .

2. The distribution characteristics of the orbital slots need to be considered. For
example, for orbital planes with satellites evenly spaced, it is only necessary
to design the RAAN of the first orbital planeΩ0 and the initial TA of the first
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satellite θ0 [19]. Similarly, for the two-body problem, the orbital positions
of the first and the kth satellites in adjacent orbital planes can be calculated
using the following equation:

















∆Ω =
2π

Fd

∆θ(0) = −∆Ω ·
n

ne

∆θ(k) = ∆θ(0) + k ·
2π

Nd

(3.4)

A restrictive constellation configuration is a special type of constellation con-
figuration that restricts the RAAN of all orbital planes within a certain range of
longitudes. Adopting a restrictive flower constellation configuration can meet the
requirements of regional navigation or coverage, ensuring that each orbital plane
is evenly distributed within a specific range of longitudes (instead of over the entire
range), while reducing the total number of satellites N to lower costs [19]. There-
fore, when using a restrictive flower constellation configuration, the configuration
parameters also include the range of RAAN. In this case, only the first equation in
(3.4) needs to be modified:



















∆Ω =
Ωextend

Fd

∆θ(0) = −∆Ω ·
n

ne

∆θ(k) = ∆θ(0) + k ·
2π

Nd

(3.5)

The determination of the range of RAAN Ωextend for a restrictive flower con-
stellation configuration needs to be done manually, and the steps to determine this
range are as follows [20–22]:

1. Determine the four orbital parameters shared by all satellites in the constel-
lation, namely {a, e, i, ω}.

Table 3.2 Summary and Comparison of Three Types of Constellation Configurations

Constellation
Configuration Walker Constellation Flower Constellation Star Constellation

Basic
principles

The orbit type and orbit
altitude are the same,
with all orbits utilizing
circular orbits. Satellites
are evenly spaced within
each orbital plane.

The orbit type and orbit
altitude are identical,
with all orbits utilizing
retrograde orbits.

The orbit type and orbit
altitude are the same,
with all orbits utilizing
polar orbits. Satellites are
evenly spaced within each
orbit.

Coverage
capability

There are coverage blind
spots in high-latitude
regions, while stable
communication services
can be provided in
mid-to-low-latitude
areas.

The satellites have the
characteristic of repeating
ground tracks, resulting
in a more compact
coverage of specific areas.

Coverage is better in
high-latitude regions,
while coverage in
mid-to-low-latitude
regions is relatively
poorer.

Application Regional coverage. Telemetry and control. Global coverage.
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2. Examine the distribution of RAAN and argument of ascending node sepa-
ration {Ω, u = ω+Ω}. Here, Ω ∈ [0, 2π), u ∈ [0, 2π), with a search step
typically set to 5◦.

3. Calculate the visibility distribution {Ω, u} of satellites from each region, and
then make a judgment. The specific determination rule is as follows: If the
elevation angle between the region and the satellite is greater than the set
elevation cutoff angle, it is determined that the satellite is visible from the
region and is marked accordingly. Based on these marked points, a coverage
map of satellite visibility can be plotted (usually with Ω on the x-axis and u

on the y-axis), and the range of RAAN is determined accordingly.

3.2.4 Classical Satellite Constellation Design Solution

3.2.4.1 Design Solutions for Polar and Near-Polar Orbit Constellations

American scientist R. D. Luders [17] first proposed the concept of polar orbit
constellations to achieve global coverage. Subsequently, D. C. Beste [23] further
optimized Luders’ polar orbit constellation concept, minimizing the number of
satellites required for the constellation system. An optimization method for polar
orbit constellation design proposed by L. Rider [24] has been widely adopted in
the academic community. This polar orbit constellation consists of multiple orbital
planes with the same altitude and inclination, and each orbital plane is evenly popu-
lated with the same number of satellites. The phase difference between each satellite
and the satellites in the same orbital plane is twice that between the satellites in the
adjacent orbital planes.

Polar orbit constellations belong to the typical star constellation type, the
characteristics of which were introduced in Section 3.2.3. An illustration of the
polar orbit satellite constellation as observed from the pole is shown in Figure 3.4.
The constellation includes same-direction orbits, opposite-direction orbits, and
opposite-direction gaps. The shaded area in the figure represents the opposite-
direction gap. The arrows on both sides of the boundary of the shaded area indicate

Figure 3.4 Polar orbit satellite constellation as observed from the pole.
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the direction of satellite orbits around the Earth. The opposite-direction gap occurs
because adjacent satellites in two orbital planes fly in opposite directions at high
speeds, making it impossible to establish intersatellite links.

The design method for near-polar orbit satellite constellations is similar to that
of polar orbit satellite constellations. By appropriately adjusting the orbital incli-
nation angle and optimizing the coverage performance, near-polar orbit satellite
constellations ensure that any two satellites in the constellation do not intersect at
the poles, thereby avoiding satellite collisions at the North and South Poles. This
optimization is based on the design theory of polar orbit satellite constellations.
Near-polar orbit satellite constellations consist of multiple circular orbital planes
with inclinations close to but less than 90◦. Due to the different RAAN intervals
between adjacent codirectional orbital planes, any two satellites in the constellation
do not intersect at the poles, thereby preventing satellite collisions.

The design of polar orbit satellite constellations can use the coverage band
method. The coverage band of a satellite constellation is shown in Figure 3.5. The
primary method is to determine the parameters of the constellation based on the
continuous coverage band formed by satellites in the same orbit. In the figure, θ is
the angle formed between the satellite coverage area and the subsatellite point, α is
the half-width of the coverage band, and Np is the number of satellites on each orbit.

To achieve global coverage of the constellation, the parameters need to satisfy

α = arccos
(

cos θ
cos (π/Np)

)

(3.6)

Assuming ∆1 is the RAAN difference between each codirectional orbital plane
and ∆2 is the RAAN difference between each counterdirectional orbital plane. In
conjunction with Figure 3.5, the adjacent coverage bands should satisfy:

{

∆1 = θ + α

∆2 = 2α
(3.7)

At the same time, the RAAN differences need to satisfy

(P − 1)∆1 +∆2 = π (3.8)

where N is the total number of orbital planes in the constellation.

Figure 3.5 The coverage band of a satellite constellation.
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Combining (3.6) to (3.8), the relationship between parameters P, Np, and θ
can be obtained:

(P − 1)θ + (P + 1) arccos
(

cos θ
cos (π/Np)

)

= π (3.9)

3.2.4.2 Design Scheme for Inclined Circular Orbit Constellation

Among the extensive research on the optimal design of inclined circular orbit
constellations, the schemes proposed by the British scientist Walker [25] and the
American scientist Ballard [16] have gained recognition from researchers and are
widely used. All the RAANs of the orbital planes in the Walker constellation are
evenly distributed over the equatorial plane from 0◦ to 360◦. The Walker constel-
lation is further divided into two types: the delta (∆) constellation and the rosette
constellation. The structure of the delta constellation is shown in Figure 3.6(a),
and the structure of the rosette constellation is shown in Figure 3.6(b). Although
the structures of the two constellations differ, both belong to the Walker constella-
tion. The Walker constellation consists of multiple circular orbital planes with the
same altitude and inclination, each uniformly populated with the same number of
artificial satellites.

Assuming the Walker constellation consists of P orbital planes, each uniformly
populated with Np satellites of the same orbital altitude h and inclination i , the
total number of satellites is N = P × Np. As shown in Figure 3.7, the distribution
of satellites in the Walker constellation can be determined by three parameters:
N , P, and F . The phase factor F is related to the total number of satellites, and
0 ≤ F ≤ P − 1.

Due to the uniform symmetry of the Walker constellation, the phase angle
difference between adjacent satellites in the same orbit can be expressed as

∆ω = 2π/Np (3.10)

Figure 3.6 Walker constellation diagram observed from the pole: (a) δ constellation, and (b) rosette
constellation.
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Figure 3.7 Walker constellation satellite distribution plane diagram.

The difference in RAAN between adjacent orbital planes is

∆Ω = 2π/P (3.11)

The phase difference between two adjacent satellites in adjacent orbital planes is

∆ω f = F · 2π/N = 2π · F/(P · Np) (3.12)

As observed, the spatial configuration of the Walker constellation is influenced
by the parameters of the number of orbital planes P and the phase factor F . These
parameters also affect the coverage performance of the satellite constellation. As
shown in the text and Figure 3.7, this formula represents the calculation of the
phase difference between adjacent satellites in two neighboring orbital planes.

3.3 Satellite Constellation Design

The primary purpose of satellite constellation design is to ensure global coverage
and reliability of satellite communication. Constellation design is a complex process
where any parameter change directly or indirectly affects its communication per-
formance. Factors such as the large number of satellites, the lengthy construction
time, and the high management costs make satellite constellation design and con-
struction increasingly complex and challenging. Therefore, designing appropriate
satellite constellations to optimize system performance and reduce costs is a pressing
issue in development. This section will introduce the basic theoretical knowledge
of constellation design, evaluation metrics for assessing constellation configuration
superiority, and two classical design methods for constellations.

3.3.1 Configuration Design

3.3.1.1 Coordinate and Time Systems

• Coordinate Systems

a. Earth-Centered Earth-Fixed (ECEF) Coordinate System
The ECEF coordinate system is defined with its origin at the Earth’s center.

The x-axis extends toward the point where the equator intersects the prime
meridian. The y-axis, which completes the right-hand rule with the XOZ plane,
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is directed toward the North Pole. The z-axis aligns with the Earth’s rotation
axis, pointing toward the North Pole as well. This three-dimensional system
is commonly used to describe positions in space, particularly for determining
satellite ground tracks.

b. Longitude Latitude Altitude (LLA) Coordinate System
The LLA coordinate system is the most widely used Earth-based system, rep-

resenting positions through longitude, latitude, and altitude values. It offers a
more intuitive and tangible understanding compared to the Earth-centered coor-
dinate system and is frequently employed after converting from that system.
The LLA coordinate system is commonly utilized to describe the distribution of
visible satellites across the Earth’s surface.

c. Earth-Centered Inertial (ECI) Coordinate System
The ECI coordinate system is a celestial reference frame with its origin located

at the Earth’s center. The x-axis is directed toward the vernal equinox, while the
z-axis points toward theNorth Pole. The y-axis completes a right-handed system
with the XOZ plane. This coordinate system is primarily used to describe the
motion of celestial bodies and is commonly applied in satellite orbit propagation
calculations.

d. Radial, Tangential, Normal (RTN) Coordinate System
The RTN coordinate system is centered at the satellite’s center of mass. The

R-axis extends from the Earth’s center to the satellite’s center of mass, while the
T -axis points along the direction of the satellite’s motion within the orbital plane
and is perpendicular to the R-axis. The N -axis completes the right-handed sys-
tem with the RT plane. This coordinate system is used to describe the satellite’s
position and motion at any given moment in its orbit.

• Time Systems

a. Sidereal Time (ST)
Sidereal time is a timekeeping system that bases its measurements on the

Earth’s rotation relative to the fixed stars. Sidereal time is location-specific and
is also referred to as local sidereal time.

b. International Atomic Time (TAI)
TAI is a highly precise time standard derived from the fundamental properties

of time on Earth. It uses the extremely stable frequency of cesium atomic tran-
sitions to define the atomic second. TAI started at 0 hours on January 1, 1958,
with a difference from Universal Time (UT) of 0.0039 seconds, represented as

(U T − T AI )1958.0 = 0.0039s (3.13)

c. Coordinated Universal Time (UTC)
However, TAI’s precision and stability does not account for the Earth’s rota-

tional variations. Hence, Coordinated Universal Time was introduced. UTC is
based on Atomic Time but is adjusted to stay within 0.9 seconds of UT through
leap seconds. This ensures synchronization with the Earth’s rotation.

d. Terrestrial Time (TT)
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Terrestrial Time is a modern time standard used on the Earth’s surface, reflect-
ing the mean solar time at the geoid level. TT is a dynamical time standard for
geocentric reference frames, with a conversion relationship to TAI as

T T = T AI + 32.184s (3.14)

Additionally, the cumulative relationship between TAI and UTC due to leap
seconds is expressed as

U T C = T AI + leap second (3.15)

In satellite constellation design, UTC is typically used instead of TT for orbit
propagation due to the minimal difference and the broader acceptance of UTC.

3.3.1.2 Constellation Basic Parameters

Only the ideal two-body interaction between the satellite and the Earth is typically
considered in satellite orbit design. The Keplerian orbital elements, also known
as the six orbital parameters, describe the state of motion for a single satellite.
These parameters include the semimajor axis α, eccentricity e, inclination i , right
ascension of the ascending node (RAAN) Ω, the argument of perigee ω, and true
anomaly v. Each of these six parameters serves different functions in satellite design
and can be categorized as follows:

• Defining Orbital Size and Shape
Semi-major axis α: Describes the size of the satellite’s orbit. Kepler’s first law
states that a satellite follows an elliptical orbit, where the semimajor axis
represents half of the orbit’s longest axis. For a circular orbit, α is equivalent
to the orbit’s radius.
Eccentricity e: Describes the shape of the satellite’s orbit calculated as the
ratio of the distance between the ellipse’s two foci to the length of the central
axis. The value of e ranges from 0 to 1. When e = 0, the satellite’s path is a
circle centered on the Earth’s center of mass; when 0 < e < 1, the orbit is an
ellipse with the gravitational body at one of the foci.

• Defining Orbital Orientation
Inclination i : The angle between the Earth’s equatorial plane and the satel-
lite’s orbital plane determines the orbit’s tilt. When i = 0◦, the orbital plane
coincides with the Earth’s equatorial plane, forming a geostationary orbit;
when 0 < i < 90◦, the orbit is inclined; when i = 90◦, the orbital plane is
perpendicular to the equatorial plane, forming a polar orbit.
RAAN Ω: The angle is measured along the equatorial plane from the ver-
nal equinox to the ascending node, where the satellite moves from south to
north as it crosses the equatorial plane. The value of Ω ranges from 0 to 360
degrees.
Argument of perigee ω: The angle from the ascending node to the perigee is
measured in the direction of the satellite’s orbit. The value of ω ranges from 0
to 360 degrees. For circular orbits, ω is undefined. The spatial relationships
of these three parameters are shown in Figure 3.8:
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Figure 3.8 Spatial relationships of orbital parameters.

• Defining Satellite Position in the Orbit
True Anomaly θ : The angle between the direction of the perigee and the
current position of the satellite measured at the Earth’s center. θ varies over
time as the satellite moves along its orbit and is typically represented by the
mean anomaly for simplicity in calculations.

These parameters collectively describe the complete state of a satellite’s orbit,
enabling precise orbit determination and prediction essential for constellation
design and satellite operation.

3.3.2 Coverage Design

3.3.2.1 Single Satellite Coverage Characteristics

Each satellite has its coverage area. For a specific satellite, its coverage area refers
to the range where signals transmitted from the satellite can propagate in a straight
line and be received on the ground. In other words, it represents the area on the
groundwhere satellite signals can be directly received. The coverage area for a single
satellite is illustrated in Figure 3.9.

In the figure α is the ground angle; β is the half-angle, which is the angle formed
between the line connecting the satellite to the center of the Earth and the line con-
necting the satellite to the observation point; E is the elevation angle representing

Figure 3.9 Illustration of single satellite coverage characteristics.
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the angle between the observer’s horizon and the line connecting the observer to
the satellite; X is the radius of the satellite coverage area; d is the distance from the
satellite to the ground station or user; Re is the radius of the Earth; and h is the
height of the satellite orbit.

Based on Figure 3.9, mathematical geometric knowledge can be utilized to
derive the conversion relationships between various parameters (E , β, Re, and h)
that are easier to measure. The relationships are as follows:

The ground angle between the satellite and the observation point:

α = arccos
[

Re

h + Re

· cos E

]

− E = arcsin
[

h + Re

Re

· sinβ
]

− β (3.16)

Half-angle of the satellite:

β = arcsin
[

Re

h + Re

· cos E

]

= arctan
[

Re · sinα
(h + Re) − Re · cosα

]

(3.17)

Elevation angle at the observation point:

E = arctan
[
(h + Re) · cosα − Re

(h + Re) · sinα

]

= arccos
[

h + Re

Re

· sinβ
]

(3.18)

Distance between the observation point and the satellite:

d =
√

R2
e + (h + Re)

2 − 2Re(h + Re) cosα

=
√

R2
e sin2 E + 2h Re + h2 − Re sin E

(3.19)

Coverage radius:
X = Re · sinα (3.20)

Coverage area:
A = πR2

e (1 − cos2 α) (3.21)

It is important to note that, theoretically, the elevation angle ranges from 0 to
π/2. However, when the elevation angle approaches 0, signal propagation becomes
more susceptible to terrain and ground noise interference, leading to significant
signal disruption. To avoid such occurrences, a parameter known as the minimum
elevation angle is typically set in satellite communication system design. The satellite
system cannot communicate effectively if the elevation angle is below this threshold.

3.3.3 Design Factor Analysis

Satellite constellation assessment is essential for satellite constellation design and
optimization, primarily focusing on a comprehensive evaluation of the constel-
lation’s performance. Setting appropriate evaluation metrics is the prerequisite
and basis for quantitatively assessing the satellite constellation. This section will
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introduce five performance evaluation metrics for satellite constellations: cover-
age performance, communication capacity, communication quality, reliability, and
system cost.

Coverage performance evaluation metrics: Coverage performance evaluation
metrics are typically divided into spatial domain and temporal domain indicators.
In the spatial domain, indicators characterize the area covered by the satellite con-
stellation, including coverage redundancy, coverage rate, and coverage percentage.
In the temporal domain, indicators represent the coverage of target points and areas
over time, system responsiveness, and the probability of coverage at a given time,
including the average coverage gap, maximum coverage gap, and average response
time.

Communication capacity evaluation metrics [26]: Communication capacity
evaluation metrics are typically divided into space satellite- and ground user-side
indicators. Satellite-side indicators mainly focus on theoretical capacity concepts,
including channel capacity and throughput, reflecting the communication capabil-
ity of the satellite constellation. User-side indicators mainly focus on engineering
capacity concepts, including the number of users and channels, reflecting the
number of users the satellite constellation can accommodate.

Communication quality evaluation metrics [27]: According to ETSI TS 102
250-1 specifications, communication quality evaluation metrics can be divided into
three categories: service access quality indicators, service holding quality indicators,
and service integrity quality indicators. Service access quality indicators include
blocking rate and delay, service integrity quality indicators refer to the quality of
service during user application service usage, mainly including packet loss rate and
bit error rate, and service holding quality indicators are measured primarily by
interruption probability.

System cost evaluation metrics [28]: Based on the cost composition of satel-
lite constellations, system cost evaluation metrics are typically divided into four
evaluation indicators: satellite construction cost, launch cost, insurance cost, and
maintenance cost.

Reliability evaluation metrics [29]: The reliability of satellite constellations is
closely related to satellite nodes and communication links and is typically divided
into satellite survivability and link resilience indicators. Satellite survivability indi-
cators refer to the survival capability of satellite nodes under system random
failures, including interference resistance, intrusion resistance, and durability. Link
resilience indicators characterize the stability of network topology under emergency
conditions, including link connectivity and link robustness.
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Intersatellite Free-Space Optical
Communication

Relative to conventional satellite microwave communications, free-space optical
communications offer superior channel throughput. It also provides enhanced
transmission bandwidth and robust anti-interference features. Additionally, it
ensures increased security and privacy, while being lightweight and energy effi-
cient. These attributes render it a promising alternative for next-generation satellite
communications. This chapter presents the fundamental concepts and crucial tech-
nologies of laser communications and explores new challenges and prospective
strategies to address the evolving dynamics of intersatellite connections.

4.1 Fundamentals

The free-space optical communication system should have the ability to
autonomously calibrate while in orbit, form equivalent point-to-point connections
among various satellite terminals, and maintain link stability. According to these
specific functions, a laser communication system can be categorized into four pri-
mary subsystems: communication, control, optical, and acquisition pointing and
tracking (APT), as depicted in Figure 4.1. Each subsystem is composed of vari-
ous functional modules responsible for performing different tasks. These modules
will coordinate and interact with other modules to ensure smooth, organized, and
reliable system operation.

The communication subsystem serves as the core of the entire laser termi-
nal, primarily responsible for the transmission and processing, modulation and
demodulation, as well as sending and receiving of communication signals. The
transmitting module is chiefly involved in the generation, modulation, amplifi-
cation, and transmission of laser signals, including components in terms of laser
transmitter, electro-optical modulator, amplifier, and driver. The receiving module
is taskedwith detecting and capturing laser signals. Its primary functions encompass
laser signal detection, photoelectric conversion, amplification, and initial filtering.
The message processing unit is able to amplify the electrical signal from the detector
and accomplish tasks in terms of filtering, electro-optical conversion, coding, and
decoding.

The optical subsystem is an integral part of the laser terminal and is vital for
beam transmission, reception, and adjustment. It consists of two components: opti-
cal antennas for both transmitting and receiving, and a beam processing unit. The
antenna system, effectively a telescope, comprises transmitting and receiving optical
antennas. The transmitting antenna can increase the size of the beam spot, reduce

51
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Figure 4.1 Diagram of system components.

the beam divergence angle, and thus enhance the transmission gain. As for the
receiving antenna, it collects the laser light from the opposite terminal, utilizes the
energy from the increased spot size, and boosts both the optical power and gain.
The beam processing unit focuses on managing transmitted and received beams
with processes such as beam shaping, collimation, filtering, splitting, and combin-
ing. Its key components include beam shapers, beam expanders, beam splitters,
narrowband filters, optical path folding mirrors, and diaphragms to manage the
field of view and eliminate stray light.

The main function of the control subsystem is to supervise, control, and admin-
ister the working modules of the laser communication system according to its
established operational principles and procedures. This guarantees organized oper-
ation throughout the system, adherence to specific roles by each module, and
realization of the desired functionalities.

The APT subsystem primarily handles the capture, tracking, and alignment of
the target terminal while also establishing a stable laser connection. This subsys-
tem includes modules in terms of beam detection, signal processing, control, and
a servo mechanism. The beam detection module, essential for initiating the link,
captures the laser beam at the launching end and relays the spot’s position within
the view of the detector. The signal processing and control module aims to process
the received signals, ascertain the errors in acquisition and tracking, and generate
control commands for the actuators. The function of the servo mechanism is to
implement these control commands, correct any errors in capturing and tracking,
and achieve precise alignment, which typically consists of a two-dimensional frame
and a rapid response reflector.

From the start to the end of a communication task, the complete workflow
of the system can be segmented into four stages according to the system structure
and underlying principles: the initial pointing, the scanning and acquisition, the
tracking, and the communication, as depicted in Figure 4.2.

1. Initial pointing: At this stage, the terminal’s laser, optical modulator, sight-
ing mirror, fast reflector, servo turntable, and detector perform self-checks
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Figure 4.2 Flowchart of free-space optical communication systems.

and enter calibration mode, while the laser terminal initializes. The control
subsystem gathers data on attitude, ephemeris, and local time to calculate
the initial pointing direction. It then adjusts the servo turntable to align the
optical axis with the cooperative target’s anticipated position.

2. Scanning and acquisition: After adjusting the servo turntable, the visual axis
aligns with the area of uncertainty (FOU) where the target is located, trig-
gering the system to begin scanning. Using injected data on satellite attitude
and orbit predictions, the system calculates the FOU size and determines
the scanning path. The servo mechanism then systematically scans the FOU.
As the transmitter emits a beacon light, the detector captures the response
signal. Upon detection, the system recalibrates the visual axis within the
detector’s field of view, preparing for the tracking phase.

3. Tracking: After the system establishes an initial connection between the ter-
minals, it engages in coarse tracking, continuously adjusting the alignment
of the optical beam. Once the tracking precision reaches the required level
for fine tracking, the system transitions to this stage, enabling real-time con-
trol and ensuring a stable connection between the satellites. If fine tracking
fails, the system must revert to coarse tracking or initiate scanning to restore
the connection and resume the tracking process.

4. Communication: After achieving successful fine tracking, the system stabi-
lizes the laser link and initiates communication. The transmitting terminal
then encodes and modulates the data before transmitting the signal light.
At the receiving terminal, the signal light is detected, demodulated, and
decoded to complete the communication process.

During the entire procedure, interruptions can occur in any of the four stages
due to various reasons including cancellation of the task, the cooperative target
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becoming obscured, alterations in the intersatellite link network, or extensive cal-
ibration requirements. Once a task is completed, the terminal will return to its
original standby mode and wait for a new command, requiring the reexecution of
the aforementioned workflow to perform the next task [15].

4.2 Key Techniques

Free-space optical communications employ beams with microradian divergence to
facilitate long-range communication spanning thousands of kilometers. This neces-
sitates a specialized APT beam control system to establish quick and reliable inter-
satellite point-to-point connections. Additionally, a distinct incoherent/coherent
optical communication system is essential for the encoding and decoding of optical
signals. In this section, we will introduce the technologies involved in construct-
ing intersatellite optical links along with the typical modulation techniques used in
intersatellite incoherent/coherent optical communications.

4.2.1 Link Construction

Creating an intersatellite optical link faces numerous challenges due to the harsh
conditions in space. These challenges include limited load and space on satellite
platforms, unpredictable platform vibrations, and inaccuracies in satellite orbit
and attitude predictions. Additionally, the narrow width of the laser beam, long
communication distances, and the detector’s limited sensing capabilities further
complicate the process [15]. The establishment of a stable free-space optical link
comprises three stages: initial pointing, beam scanning and acquisition, and beam
tracking, as illustrated in Figure 4.3. Terminal A acts as the scanning endpoint that
emits a beacon light, and terminal B serves as the gazing endpoint.

4.2.1.1 Initial Pointing

During the initial pointing stage, the position, velocity, and orientation of the satel-
lite, as well as the position of the satellite to be communicated with, are known in
advance. Inaddition, synchronizationhasbeenachievedbetween these twosatellites.
Initially, the onboard computer determines the pointing directions for both termi-
nals using the navigation satellite’s ephemeris, creates the navigation data, and then
uploads these data to the onboard laser terminal. The two terminals then used the
satellite platform’s attitude information and feedback from the APT rotary encoder
to determine the azimuth and elevation angles required for aligning their visual axes
through coordinate transformation. This data instructs the rotary encoder tomodify
the visual axes from their initial position to aim at the opposite terminal. Generally,
the onboard terminal gathers information such as position, attitude, velocity, and
time from the ephemeris and its internal attitude sensors [4, 15].

However, considering the large distance and relative speed between the two
terminals, the angular advance of their relative motion during the beam’s travel time
cannot be neglected. Therefore, initial pointing includes applying an overtargeting
fast steering mirror (FSM) to adjust the direction of the beam within the field of
view to offset the alignment errors caused by relative movement. The precession
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Figure 4.3 Flowchart of APT systems.

angle at which the FSM should be deflected is calculated from the ephemeris and
the velocity of the satellite.

4.2.1.2 Scanning and Acquisition

Throughout the scanning and acquisition phase, the ATP subsystems on both ter-
minals utilize the obtained pointing azimuth and altitude angles of the satellite
platforms. These angles are used to direct their own two-dimensional (2D) tracking
turntables toward each other’s satellites in an open-loop manner. Meanwhile, the
subsystems calculate and adjust the advance deflection angles for their advanced
vibrating mirrors. Terminal A illuminates the FOU of terminal B with a beacon
light. Terminal B determines the pointing angle error of its satellite platform from
the received spot position and adjusts its 2D tracking turntable in real time to fol-
low terminal A’s beacon light. Terminal B then sends a response signal to terminal
A to achieve initial single-end capturing. Once terminal A detects the returned bea-
con light from terminal B, it corrects its visual axis pointing based on the spot
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position and transmits the beam back to terminal B. When terminal B’s detector
identifies the incoming beam again, the initial capturing is completed at both
ends.

4.2.1.3 Tracking

Once the coarse detector identifies the opponent’s beam, it transmits the spot’s posi-
tion signal on the coarse detector to the coarse tracking controller. This controller
initiates coarse tracking and adjusts the coarse pointing mechanism to align the
spot as closely as possible to the center of the coarse detector. Subsequently, using
the wide beam beacon light, both A and B begin emitting the narrow beam beacon
light based on the control command. The centers of the coarse and fine detectors are
superimposed and the fine detector’s field of view exceeds the coarse tracking sys-
tem’s tracking error. Thus, after the coarse tracking stabilizes in a closed loop, the
fine detector can identify the light spot’s position. This position signal is then sent
to the fine-tracking controller, which starts fine tracking and adjusts the fast reflec-
tor’s deflection. This further minimizes the deviation between the system’s visual
axis and the received light’s axis, ensuring that the system’s visual axis accurately
tracks the other terminal. As such, the system’s optical axis is precisely aligned with
the terminal on the other side.

Typically, the detector employs an open-window technique for fast switching
between frame rate and field of view. Once the spot enters the view of the fine
tracking detector, fine tracking with a narrow beam can be established. However,
the spot may escape from the fine-tracking field of view, in which case the terminals
have to reconstruct fine tracking by turning back to coarse tracking or even open-
loop scanning. When fine tracking is stabilized, A and B can turn off the emission
of the captured beacon light, and the intersatellite link is successfully established.

4.2.2 Signal Modulation Technique

Optical modulation formats, determined by the physical parameters utilized within
the optical domain, are generally categorized into four main types: intensity,
frequency, phase, and polarization modulation [18]. Furthermore, optical commu-
nication systems are generally classified into two types according to the modulation
techniques and detection strategies applied at the receiver: direct detection systems
and coherent systems. The direct detection system relies on intensity modula-
tion combined with direct detection techniques. Conversely, the coherent system
adjusts the amplitude, phase, or frequency of the optical carrier using an exter-
nal modulation technique, which is applied after the optical signal generation.
This system employs optical coherence detection, leveraging the intrinsic oscillatory
characteristics of light to accomplish signal demodulation.

For laser-based intersatellite communication, either the intensity modula-
tion/direct detection (IM/DD) approach or coherent optical communication tech-
niques can be utilized. In IM/DD systems, as shown in Figure 4.4, the information
is directly modulated onto optical pulses, with the receiver employing a direct
detection method. This method is known for its simplicity and cost-efficiency; how-
ever, it relies on photodetectors operating under the square-law detection principle,
which restricts the system to capturing only amplitude information.
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Figure 4.4 Block diagram of an IM/DD system.

Figure 4.5 Block diagram of the receiver in a coherent system.

In coherent optical communication systems, the transmitter’s structure is sim-
ilar to that of the IM/DD system; however, a significant difference lies in the use
of an external modulation method after the optical signal is generated to alter the
optical carrier frequency, phase, or amplitude. Additionally, the detection mecha-
nisms between the coherent and IM/DD systems differ considerably. The receiver
configuration in the coherent system, as depicted in Figure 4.5, is distinct due to the
incorporation of a local oscillator. This setup involves combining the polarization-
controlled primary light with the incoming signal in an optical mixer. The optical
mixer output power encompasses the full range of information related to the signal
intensity, frequency, or phase, thereby ensuring that any modulation applied by the
transmitter is accurately retained and conveyed in the output [18]. Consequently,
coherent detection exhibits a versatile and robust application across various optical
communication systems [5, 19].

4.2.2.1 Noncoherent Modulation

On-off keying (OOK) stands out as a simple form of noncoherent modulation, uti-
lizing a digital pulse signal where each bit’s optical pulse that is either present or
absent, a state referred to as the “switch.” An OOK signal can be represented as

s(t) =
∑

n

ang (t − nTs) , (4.1)

where Ts denotes the duration of the codeword, g(t) is the baseband pulse
waveform, and an represents the amplitude level for the nth symbol. The peak
communicating speed of an OOK system is contingent on the light source’s switch-
ing speed. Although semiconductor lasers’ rapid switching rates suffice for cer-
tain high-speed OOK applications, the optical pulse intensity diminishes as the
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Figure 4.6 Comparison of different modulation timings [1].

modulation rate increases. This makes OOK unsuitable for particularly high-speed
and long-distance laser communications [6].

Pulse position modification (PPM) employs the location of an optical pulse to
transmit data. In detail, PPM allocates each frame into L time slots, each with a
duration of Ts , and the optical pulse also has a width of Ts . The specific position
of the optical pulse within these slots indicates the data being transmitted, with
the bit length determined by log2L. The use of low bandwidth in PPM modulation
does not favor high-speed communications, but the modulation’s low duty cycle
for signal light pulse slots facilitates achieving higher peak powers when average
laser detecting power is constrained. Additionally, the ability of this modulation to
use superconducting nanowire single-photon detectors allows for reception sensi-
tivity at the single-photon level. As such, PPM is more suitable for lunar-terrestrial
and deep-space laser communications that demand lower code rates and involve
extensive link distances [13].

Differential pulse position modulation (DPPM) offers an enhancement over
conventional PPM by having unspecified bit counts in its code groups. The primary
distinction between DPPM and PPM lies in the elimination of the “0” following the
“1” in the signal’s time slot, therebymaintaining the same transmission rate for both
L-DPPM and L-PPM code groups at log2 L bits. With identical transmission rates,
DPPMbenefits from reduced bandwidth usage and improved power efficiency com-
pared to PPM. However, DPPM requires strict symbol synchronization; otherwise,
a single erroneous code can compromise the interpretation of subsequent signals,
thus limiting DPPM for widespread application [14].

4.2.2.2 Coherent Modulation

Coherent modulation can be achieved using an optoelectronic modulator, pre-
dominantly the Mach-Zehnder modulator (MZM), which utilizes the electro-optic
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properties of a lithium niobate (LiNbO3) substrate. Exhibiting strong optoelec-
tronic effects, this modulator alters the refractive index of the LiNbO3 crystals
when an external voltage is applied, thereby modifying the amplitude, frequency,
or phase of the light signal that travels through it.

Binary phase shift keying (BPSK) modulation employs binary digital baseband
signals to encode information about carrier phase changes using a 180◦ phase shift,
which can be realized by an MZM. Specifically, BPSK translates a unipolar signal
into a bipolar electrical signal with nonzero values, subsequently modulating this
electrical signal onto the laser carrier. BPSK modulation operates through either
homodyning detection or heterodyne detection, and in either case, it requires the
use of a local oscillator laser to mix the incoming light signals. Due to the Doppler
shift encountered in free-space optical communications, the modulation technique
must adequately compensate for these shifts. However, current technologies for
Doppler shift compensation still face challenges in correcting frequency shifts in
the 30-GHz range.

Differential phase shift keying (DPSK) modulation utilizes the phase difference
between successive signal elements to encode information, implementing differen-
tial precoding based on BPSK. This modulation scheme demonstrates detection
sensitivity that is intermediate between direct modulation detection and conven-
tional phase modulation systems while providing strong resilience against back-
ground noise. DPSK is widely adopted in modern high-speed free-space optical
communication systems, particularly those linking satellites and ground stations.
In such systems, atmospheric turbulence causes both intensity scintillation and
phase fluctuations in the laser beam. To counteract these effects, distributed antenna
array receiving technology is employed to perform automatic coding compensation,
accounting for intensity variations and phase disturbances induced by turbulence
on both large and small scales [12].

Quadrature phase shift keying (QPSK)modulation employs a quadrature-based
phase modulation technique that uses four primary carrier phases: 45◦, 135◦, 225◦,
and 315◦. This can be realized using an optical vector modulator that includes two
MZMs and an optical phase modulator. In comparison to BPSK, QPSKmodulation
offers higher communication rates primarily utilized for high-rate intersatellite or
satellite-earth communications, but it also demands greater frequency stability.

4.2.3 Laser Antenna Technology

The intersatellite laser communication system comprises four subsystems that
collectively facilitate the completion of the laser communication task.

1. Optical mechanical subsystem: The optical-mechanical subsystem consti-
tutes the fundamental component of the laser communication terminal. It
encompasses the optical telescopic unit, the optical relay unit, and the pre-
cision mechanical base unit. The optical telescopic unit and the optical
antenna represent the central elements of the optical system. They are typ-
ically designed with integrated transceivers, with the performance of the
optical telescopic unit directly influencing the establishment of links and the
quality of communication.
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2. Communication subsystem: The communication subsystem constitutes the
principal functional entity for intersatellite laser communication. This is
divided into two principal units: communication transmission and commu-
nication reception. Currently, high-efficiency and low-power semiconductor
lasers are employed as emission sources. At the receiving end, the commu-
nication subsystem can be divided into two categories: direct detection and
coherent detection. Among these, coherent detection is receiving increasing
attention due to its high sensitivity.

3. APT subsystem: The APT (acquisition, alignment, tracking) subsystem is
the foundation for establishing intersatellite laser communication links. The
capture unit is tasked with rapidly and with high probability capturing tar-
gets in uncertain areas, thereby building an optical closed-loop link. The
coarse tracking unit is responsible for rapidly realizing dynamic coarse track-
ing to ensure that the target enters and stabilizes within the field of view of
fine tracking. The fine tracking unit subsequently corrects the coarse track-
ing residuals to achieve the system’s high-precision tracking. The leading
alignment unit compensates for the leading direction of the field of view
caused by the relative motion between satellites, thereby achieving accurate
alignment of the communication light.

4. Total control subsystem: The terminal’s communication process is entirely
under the system’s control, which also manages thermal control and power
management.

The optical antenna represents the fundamental component of an optical
machine system within a laser communication terminal. Its principal functions
can be delineated in two key areas: First, at the transmitting end, the antenna
facilitates the expansion of the transmitted signal, the enlargement of the beam
waist radius, and the reduction of the beam divergence angle, thereby reducing the
beam divergence loss and the transmission power requirements of the light source.
Second, at the receiving end, the antenna increases the receiving area, compresses
the receiving field of view, and reduces background light interference, thus enhanc-
ing the signal-to-noise ratio of the received signal and extending the communication
distance.

The majority of onboard laser communication terminals employ transceiver-
integrated optical antenna design. However, the specific optical antenna structure
forms employed vary. The most commonly used structure is the Cassegrain form.
Additionally, there are transmission structures, off-axis reflection structures, fold-
ing hybrid structures, and other forms. This section will present a comparative
analysis of various optical antennas.

The transmission optical antenna is comprised of two sets of lenses, which
constitute the objective lens and the eyepiece, respectively. The transmission optical
antenna is primarily classified into two categories: The Galileo and Kepler types.

The reflective structure is defined as follows: Laser communication terminals
are more commonly employed as reflective optical antennas. If masking is present,
the reflector antenna can be categorized into two distinct groups: those with and
those without masking.
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The folding hybrid structure is a novel telescope design that combines the
advantages of transmission and reflection systems. It offers high definition and
contrasts similar to that of a transmission telescope while maintaining the low
color difference of a reflection telescope. Furthermore, it boasts a larger field of
view than a simple two-mirror reflection system. These features and its potential
for high-quality imaging make the folding hybrid structure an attractive option
for future telescope designs. This implies that the telescopic objective incorporates
both a reflector and a lens. The lens is positioned at the front of the system as a
correction mirror, which corrects aberrations generated by the spherical primary
mirror. Introducing the correction lens ensures that the transverse system exhibits
optimal image quality. An example of laser antenna technology is SpaceX’s Star-
link constellation, which uses optical intersatellite links (OISLs) for high-speed data
transmission between satellites. This technology allows satellites to communicate
directly via laser beams, reducing reliance on ground stations and enabling global
coverage with low latency.

4.2.4 Microwave Antenna Technology

Radio waves are typically defined as electromagnetic waves with frequencies within
the range of 300 GHz. Radio waves can be further classified into microwave and
millimeter-wave links based on the frequency band. Compared to the laser link, the
microwave/millimeter-wave link exhibits a broader beam, conferringmore excellent
reliability and representing a more prevalent technical approach [16]. As illustrated
in Table 4.1, the frequency band selection for microwave links is predominantly the
L/S band, whereas the millimeter-wave link encompasses a higher Q/V band in addi-
tion to the currently prevalent Ka-band. The millimeter wave frequency band offers
greater communication capacity and more abundant spectrum resources, which has
led to it becoming a research focus and a promising area for broad application.

The design of a high data rate intersatellite link antenna is contingent upon
several factors, including full duplex, an up to 2 Gbps data rate, reverse circu-
lar polarization, and the position of each satellite, which varies from 25◦ to 160◦

from the geosynchronous orbital plane (18,000–83,000 km range, 213–226 dB
path loss, 77 GHz). The azimuth angle is between 5 and 10 degrees. Duplex com-
munication links with other tracking and data acquisition system (TDAS) satellites
are not in the sun and can operate at total capacity. This is achieved using a 10W
RF power amplifier and a 360K low-noise receiver. Based on these considerations,
it can be concluded that GEO-LEO links require antenna gains of approximately
63 dB, which equates to 3.2-diameter antennas at both ends of the link. In order

Table 4.1 Part of the Intersatellite Link Frequency Band Planning

Carrier Type Frequency Band Range Bandwidth

Microwave 22.55–23.55 GHz 1000 MHz
24.45–24.75 GHz 300 MHz
25.25–27.50 GHz 2250 MHz

Millimeter-wave 32–33 GHz 1000 MHz
54.25–58.20 GHz 3950 MHz
59–64 GHz 5000 MHz
65–71 GHz 6000 MHz
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to operate at total capacity when in the sun irradiation area, the antenna must be
increased in size, the transmission power must be increased, and both methods may
be employed. Given that the solar noise fading of the GEO-GEO link occurs only
a few times a year, it is not necessary to adjust the link for this phenomenon.

4.3 Current Status and Possible Challenges

In recent years, various countries have successfully conducted on-orbit demon-
strations of laser communication technologies across different orbital platforms,
gradually moving toward large-scale applications. These demonstrations, while
often utilizing customized laser terminals tailored to specific mission requirements,
have also driven the development of next-generation space systems. Despite the
successful on-orbit validation of satellite laser communication systems and the
breakthroughs in key technologies, several significant challenges remain due to the
rapid movement of satellites and the unique space environment. These challenges
include issues related to the transmission medium, node mobility, link stability,
energy supply, storage, and data processing, among others [9, 10, 15, 16]. This
section will analyze the development of satellite laser communication across dif-
ferent countries, explore the associated technical challenges, and suggest potential
solutions.

4.3.1 Current Status

This section categorizes and examines key technical validation projects in Europe,
the United States, and Asia, focusing on the technological details and development
processes in each region. Through this analysis, we summarize the current state and
emerging trends in satellite communication, providing a clear understanding of the
global advancements in this field.

4.3.1.1 Europe

The European Data Relay System (EDRS) is a satellite relay platform based on
a GEO satellite platform equipped with both laser and Ka-band communication
payloads. This system facilitates communication between LEO satellites, GEO
satellites, and ground stations, providing relay services for LEO satellite users,
aviation users, UAVs, and ground terminal devices. The communication range of
EDRS is 45,000 km, with a laser transmission power of 5W, a communication rate
of 1.8 Gbps, using BPSK modulation at a laser wavelength of 1,064 nm, and it
supports bidirectional communication.

In June 2016, EDRS-A introduced intersatellite laser communication with a
data rate of 600 Mbps, providing relay services for up to 40 LEO and GEO satel-
lites daily. By August 2019, EDRS-C was successfully launched into geostationary
orbit, with its laser intersatellite link mounted on the SmallGEO platform. The
third satellite, EDRS-D, scheduled for launch in 2025, will be equipped with three
next-generation laser communication terminals. These terminals will enable simul-
taneous communication with multiple satellites, with a transmission range of up to
80,000 km, and will be compatible with both 1,064-nm and 1550-nm wavelengths.
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This expansion aims to relay data from the Asia-Pacific region to Europe, thus
enabling global data relay services.

The German Aerospace Center (DLR) has developed the OSIRIS program,
which focuses on experimental optical terminals optimized for small satellites. The
development of OSIRIS began with two scientific missions launched in 2016 and
2017, OSIRISv1 and BiROS (OSIRISv2), followed by the OSIRIS4 Cubesat launch
in the fourth quarter of 2018 and the installation of OSIRISv3 on the Airbus DS
Bartolomeo platform aboard the International Space Station in 2019. Currently,
the fourth generation, OSIRIS-4, is under development. It is a miniaturized ver-
sion with dimensions smaller than 10 cm × 10 cm × 3 cm, and with a low power
consumption of just 8W during operation, making it compatible with virtually any
CubeSat platform [7].

Germany’s TESAT company has introduced a range of laser communication
terminals designed to meet the demands of multiple tasks. For low Earth orbit mis-
sions, TESAT offers the SmartLCT terminal, which can be deployed on smaller,
lighter satellites, significantly conserving mass and space. The SmartLCT can trans-
mit data over distances up to 45,000 km, providing high-speed data transfer of 1.8
Gbps, while weighing only around 30 kg. It ensures secure, rapid, and highly reli-
able performance. In the small satellite sector, TESAT’s laser product line includes
the TOSIRIS and CubeLCT terminals, which offer lightweight solutions. TOSIRIS
transmits Earth data at speeds of up to 10 Gbps and weighs just 8 kg. It employs
IM/DD modulation with an adjustable downlink rate. The CubeLCT, with an edge
length of only 10 cm and weighing just 0.397 kg, transmits at speeds of up to 100
Mbps. By utilizing these laser terminals to build a global data backbone, TESAT
enables near-real-time data transmission worldwide.

4.3.1.2 The United States

The Laser Communications Relay Demonstration (LCRD) is one of NASA’s key
projects for advancing space laser communication technologies. This initiative is
a foundational step toward developing the next generation of space tracking and
laser communication relay satellites [3]. As part of the LCRD program, NASA inte-
grated and tested the ILLUMA-T terminal, a satellite laser communication terminal,
in October 2023. The ILLUMA-T terminal can establish a two-way communication
link between satellites in different orbits, facilitating a multilayered space network.
This terminal employs photonic integration technology, replacing traditional elec-
tronic components with photonic ones, which significantly reduces the terminal’s
weight, volume, and power consumption, thereby enhancing reliability.

Previously, the Optical Communication and Sensor Demonstration (OCSD)
satellites showcased the capability of small satellites to facilitate high-speed satellite-
to-ground communication using laser intersatellite links, thereby addressing earlier
constraints related to thesizeandmassof lasercommunicationsystems. TheOCSD-A
satellite was launched in October 2015, with the subsequent deployment of OCSD-
B/C in November 2017. These missions successfully demonstrated the feasibility of
highdatarate transmissionbetweensatellitesandgroundstationsusing laser links [8].

The CubeSat Laser Infrared Crosslink (CLICK) system, collaboratively deve-
loped by The Massachusetts Institute of Technology (MIT), the University of
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Florida, and NASA Ames Research Center, serves as a platform for testing laser
communication between satellites as well as between satellites and ground stations.
This system features laser terminals with minimal size, weight, and power (SWaP),
enabling full-duplex, high-speed data downlinks and intersatellite links, while also
facilitating precise ranging and time synchronization. The CLICK-A payload, which
comprises a laser transmitter and an advanced pointing, acquisition, and tracking
(PAT) system, has successfully completed its assembly and testing phase and has
been delivered for integration with the spacecraft. CLICK-B/C, slated for launch no
earlier than August 2025, is designed to build upon the CLICK-A mission by incor-
porating additional elements, such as beacon lights and detector systems essential
for communication [8]. These twin CubeSats will be launched together to demon-
strate full-duplex intersatellite links with data rates exceeding 20 Mbps, along with
0.5-m ranging capability and 200-ps time synchronization accuracy [3]. In May
2022, the Terabyte Infrared Delivery (TBIRD) project demonstrated an innovative
200-Gbps downlink using a system with a volume of just 1.8U ×1U ×1U and a
mass of less than 2.25 kg.

4.3.1.3 Asia

The Japanese Data Relay Satellite System (JDRS) was developed collaboratively
by the Japan Aerospace Exploration Agency (JAXA) and the government, with its
ownership and management under the Cabinet Satellite Intelligence Center. JAXA
oversees the optical data relay operations of the satellite. Positioned in a geo-
stationary orbit at approximately 35,400 km above Earth, JDRS functions as a
high-altitude platform, facilitating rapid data transfer between Japanese satellites
and ground stations. This system proves particularly beneficial when a direct line of
sight between satellites and ground stations is unavailable [36]. JDRS-1, an integral
element of the system, supports both military and civilian applications, taking over
from the “Kodama” Data Relay Test Satellite (DRTS), which was in service from
its launch in 2002 until its decommissioning in August 2017. Featuring two laser
terminals, JDRS-1 employs infrared beams to achieve data transmission rates of up
to 1.8 Gbps between spacecraft. Its LUCAS payload enhances data transmission
capabilities, offering speeds that are seven times greater than those achieved by the
earlier S-band and Ka-band systems used in DRTS [8, 17].

The National Institute of Information and Communications Technology
(NICT) in Japan has developed several terminals for various missions. Among these
is the Small Optical Transponder (SOTA), a compact satellite optical communica-
tion terminal weighing only 6 kg. SOTA is currently deployed on the 50-kg-class
satellite SOCRATES, which focuses on advanced space optical communication
research. Optical communication experiments using SOTA are primarily conducted
at the Koganei Earth Station in Tokyo. These experiments include image trans-
mission tests with Low-Density Generator Matrix (LDGM) codes and quantum
satellite communication demonstrations, confirming that SOCRATES, aided by
SOTA, can achieve photon-level information exchange with ground stations [37].

In 2016, China conducted a successful laser communication experiment
between the Tiangong-2 space laboratory and the Nanshan ground station in Xin-
jiang. The laser terminal achieved a downlink data rate of 1.6 Gbps using IM/DD
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technology. This experiment marked the first successful daytime laser communi-
cation, with the terminal’s tracking performance during daylight nearly matching
that of nighttime conditions. Following this, in 2017, China launched the Shijian-
13 satellite, whose laser terminal, developed by Harbin Institute of Technology,
enabled the first high-speed, bidirectional laser communication between a geosta-
tionary satellite and the ground. The communication system, based on IM/DD
technology, achieved data rates of up to 5 Gbps over distances up to 45,000 km,
setting a new record for high-data-rate laser communication between satellites and
ground stations at that time.

In 2019, China successfully launched the Shijian-20 satellite from the Wen-
chang Space Launch Center in Hainan. This satellite is equipped with a laser
terminal, designed by the China Academy of Space Technology, which employs
coherent modulation techniques. In 2020, the Shijian-20 established a laser com-
munication link with the Lijiang ground station, achieving a downlink transmission
rate of up to 10 Gbps utilizing QPSK modulation [8]. Furthermore, the Xingyun
satellite series, launched in 2020, included laser communication payloads developed
by LaserFleet. This event marked China’s inaugural experiment in low Earth orbit
satellite-to-satellite laser communication, successfully achieving a link distance
exceeding 3,000 km with a data rate of 100 Mbps.

4.3.2 Possible Challenges

Building laser intersatellite links involves selecting various parameters, such as
modulation schemes and wavelengths, which are closely tied to the satellite’s
orbital altitude, distance, payload size, and specific mission requirements. Typically,
satellites in medium to high Earth orbits handle high data rate, wide-bandwidth
communication tasks. These satellites usually carry larger communication payloads
and employ coherent modulation schemes with shorter wavelengths.

In contrast, LEO satellites often support more frequent Earth communication
tasks and require the deployment of a greater number of satellites. These tasks
typically involve smaller, lighter communication payloads, noncoherent modula-
tion schemes, and longer wavelengths. However, the actual selection of parameters
for laser intersatellite links must be flexibly adjusted according to specific mission
needs and design objectives. Moreover, free-space optical communications still face
numerous technical challenges, particularly due to the rapid movement of satellites
and the unique space environment.

4.3.2.1 Transmission Environment

Free-space optical communications operate in a space environment markedly dis-
tinct from that of terrestrial fiber optic communications. The space environment
is highly intricate, involving solar radiation and reflections from the Moon and
other celestial bodies, which may surpass the intensity of the signal light and
significantly impact the quality of signal transmission. Consequently, free-space
optical communication systems require exceptionally strong resistance to back-
ground noise to ensure reliable signal transmission. First, reception of data at
very low signal-to-noise ratios can be supported by high-sensitivity detectors that
incorporate advanced noise reduction methods such as optical filtering and signal
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amplification. Moreover, signal immunity can be further improved by complex sig-
nal processing algorithms such as digital filtering, adaptive precoding, and error
correction coding. These algorithms are capable of identifying valid information in
the received data and minimizing noise interference.

4.3.2.2 High Nodes Mobility

Satellites are in high-speed motion and their relative positions are constantly chang-
ing, making dynamic alignment and connection of the laser link a major challenge.
Satellite vibration can cause jitter in the transmit beam, reducing the stability of
the laser link, which in turn leads to jitter in the received power or even error
codes. Rapid beam acquisition and precise beam tracking technology are essential to
address this issue. This necessitates an optical antenna with high precision, accurate
orbital prediction, and robust load control compensation to maintain the resilience
of the optical followup system. Furthermore, the robustness and stability of the
free-space optical communication system can be further enhanced by employing
multisensor fusion technology and advanced control algorithms.

4.3.2.3 Signal Processing with Low Energy Supply

Satellite energy sources are primarily dependent on solar panels and internal batter-
ies and constrained by the size of the solar panels, the battery capacity, and eclipse
events. These constraints impact the satellite’s ability to gather, store, process,
and transmit data. To address these issues, it is essential to implement cutting-
edge optoelectronic integration techniques to boost the processing and transmission
efficiency of satellite payloads and to decrease their size and energy consumption.
In addition, the complex signal transmission, data handling, and network routing
algorithms used in ground-based optical communications should be streamlined to
suit the limited energy and processing resources of satellites. Furthermore, the use
of high-efficiency solar cells, energy recovery systems, and low-power electronics
can also markedly improve the energy efficiency of satellites. The use of lightweight
yet robust materials such as aluminum-silicon carbide composites, titanium alloys,
and beryllium-aluminum alloys not only reduces the weight of the satellite, but also
strengthens its structure. This, in turn, increases its capacity to accommodate more
energy systems.

4.3.2.4 Complex Routing Protocols

Considering the severe instability of intersatellite links, intersatellite communica-
tion systems require robust defenses against link disruptions. Protocols for data
links and routing are essential in satellite communications to guarantee ongoing
communication and dependability in the event of link failure. In recent years, the
approach of using machine learning to discover the best policy has yielded sig-
nificant outcomes on numerous issues, and has been implemented in a variety of
resource scheduling algorithms. Meanwhile, to accommodate the unique require-
ments of satellite communications, established algorithms from terrestrial optical
communications should be modified and simplified. These modifications should
align with the satellites’ energy and processing limitations. Employing strategies like
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hierarchical routing and dynamic link management can enhance data transmission’s
effectiveness and dependability.

4.3.2.5 Lightweight Design

The reduction in size while ensuring longevity and reliability presents a significant
technical hurdle for laser communication systems. This miniaturization requires
optimization across four dimensions: link, terminal, stand-alone units, and mate-
rial choices. Initially, at the link level, it is crucial to strike a balance between the
reliability of the system and its weight. Traditional payloads, typically expected to
last over five years, should include provisions for redundancy, and the resilience of
a grouped satellite system’s single laser communication terminal must be evaluated
from an overall system standpoint. At the terminal level, the design of the termi-
nal influences both its weight and size, with the telescope aperture affecting the
channel’s weight. Minimizing the terminal’s weight hinges on refining the optical
magnification, the design of the optical path, and the size of the detector. When
selecting materials, a compromise between performance and cost is necessary. Cur-
rently, the primary materials used are aluminum alloy, aluminum-silicon carbide,
and titanium alloy. For payloads where terminal weight is critically restricted, such
as in deep space missions, metals such as beryllium or beryllium-aluminum, known
for their high specific stiffness, are preferred.

In the context of designing free-space optical communications for extended
durability and reliability, the choice of components, the design process, and the
implementation of terminals must adhere to aerospace design standards. Further
studies are necessary to improve reliability and adapt to the space environment.
Strategic planning of high-level switching routes and minimizing the operating duty
cycle of laser terminals can significantly extend their lifespan.

4.3.2.6 Networking and Security

In order to achieve interconnected networking and on-demand access among satel-
lite systems, it is essential to standardize intersatellite optical link techniques and
manage the status of links and equipment. This involves unified planning of signal
systems, data rates, link-layer data formats, and handshake protocols. Regarding
link security, especially for satellite systems with stringent security needs, coherent
laser links and end-to-end encryption schemes are necessary to ensure secure and
reliable data transmission.
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Channel Models for
Satellite-Terrestrial Integrated
Communication

5.1 Wireless Channel Fundamentals

Due to the presence of occlusions, signals propagate through different paths. Conse-
quently, signals arriving at the receiver exhibit varying time delays consisting of the
overall received signal. The maximum delay spread τmax of the channel is defined as
the difference between the paths with the largest and smallest transmission delays.
Moreover, the coherence bandwidth of the channel Bc is defined as follows;

Bc ≈
1

τmax
.

When the bandwidth of the signal surpasses the channel’s coherence band-
width, the attenuation across different parts of the signal becomes dependent on
frequency, leading to waveform distortion. This channel is termed as a frequency-
selective channel. This type of channel is referred to as a frequency-selective channel.
On the other hand, if the signal bandwidth is less than the coherence bandwidth,
the entire signal undergoes consistent attenuation, maintaining the waveform, and
such a channel is called a nonfrequency-selective (or flat) channel.

For the case of mobile propagation environment, relative motion between the
transmitter and receiver induces the Doppler shift phenomenon. When multipath
propagation exists concurrently, the Doppler shift transforms into Doppler spread.
Assuming the transmitted signal has a frequency fc, Doppler spread results in the
received signal’s power spectrum expanding from fc− fm to fc+ fm , and the received
signal’s power spectrum spread BD is referred to as fm . If the signal bandwidth Bs

is greater than this power spectrum spread BD, the channel is classified as a slow-
fading channel. Conversely, if the signal bandwidth Bs is smaller than the power
spectrum spread BD, the channel is regarded as a fast-fading channel. Additionally,
coherence time Tc is defined as

Tc ≈
1

BD

.

Based on the relationships among signal bandwidth Bs , coherence band-
width Bc, and power spectrum spread BD, fading channels can be categorized as
illustrated in Figure 5.1.
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Figure 5.1 Schematic diagram of fading channels classification.

5.2 Satellite-Terrestrial Channel Characteristics

As shown in Figure 5.2, satellite communication signals tend to suffer from var-
ious attenuation fading such as the nonlinear effects of RF devices, scintillation
effects caused by rain and clouds, the shadow fading effect caused by obstacles,
as well as the multipath effect caused by reflection, scattering and bypassing phe-
nomena. Additionally, the complex relative motion between LEO satellites and the

Figure 5.2 Satellite-terrestrial channel characteristics.
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receiving end contributes to a high dynamic time-varying characteristic in the above
attenuation, accompanied by a significant Doppler effect [2].

5.2.1 Free-Space Loss

Signal attenuation occurs as radio waves propagate through free space, with its
magnitude depending on the communication frequency and propagation distance
[3]. The free-space path loss can be described by the following equation:

L F S =

(
4πd

λ

)2

=

(
4πd fc

c

)2

,

where d represents the distance in kilometers between the satellite and the terminal,
λ is the wavelength of the carrier wave used for communication in m, fc is the
communication carrier frequency in MHz, and is the speed of light, with a value of
3 × 108m/s. The above equation can be expressed in logarithmic form as follows:

L F S = 32.45 + 20 lg fc + 20 lg d,

At this time, the free space loss L F S is in dB. This equation reveals that as the
carrier frequency and the distance between the satellite and the terrestrial station
increase, the free-space path loss correspondingly increases.

5.2.2 Ionospheric Scintillation

Ionospheric scintillation occurs due to the nonuniformity of the concentration of
the medium within the troposphere and ionosphere, causing signal scattering as
electromagnetic waves pass through. This redistribution of electromagnetic energy
in space and time leads to sharp fluctuations in signal phase and amplitude over
short periods, which is called ionospheric scintillation [4]. This effect can lead to
random changes in the amplitude and phase of the received signal of the satel-
lite mobile communication system, affecting the system performance and hindering
the normal communication process. While ionospheric scintillation is a signif-
icant factor for signals with a carrier frequency below 6 GHz, it particularly
affects those below 3 GHz traveling through the ionosphere. Strong scintillation
is rarely observed in mid-latitude regions but can occur frequently in low-latitude
regions shortly after sunset. High-latitude regions generally witness medium to
high-intensity scintillation phenomena.

For LEO satellites operating below 6 GHz, P Lc must be considered. However,
in mid-latitude degree regions of [±20◦ , ±60◦], strong scintillation is typically
undetectable, and P Lc can be assumed negligible. In other latitudes, P Lc can be
calculated as [5]

P Lc =
1

√
2

(

27.5 · ψ1.26 · ( fc/4)
−1.5

)

.

The above formula is an P Lc empirical formula based on the gigahertz
scintillation model. ψ represents the amplitude scintillation index.
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5.2.3 Shadow Fading and Clutter Loss

Shadow fading, a form of signal loss caused by the obstruction of terrestrial obsta-
cles, occurs when satellite signals are blocked by shadowing objects such as rugged
terrain, buildings, and trees [5]. Behind these obstacles, a shadow area with a weak
radio signal field is formed, resulting in the attenuation of the received signal energy.
The fading depth caused by the shadow effect is mainly related to the size of the
shadow area and the signal frequency. The larger the shadow area, the higher the
communication frequency and the greater the fading depth. For GEO satellites,
the south mountain effect occurs where visibility between the GEO satellites and
terrestrial stations might be impaired by southern mountains or buildings, obstruct-
ing the communication link for users in the northern hemisphere. Conversely, LEO
satellites can lead to the urban canyon effect, where some signals at low elevation
angles are more likely to be blocked by shadow objects such as urban structures in
the propagation path, rendering communication infeasible.

Clutter loss is one of critical factors in the loss of the satellite-terrestrial links,
which denotes the degradation of electromagnetic wave signal caused by the occlu-
sion and scattering of nearby mountains, buildings, and other structures. Clutter
refers to various objects such as buildings or vegetation on Earth’s surface rather
than the actual terrain. The propagation effect is significantly influenced by the clut-
ter around a radio transmitter/receiver terminal, with nearer objects having more
substantial effects. The actual impact will depend on the characteristics of the clutter
and the radio parameters [6].

5.2.4 Rain Fading

Satellite-terrestrial links often traverse regions with heavy rainfall. Rain fading
refers to the reduction of electromagnetic wave signal energy due to the absorp-
tion and scattering by raindrops. The degree of rain fading is determined by the
wavelength and radius of the raindrops. The larger the wavelength in relation to
the diameter of the water particles, the greater the signal distortion encountered
by the electromagnetic wave. The diameter of raindrops is generally between 0.25–
8 mm, the wavelength of the C-band is between 37.5–75 mm, and the wavelength
of the Ka-band is between 7.5–11.1 mm. Therefore, compared with satellite com-
munication using the C-band, the satellite communication using the Ka-band is
more significantly affected by rain fading. Among them, LEO satellites, due to
their shorter transmission distances and lower path loss, more frequently utilize the
Ka-band, making them more susceptible to rain fading [7].

5.2.5 Multipath Fading

During the propagation of electromagnetic wave signals between satellites and ter-
restrial, reflections, and scattering caused by various structures, mountains, and
clouds transform direct signals into multipath signals, each with different delays
and attenuations [8]. The received signal consists of multipath signals with varying
amplitudes, delays, and phases, leading to intersymbol interference. Orthogonal-
ity between subcarriers is disrupted, thereby decreasing the stability of the signal
transmission link. In the case of GEO satellite communication and MEO satellite
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communication, the propagation distance is long, and the multipath signal suffers
from severe path loss; the power of the multipath interference signal thus becomes
small. Hence, the multipath effect of high-Earth orbit satellite communication can
be neglected. However, the propagation distance of LEO satellite communication
is relatively short, and the power of the multipath interference signal remains large,
which gives rise to serious intersymbol interference.

5.2.6 Doppler Effect

5.2.6.1 Doppler Shift

In a high-mobility communication environment, the carrier frequency of the
received signal will shift in relation to the transmitted signal. This phenomenon
is referred to as the Doppler effect. The corresponding frequency shift is referred
to as the Doppler shift. The Doppler distribution of a satellite specifically includes
three parts: the Doppler fixed frequency offset caused by the satellite’s movement;
the Doppler spread caused by local scattering around the terrestrial equipment and
the pure Doppler peak caused by the movement of the terrestrial equipment. To be
more specific, the Doppler frequency offset can be expressed as

fd =
v

c
· fc,

where fc represents the carrier frequency of the transmitting end, v represents the
relative movement speed between the transmitting and the receiving end, and c

represents the speed of light.
The phenomenon of carrier frequency offset caused by the Doppler effect is

shown in Figure 5.3. Assuming that the carrier frequency of the transmitted signal
is fc, an oscillator is usually used at the receiving end to generate the same car-
rier frequency as that of the transmitted signal fc to achieve carrier matching and
recover the signal. However, due to the Doppler effect, the carrier frequency of the

Figure 5.3 Schematic diagram of Doppler frequency offset.
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signal is shifted to the right by fd , and the carrier frequency becomes f̂c = fc + fd ,
which prevents the signal carrier from being matched correctly, resulting in demod-
ulation errors. The normalized frequency offset ε is used to measure the degree of
impact of the frequency offset on the modulation system, defined as the ratio of the
frequency offset to the subcarrier interval as follows:

ε =
∆ f

∆ f0
,

where ∆ f is the frequency offset and ∆ f0 is the subcarrier interval. The integer
part of the normalized frequency offset is called integer frequency offset (IFO) εi

and the fractional part is called fractional frequency offset (FFO) ε f .

5.2.7 Atmospheric Absorption

Electromagnetic wave signals will be affected by atmospheric absorption, rainfall,
fog, and other factors in the process of passing through the atmosphere. As the
frequency band used by the satellite-terrestrial link gradually increases, especially
in the context of terahertz communication, which is one of the key technologies
of 6G, the impact caused by atmospheric absorption cannot be ignored. The char-
acteristic atmospheric attenuation of radio waves at the 1,000 GHz frequency is
mainly due to dry air and water vapor. The value of this attenuation is related to
the satellite elevation angle, communication frequency, pressure, temperature, and
other factors, which can be formulated as

P La =
L zeni th( fc)

sin θ
,

where θ is the elevation angle, fc is the carrier frequency (in GHz), h is the satellite
altitude, and L zeni th( fc) is the zenith attenuation (i.e., atmospheric absorption loss
at an elevation angle of 90◦ for different altitudes and environments on earth). The
effect of L zeni th( fc) is mainly caused by the resonant absorption lines of oxygen
and water vapor, which is usually less than 10 dB based on the reference values for
different weather conditions given by ITU-R.

3GPP provides a simplified methodology and sets all the required parame-
ters to their annual average global values based on the original methodology of
the ITU that considers only UEs placed at sea level. Atmospheric absorption loss
should be considered only for frequencies above 10 GHz, or for any frequency
with an elevation angle of less than 10 degrees. We apply the piecewise cubic her-
mite interpolating polynomial (PCHIP) algorithm to model L zeni th( fc) illustrating
the relationship between atmospheric absorption and frequency. The PCHIP algo-
rithm performs piecewise cubic polynomial interpolation, ensuring that the data’s
monotonicity is preserved and preventing the introduction of spurious oscillations
during the interpolation process. The values of L zeni th( fc) are shown in Figure 5.4.

5.2.8 Building Penetration Loss

Today, the majority of mobile network users are indoor users, which makes the
most communication data services generated from indoors, whereas indoor users
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Figure 5.4 Atmospheric absorption loss of 1–100 GHz (90◦ elevation angle).

usually utilize outdoor base stations for access. Therefore, building penetration loss
is also an important factor to consider. When modern, thermally efficient building
materials are used (metalized glass, foil backed panels), building penetration losses
are usually significantly higher than in buildings without such materials. Lh is the
median loss for horizontal paths, given by [11]

Lh = r + s log( f ) + t(log( f ))2.

The path elevation angle on the building fade is expressed as

Le = 0.212|θ |,

where f is the frequency in GHz and θ is the elevation angle on the building facade
in degrees. In a nutshell, the propagation effects and impacts present in the channel
transmission environment are summarized as follows. We summarize the above
channel transmission environment influences in Table 5.1.

5.3 Classical Satellite-Terrestrial Channel Models

Conventional methods for satellite mobile channels can be divided into three cat-
egories: empirical models, statistical models, and geometrically stochastic models.
In recent years, extensive research has also been conducted on satellite-to-terrestrial
channel modeling based on machine learning.

One of the classic models within empirical models is the empirical roadside
shadowing (ERS) model, which can calculate the fade margin needed to account
for signal attenuation caused by the environment surrounding the receiver. Due to
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Table 5.1 Propagation Effects in the Channel Transmission Environment

Transmission
Characteristics Physical Causes Effect

Nonlinear effect Nonlinear operating characteristics
of onboard critical RF devices

Received signal’s amplitude and
phase are distorted, causing group
delay

Free-space loss Electromagnetic wave loss Signal-to-terrestrial power, beam
coverage

Ionospheric
scintillation

Changes in ionospheric electron
density

Random jumps in signal amplitude
and phase

Rain fading Rainfall attenuation of
electromagnetic signals

Signal power attenuation,
depolarization effect

Shadow fading and
clutter loss

Obstruction to obstacles Dynamic easing of signal envelope
level values

Multipath fading Signal reflection, scattering Rapid fluctuations in signal
amplitude and phase

The doppler effect Relative motion Received signal frequency offset
Atmospheric
absorption

Absorption of electromagnetic
signals by dry air and water vapor

Signal power attenuation

O2I penetration loss Building attenuation of
electromagnetic signals

Signal power attenuation

the narrow usable frequency range and elevation angle range of the ERS model,
many modifications have been made to it. However, because empirical models can
only establish simple mathematical relationships based on measured data, they can
describe the characteristics of a particular parameter but cannot reveal the under-
lying signal propagation characteristics. Therefore, recent research on empirical
models for satellite channels has been limited [12].

In the study of satellite channel models, probability distribution functions are
commonly used to describe channel characteristics. This approach is not only
straightforward and intuitive but also provides an accurate representation of the
statistical properties of channel models. The currently widely researched satellite
channel models primarily include the C.Loo model, Corazza model, LutZ model,
and tapped delay line (TDL) satellite mobile channel model.

5.3.1 The C.Loo Model

The C.Loo model [14] was proposed by Chun Loo in 1985, and is suitable for
channels with shadowing in rural or suburban environments. The received signal
is composed of both direct and multipath components. While the direct signals
are influenced by shadowing, the multipath signals remain unaffected. As a result,
the C.Loo model is also referred to as the partial shadowing model, and its
mathematical representation is shown in Figure 5.5.

Specifically, the received signal can be expressed as

r(t) = z(t)s(t) + d(t),

where z(t) denotes the direct signal obeying a lognormal distribution, s(t) is the
shadowing effect on the direct signal, and d(t) denotes the multipath signal com-
ponent obeying a Rayleigh distribution. The probability density function of the
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Figure 5.5 C.Loo mathematical model.

direct signal component z(t) can be expressed as

fz(z) =
1

zσ1
√
2π

exp

[

−
(ln z − µ)2

2σ 2
1

]

,

whereµ, σ 2
1 are the mean and variance of ln z, respectively.

When the direct signal component is fixed, the envelope of the received signal
r follows the Rice distribution, and its probability density function is expressed as

fr (r |z) =
r

σ 2
2

exp
[

−
r2 + z2

2σ 2
2

]

I0

(
r z

σ 2
2

)

,

where σ 2
2 is the variance of the Rice distribution , I0 is modified Bessel function of

the first kind, order zero.
The probability density function of the received signal envelope r is

fr (r) =

∫ ∞

0
fr (r |z) fz(z)dz

=
r

σ1σ
2
2

√
2π

∫ ∞

0

1

z
exp

[

−
r2 + z2

2σ 2
2

−
(ln z − µ)2

2σ 2
1

]

dz

This equation is the theoretical formulation of the C.Loo model.

5.3.2 Corazza Model

The Corazza model [15] is applicable to rural suburban as well as urban areas, with
the received signal composed of direct and multipath signal components. Unlike the
C.Loo model, both the direct and multipath components in the Corazza model are
affected by shadowing, so it is also referred to as the full shadowing model. Its
mathematical model is shown in Figure 5.6.

The received signal of Corazza model can be expressed as

r(t) = [z(t) + d(t)] ∗ s(t),

where d(t) is the multipath signal following a Rayleigh distribution, s(t) is the
shadow fading following a lognormal distribution, and z(t) is the diameter compo-
nent at the receiving end. When the shadow fading is considered as a constant, r(t)
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Figure 5.6 Corazza mathematical model.

follows the Rice distribution, and the probability density function of r(t) is

f (r | s) =
r

sσ 2
0

exp
[

−
r2/s2 + z2

2σ 2
0

]

I0

(
zr

sσ 2
0

)

.

According to the total probability theorem, we can obtain f (r)

f (r) =

∫ ∞

0

1

s
f (r | s) f (s) ds,

where f (s) is

f (s) =
1

sσs

√
2π

exp

[

−
(ln s − µs)

2

2σs

]

.

5.3.3 Lutz Model

The Lutz model [16] divides the channel into two states: good state and bad state
based on whether there are obstacles obstructing the signal transmission process.
Thus, the model is also known as the two-state channel model, whose mathematical
model is shown in Figure 5.7.

The good state corresponds to the case where the signal is not affected by shad-
owing. In this case, the received signal’s envelope obeys the Rice distribution, and
its probability density function r (t) can be expressed as

fr (r) = K · exp[−K (r + 1)] · I0(2K
√

r),

where K is the Rice factor, I0 is the first class of zero-order Bessel functions.

Figure 5.7 Lutz mathematical model.
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The bad state corresponds to the situation where the signal is impacted by shad-
owing. At this time, there is no direct signal and the multipath is affected by shadow
fading, so that the received signal obeys the Rayleigh-lognormal distribution and
the probability density function r (t) is expressed as

fr (r |s) =
r

σ 2
1

exp
[

−
r2

2σ 2
1

]

.

Shadow fading s(t) follows the lognormal distribution and the probability
density function is expressed as

fs(s) =
1

hσ2s
√
2π

exp

[

−
(ln s − µ)2

2h2σ 2
2

]

,

where h = (ln 10) /20, µ and (hσ2)2 are the mean and variance of, respectively.

5.3.4 TDL Satellite Mobile Channel Models

The TDL is applied to single antenna channels and is considered to consist of taps,
each having distinct fading and delay coefficients. The number of taps can be set
according to the demand, making it suitable for satellite mobile communication
channel simulation. In the channel model simulation, each tap represents each path
of the signal, and different configurations of the tap coefficients can realize mod-
eling under different scenarios. The TDL model divides the scenarios of the LEO
satellite communicating with the terrestrial terminals into non-line-of-sight (NLOS)
and LOS scenarios. TDL-A and TDL-B are the simulation models for NLOS sce-
narios, while TDL-C and TDL-D are for LOS scenarios. For the case of NLOS
scenarios, there is no direct path, and the multipath follows Rayleigh fading. For
the case of LOS scenarios, the direct path at the receiving end follows Rice fading,
while the rest of the multipath obeys Rayleigh fading.

For the most cases of wireless channels, the resolvable paths can be viewed as
fixed values that do not change with time. Similarly, in the TDL model, each resolv-
able path has a fixed delay phase as well as a Doppler shift. If the transmitted signal
at the satellite is s (t), the received signal at the terrestrial y (t) can be expressed as

y (t) =
N
∑

n=1

s

(

t −
n
∑

τn

)

gn (t),

where N is the number of resolvable paths, τn is the time delay of the nth path, and
gn (t) is the channel impulse response of the nth path denoted by

gn (t) = αn exp ( jθn + j2π fDnt) ,

where αn is the fading factor of the nth tap, θn is the initial phase of the nth tap,
and fDn is the Doppler frequency offset.
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The geometric randomness channel model is a reasonable assumption about
the distribution of obstacles and scatterers in the vicinity of the receiving end.
Specifically, the effective scatterers in the environment are abstracted into one or
more specific geometric models and their distributions are modeled. Studying chan-
nel variations by varying the scatterer distribution function has the advantages of
strong model generalization and low computational complexity. Currently there
are fewer studies on geometric randomness modeling for satellite-terrestrial links,
which can be categorized into 2D models, 3D models, and so on.

Machine learning based channel modeling usually uses long short-termmemory
(LSTM), convolutional neural networks (CNNs), recurrent neural network (RNN),
and other methods to predict fading. LSTM is one of widely used methods with
good prediction accuracy. Machine learning-based modeling can take advantage
of the superior self-learning and prediction capabilities to extract channel features
from complex channel data and improve the generalization ability of the model.
However, the prediction accuracy of current machine learning-based models is
highly dependent on the richness of the training set data and consumesmore compu-
tational resources. Therefore, its trained models are only applicable to some specific
scenes or frequency bands.

5.4 Evolution of Satellite-Terrestrial Channel Standards

The integration of satellite-terrestrial networks began to be studied by 3GPP from
Release 15 [13]. The deployment scenarios of NTN are defined in Technical Report
(TR) version 38.811, including eight enhanced mobile broadband scenarios and
two large-scale machinelike communication scenarios. In addition, some key sys-
tem parameters, such as channel model, orbit height, carrier frequency point, and
bandwidth, are also defined. During Release 16, 3GPP detailed the protocol layer
improvements required for the convergence of NTN networks with 5G in the TR
38.821, and defined the parameters for satellite-terrestrial link-level simulation in
the S and Ka bands. During Release 17, 3GPP started to develop NTN-related
standards, which were further improved in Release 18.

According to TR 38.811 [5], NTN LEO satellite channels are divided into two
types: LOS and NLOS propagation. The channel of LOS scenarios can be mod-
eled by the Rice distribution, while that of NLOS scenarios can be modeled by
the Rayleigh distribution due to the zero Rice K-factor. The TR 38.811 standard
provides four different typical scenarios based on empirical data: TDL-A/B/C/D. In
particular, TDL-A and TDL-B correspond to different NLOS environments, while
TDL-C and TDL-D refer to different LOS environments. The simulation parameters
for these scenarios are shown in Tables 5.2 to 5.5.

Table 5.2 Scene 1 NLOS-TDL-A

Tap Serial Normalization Fading Distribution
Channel Type Number Delay Power [dB] Characteristics

NTN-TDL-A 1 0 0 Rayleigh
2 1.0811 −4.675 Rayleigh
3 2.8416 −6.482 Rayleigh
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Table 5.3 Scene 2 NLOS-TDL-B

Tap Serial Normalization Fading Distribution
Channel Type Number Delay Power [dB] Characteristics

NTN-TDL-B 1 0 0 Rayleigh
2 0.7249 −1.973 Rayleigh
3 0.7410 −4.332 Rayleigh
4 5.7392 −11.914 Rayleigh

Table 5.4 Scene 3 NLOS-TDL-C

Tap Serial Normalization Fading Distribution
Channel Type Number Delay Power [dB] Characteristics

NTN-TDL-C 1 0 0.394 LOS path
2 0 10.618 Rayleigh
3 14.8124 −23.373 Rayleigh

Table 5.5 Scene 4 NLOS-TDL-D

Tap Serial Normalization Fading Distribution
Channel Type Number Delay Power [dB] Characteristics

NTN-TDL-D 1 0 −0.284 LOS path
2 0 −11.991 Rayleigh
3 0.5596 −9.887 Rayleigh
4 7.3340 −16.771 Rayleigh
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Channel Coding for
Satellite-Terrestrial Integrated
Communication

Channel coding technology is the foundation and core of digital communication
systems. It improves the reliability of data transmission by adding redundant infor-
mation in noisy and interfering channels. Classic channel coding schemes include
cyclic, convolutional, turbo, low-density parity-check (LDPC), and polar codes.
These coding schemes have been widely utilized in terrestrial and satellite com-
munication systems. This chapter systematically summarized the development and
application of channel coding in terrestrial communication systems and satellite
communication systems, as well as the new challenges and potential directions faced
in responding to the future trend of satellite-terrestrial integration.

6.1 Classical Channel Coding

In wireless communication systems, information transmission must pass through
various physical channels. Due to interference, device nonideality, equipment fail-
ure, and other factors, the transmitted information symbols will be distorted,
resulting in damage to helpful information and misjudgment of the signal at the
receiving end. To improve the accuracy of information transmission and enable it
to have better resistance to channel noise, interference, and so on, it is necessary
to adopt unique error detection and correction methods, namely error control. The
task of error control is to detect errors, point out the erroneous signal, or correct
the mistake. Error control is mainly achieved by channel coding.

Channel coding refers to detecting and correcting transmission errors by adding
redundant information to the original information, thereby improving system relia-
bility. For example, the redundant bit 010 is added to the source bit 1100 according
to a specific rule to obtain the code 1100010. The coded bits are transmitted on the
wireless channel after signal modulation. Due to the influence of interference, noise,
and so on, there are error bits in the demodulated received signal. However, since
there are redundant vectors in channel coding, errors can be found and corrected
during channel decoding, reducing transmission errors and improving communica-
tion reliability. Therefore, designing redundant information and using it to correct
mistakes becomes key to channel coding.

In theory, the noisy channel coding theorem (Shannon’s second theorem) states
that if the capacity of a discrete memoryless stationary channel is C and the length
of the input is N , as the information rate to be transmitted is not greater than C ,

83
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a coding scheme can always be designed. When N is large enough, the decoding
error probability is arbitrarily small. In contrast, when the transmission informa-
tion rate is more significant than C , for codes of any length the decoding error
probability must be greater than zero [1]. It should be noted that the channel cod-
ing theorem is only an existence theorem, which calculates a limit on the channel
capacity. The channel can transmit information almost without distortion when the
transmitted information rate does not exceed this limit. In other words, under the
premise of ensuring that the transmission information rate is lower than the channel
capacity, a coding scheme with an error probability approaching zero exists.

According to how information bits are processed, channel coding can be
divided into convolutional and block codes. Specifically, in block codes, the input
information bits are divided into several groups, then r supervision bits are gener-
ated for each group of information bits according to a specific coding rule, and the
supervision bits are only related to the information bits of this group. Furthermore,
if the supervision bits are linearly related to the information bits, it is called a linear
block code. In convolutional codes, the supervision bits depend not only on the
information bits of this group but also on the information bits of the previous L

groups, which is expressed explicitly as (N , K , L) code, where N is the code length
and L is the constraint length. Since linear block codes and convolutional codes are
more commonly utilized, they will be introduced in detail below.

6.1.1 Linear Block Code

Standard linear block codes include RM codes, cyclic codes, LDPC codes, and polar
codes. As shown in Figure 6.1, the encoding process of a linear block code (N , K )
with information length K and codeword length N can be expressed as

c = mG (6.1)

where G is a generator matrix with K rows and N columns, m is the informa-
tion bit sequence, and c is the encoded codeword sequence. In the above context,
the encoding structure becomes apparent with the determination of the generator
matrix G.

6.1.1.1 RM Code

Reed-Muller (RM) code, also known as RM code, was first proposed by Reed in
1954 [2]. RM code is a classic linear block code that can correct multiple errors
simultaneously. For positive integers r and m, and satisfying 0 ≤ r ≤ m, an RM
code of r -order with codeword length N = 2m , denoted by RM (r,m) exists. The
information bit length is

k (r,m) =
r
∑

i=0

(

m

i

)

= 1 +

(

m

1

)

+

(

m

2

)

+ · · · +
(

m

r

)

(6.2)

The minimum Hamming distance is 2m−r . For example, for the RM code (5, 10),
the codeword length N = 1024, the information length is 638, and the minimum
Hamming distance is 32.
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Figure 6.1 Basic principles of classical channel coding.
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Like general linear block codes, RM codes can be encoded by generating matri-
ces. The matrix of RM codes can be generated by solving the Hadamard matrix.
Specifically, given the matrix with 2 × 2 kernel

F2 =

[

1 0

1 1

]

(6.3)

Then the m-order Hadamard matrix is calculated as F⊗m
2 , where ⊗ represents the

Kronecker product. Further, the generator matrix G of the (r,m) RM code consists
of all rows in the Hadamard matrix with weight greater than or equal to 2m−r .

RM codes have diverse and straightforward structures with decoding methods,
such as hard decisions and soft decisions. Due to its excellent error correction per-
formance, RM was widely used in deep-space communications in the late 1960s
and early 1970s.

6.1.1.2 Cyclic Code

Cyclic codes are an important subclass of linear block codes and are a relatively
mature coding scheme [3]. In addition to the characteristics of linear block codes,
cyclic codes also have a cyclic property: any cyclic shift of a codeword still yields
a legal codeword. The generator matrix of a cyclic code can be obtained by cyclic
shifting the generator polynomial. For instance, the generator polynomial of a cyclic
code is g (x) = gN−K x N−K + gN−K−1x N−K−1 + · · · + g1x + g0, where N is the
codeword length and K is the information bits length. Then, the generator matrix
can be expressed as

G K×N =









gN−K gN−K−1 · · · g1 g0 0 · · · 0

0 gN−K gN−K−1 · · · g1 g0 · · · 0
...

...
...

...
...

...
...

...

0 · · · 0 gN−K gN−K−1 · · · g1 g0









(6.4)

Bose, Chaudhuri, and Hocquenghem independently discovered BCH codes in
1959 [4], which are crucial cyclic codes. For a BCH code with an error correc-
tion capability of t , its generating polynomial contains 2t consecutive power roots,
which can be efficiently decoded using an iterative decoding algorithm. Specifically,
for positive integers m and t , there exists a binary BCH code with a code length of
m, whose generating polynomial has roots of t , which can correct t random errors.
At the same time, BCH codes also inherit the characteristics of the simple struc-
ture of cyclic codes, flexible code length, and code rate design, which also gives
them specific applications in early satellite communications such as digital video
broadcasting.

The RS code is a multilevel BCH code proposed by S. Reed and G. Solomon of
MIT Lincoln Laboratory in 1960 [5]. In the RS code, the input sequence is divided
into k×m groups of k bits. Each group contains k symbols, and each symbol consists
of m bits. An RS code can correct t errors has the following parameters: code length
is 2m − 1, supervision bit length is 2t , and minimum code distance is dmin = 2t +1.
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The encoding process of the RS code is similar to that of the BCH code and is
also encoded according to the polynomial g (x). Specifically, it can be implemented
by a shift register with feedback. It is worth noting that the RS code can correct
burst errors and is widely used in deep-space communications, digital satellite TV
systems, and other fields.

6.1.1.3 LDPC Code

Gallager proposed LDPC codes in 1962 [6] but did not attract much attention from
experts and scholars then. It was not until the 1990s that MacKay, Spielman, and
others discovered that LDPC codes, like turbo codes, could approach the Shannon
limit [7], and researchers began to conduct in-depth research on LDPC codes.

LDPC code is a unique linear block code. Its check matrix H is sparse and can
be represented by the Tanner graph shown in Figure 6.2, where ci represents the
check node and v j represents the variable node. The line between them represents
the element with a value 1 in the check matrix. There are two main methods for
constructing the check matrix of LDPC code. The first method is random construc-
tion, including Gallager construction, Mackay construction, Davey construction,
and PEG construction. This scheme can construct the LDPC code with the best
performance when the code length is sufficient, but the complexity is enormous
and difficult to implement in hardware. The second method is structured con-
struction, which includes finite geometry construction, combinatorial design, π
rotation, and quasi-cyclic construction. Compared with the random construction
scheme, the structured LDPC code has a specific structure and cyclic or quasi-cyclic
characteristics, and the coding is simple to implement.

Most early LDPC codes were randomly constructed using Gaussian elimination
to obtain the generatormatrix and complete the encoding. The encoding complexity
is O

(

N2
)

, where N is the codeword length. However, as the code length increases,
both the storage space and computation amount will dramatically increase. To over-
come this defect, Richardson proposed a coding algorithm based on an approximate
lower triangular matrix, which reduces the complexity from O

(

N2
)

to O
(

N + G2
)

,
where G is the length of the check sequence. The most common decoding algorithm
for LDPC codes is belief propagation (BP) decoding, which completes the decod-
ing by continuously and iteratively updating the information in the variable and
checking nodes in parallel.

LDPC code is one of the coding schemes with the best performance at this stage,
but its excellent performance can only be fully reflected in the case of long codes.
The error correction performance is significantly reduced under short and medium

Figure 6.2 LDPC code Tanner graph.
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code lengths. In addition, the coding complexity of LDPC codes under the random
construction method is high and consumes a great deal of hardware resources. At
the same time, LDPC also has false leveling, and it cannot be mathematically proven
that the Shannon limit can be reached.

6.1.1.4 Polar Code

Polar codes were created to explore channel coding that approaches the Shannon
limit further. Polar codes were proposed by E. Arikan in 2009 [8] and are currently
the only coding scheme theoretically proven to reach the Shannon limit. Its creation
is a significant breakthrough in channel coding theory and has attracted widespread
attention from wireless communication scholars. In recent years, polar codes have
significantly progressed in coding construction and decoding.

Polar code encoding is mainly based on the channel polar phenomenon. Chan-
nel polarization is combining and splitting N independent channels to obtain N

subchannels with certain connections. After the split, the channel capacities of some
of the N sub-channels approach 1, and some approach 0. The total channel capacity
remains unchanged. As shown in Figure 6.3, channel combination means merging
N independent channels W into one channel WN ; channel splitting is to split the
merged channel WN into N subchannels {W (i)

N : 1 ≤ i ≤ N }. Since the N subchan-
nels are independent, the total channel capacity of the final separated subchannels
is the sum of the capacities of the N independent channels W .

Based on the channel polarization, the bit channel with a capacity close to
1 is selected to transmit valid information, and the bit channel with a capacity
close to 0 is assigned to transmit the frozen bits known to the transceiver. Since
the two operations of channel joining and splitting are essentially linear calcula-
tions, polar codes are also a type of linear block code. Like other block codes, the
encoding can be expressed as the multiplication of valid information and the gener-
ator matrix. Figure 6.4 shows the polar code encoding process. First, the reliability
of each subchannel is calculated based on the known transmission information
code length, channel environment, and other factors. Second, the information bit
index set is obtained according to sorting the transmission reliability of the polar-
ized subchannels. Then, a mixed mapping of frozen bits and information bits is
performed, and the information bits are mapped to subchannels with higher relia-
bility. The remaining subchannels transmit frozen bits to obtain a mixed sequence
uN
1 = {u1, u2, · · · uN }, and finally, this mixed sequence is multiplied with the gener-

ator matrix to obtain the encoded codeword x N
1 = uN

1 GN . Among them, the polar

Figure 6.3 Schematic diagram of channel joining and splitting.
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Figure 6.4 Polar code encoding diagram.

code generator matrix GN consists of two parts, namely the bit inversion matrix
BN and the nth Kronecker product of the matrix F.

Regarding polar code decoding, Arkan designed a successive cancellation (SC)
decoding algorithm for his polar codes. The SC decoding algorithm adopts a serial
decoding mechanism. Specifically, when the SC decoder decodes a bit at a particular
position, it needs to use the decoding decision value of the previous bit, which can
easily lead to serious error transmission. To reduce the impact of error transmission,
the serial cancellation list (SCL) decoding algorithm was proposed [9]. In the SCL
decoding process, multiple decoding paths will be retained. When all codewords are
decoded, the path metrics of the L most likely decision results are sorted, and the
path with the best path metric value is selected as the decoding output. SC and SCL
are serial decoding algorithms designed based on the polar principle. In addition,
there are parallel decoding algorithms such as belief propagation (BP) and belief
propagation list (BPL) for polar codes [10].

As the latest coding scheme, polar code has gradually matured in theory and
coding algorithm research after more than 10 years of development. Its evolved
version of the PCC polar code was applied to the control channel in the 5G
communication eMBB scenario in 2017.

6.1.2 Convolutional Code

P. Elias proposed convolutional codes in 1955 [11]. In contrast to linear block
codes, in convolutional codes the parity bits depend on the information bits of the
current group and the previous L groups. Specifically, it is represented as (N , K , L)
code, where L is the constraint length. Although convolutional codes also encode k

bits of information into n bits during the encoding process, the parity bits are related
to the previous information and the k bits of information at the current moment.
The convolutional code encoder consists of three parts: switch, adder, and register.
The example of (3, 1, 3) convolutional code is shown in Figure 6.5.

Figure 6.5 (3, 1, 3) Convolutional coding example.
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Specifically, if the input sequence is · · · bi−2bi−1bi bi+1 · · · and the output of
encoder is ci di ei , the relationship between input and output is









ci = bi

di = bi ⊕ bi−2

ei = bi ⊕ bi−1 ⊕ bi−2

(6.5)

where bi−1 and bi−2 are the information of the previous time saved in the register.
Convolutional codes can be decoded into two categories: algebraic decoding

and probabilistic decoding. Algebraic decoding does not consider the statistical
characteristics of the channel but directly uses the algebraic structure of the code
itself for decoding. In contrast, the probabilistic decoding of convolutional codes,
also known as maximum likelihood decoding, uses the code’s characteristics and
the channel’s statistical characteristics for decoding. Sequential decoding is a prob-
abilistic decoding method proposed for memoryless channels. Another necessary
probabilistic decoding of convolutional codes is dimension bit decoding, which has
fast speed and high efficiency when the constraint length is short and is currently a
widely used decoding method.

Although convolutional codes have the advantages of simple structure and
good error correction performance, their performance positively correlates with
the constraint length. The longer the constraint length, the higher the hardware
storage space requirement. In addition, the number of consecutive bit errors that
convolutional codes can correct is limited, and it is challenging to handle burst
errors effectively.

Based on the convolutional code, turbo code was proposed by C. Berrou in
1993. Its error correction capability close to the Shannon limit has attracted wide
attention from experts and scholars [12]. The parallel concatenated convolutional
code (PCCC) is the most widely used structure, as shown in Figure 6.6. This
structure is composed of two convolutional encoders in a cascade. The input of
convolutional encoder 2 is the interleaved information. The output information
of the two encoders is concatenated with the initial input information after pass-
ing through the redundancy matrix, and the encoding result can be obtained by
interleaving again.

Turbo code uses iterative decoding. As shown in Figure 6.7, the initial input
information is divided into three parts: information bit X and check bits Y1 and
Y2, which are sent to two convolution decoders, respectively. At the same time,

Figure 6.6 PCCC type coding structure.
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Figure 6.7 PCCC type decoding structure.

the decoding results (external information) of the two convolution decoders are
interleaved and deinterleaved and then sent to each other as prior information. The
above process is iterated continuously until the external information obtained by
the two decoders tends to be stable, and the external information can be output for
judgment to complete the decoding process.

Communication standards favor turbo codes due to their error correction capa-
bilities close to the Shannon limit, but their shortcomings are also evident. When the
decoding iterations reach a specific number, the bit error rate of the turbo code will
change very slowly, and there will be an error floor. In addition, the delay caused
by the interleaved and iterative decoding of turbo codes is significant. Turbo codes
are challenging to meet the requirements of some communication systems with high
real-time requirements.

6.2 Channel Coding for Terrestrial Communication

Channel coding has evolved with the advancement of terrestrial communication
technology. Next, we will introduce in detail the application and development of
channel coding technology in terrestrial communications such as cellular mobile
communications and wireless local area network (LAN) communications.

6.2.1 Cellular Mobile Communication

As shown in Figure 6.8, cellular mobile communications have gone through five
generations of development since the 1970s and 1980s, with information rates and
reliability continuously increasing. Undoubtedly, channel coding technology plays
an indispensable role in each generation of cellular mobile communication systems.

The first-generation (1G) mobile communication system was born in the 1980s
and mainly provided analog voice services. The service channel uses analog signals
for transmission, and the channel coding scheme used in the control channel is
BCH code (n, k,m). The encoded data is sent repeatedly m times to improve the
antifading performance, as shown in Table 6.1. For different channel types, the
corresponding structure of BCH code is different. Specifically, the forward con-
trol channel uses (40, 28, 5) BCH code, and the information transmission rate is
1250–1442 bit/s. The reverse control channel uses (48, 36, 5) BCH code, and the
information transmission rate is 1215 bit/s.

The 2G system is a narrowband digital cellular system that expands voice
and low-speed data services while increasing system capacity. In addition, 2G
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Figure 6.8 Application of channel coding in cellular mobile communication standards.

Table 6.1 Control Channel Coding for 1G Communication

Information Transmission
Channel Type n k m Rate (bit/s)

Forward control channel 40 28 5 1215
Reverse control channel 48 36 5 1250–1442

introduced digital modulation technology, mainly using CDMA and time division
multiple access (TDMA). Specifically, the US IS-95CDMA uses the CDMA stan-
dard, and the main TDMA standards GSM in Europe, D-AMPS in the United
States, and PDC in Japan. Currently, GSM has achieved globalization, and dif-
ferent channel coding schemes are used according to its channel type. As shown in
Table 6.2, convolutional codes are used in both half-rate data channels and full-rate
data channels, but the code length, code rate, and constraint length are different
[14]. In the control channel, concatenated coding is used. Specifically, the outer
code uses the (228, 184) fire code, and the inner code uses a convolutional code
with a code length of 456 and a constraint length of 5.

The 3G system includes three standards: CDMA2000, WCDMA, and TD-
SCDMA. The channel coding scheme uses convolutional codes and combines the
then-advanced turbo codes according to the channel characteristics [14]. As shown
in Table 6.3, CDMA2000 uses convolutional codes with different code rates in the
access, reverse public control, and reverse request channels. Turbo codes are used in
packet data channels. Similarly, as shown in Table 6.4, TD-SCDMA and WCDMA
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Table 6.2 Channel Coding for 2G Communication

Channel Type Coding Scheme

Data channel Half rate Convolutional code (211,104,L=7)
Full rate Convolutional code (378,189,L=5)

Control channel Fire (228,184)
Convolutional code (456,228,L=5)

Table 6.3 Channel Coding for CDMA2000 in 3G Communication

Channel Type Coding Scheme Bitrate

Access channel Convolutional code 1/3
Enhanced access channel Convolutional code 1/4
Reverse common control channel Convolutional code 1/4
Reverse request channel Convolutional code 1/4
Reverse fundamental channel Convolutional code 1/2, 1/3, 1/4
Supplemental channel Convolutional code 1/2, 1/4

Turbo code
Code length 186–20730 bits 1/2, 1/3, 1/4, 1/5

Packet data channel Turbo code 1/5
Synchronous channel Convolutional code 1/2

Table 6.4 Channel Coding for TD-SCDMA and WCDMA in 3G Communication

Standard Data Channel Control Channel

TD-SCDMA Turbo code (1/2, 1/3) Convolutional code (1/2, L=9)
Code length 320–5120 bits

WCDMA Turbo code (1/2, 1/3) Convolutional code (1/2, 1/3, L=9)
Code length 40–5114 bits

also use two-channel coding schemes, convolutional and turbo codes, according
to different channel types. The TD-SCDMA data channel uses turbo codes with a
code rate of 1/2 or 1/3, supporting a code length of 320–5120 bits. The control
channel uses a convolutional code with a constraint length of 9 and a code rate 1/2.
In the WCDMA standard, the data channel uses a turbo code with a code rate 1/3,
supporting a code length of 40–5114 bits. The control channel uses a convolutional
code with a constraint length of 9 and a code rate of 1/2 or 1/3.

In the 4G system, the 3GPP organization has determined LTE-Advanced as the
4G international standard. In the LTE-Advanced standard, the control and data
channels use different coding methods [15]. The data channel uses a turbo code
with a code rate of 1,000 Mbps and supports a code length of 40 to 6144 bits. The
control channel mainly uses a tail-biting convolutional code (TBCC) with a code
rate of 1,000 Mbps and a constraint length of 7, as shown in Table 6.5.

The three major application scenarios of 5G are enhanced mobile broad-
band, massive machine-type communication, ultrahigh reliability, and low latency
communication. Like the 4G mobile communication standard, the 5G mobile

Table 6.5 Channel Coding Scheme in LTE-Advanced

Channel Type Coding Scheme Bitrate

Data channel Turbo code 1/3
Code length 40–6144 bits

Control channel Tail-biting convolutional code 1/3
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communication channel coding scheme is selected according to the channel type.
Specifically, as shown in Table 6.6, in the enhanced mobile broadband scenario the
data channel uses LDPC coding. The control channel mainly uses cascaded polar
code and cyclic redundancy check cascaded polar code [16].

In order to meet the increasing demand for information rate and capacity,
mobile communication technology has continuously evolved from the 1G system
that only supports voice calls to the 5G system that supports enhanced mobile
broadband, massive connections, and ultralow latency reliable transmission. The
channel coding scheme is closely related to the actual development needs of mobile
communications. There is no doubt that channel coding has made an indelible con-
tribution to ensuring the reliability of each generation of mobile communication
systems. In addition, with the development of 5G+ applications such as virtual
reality, industrial internet, internet of vehicles, telemedicine, and smart cities, the
existing 5G technology will face new challenges. The 6G system, which aims to
achieve the interconnection of all things through integrated air, space, and land
communications, is in full swing. 6G mobile communications will have significant
characteristics such as ubiquity, socialization, and intelligence. The channel propa-
gation environment has the characteristics of ultralarge bandwidth, high-, medium-,
and low-frequency bands, and full coverage of air, space, land, and sea. It must sup-
port higher throughput transmission at the Tbps level, more complex transmission
scenarios, and more heterogeneous and diverse business types, which will bring
new challenges to the channel coding scheme.

6.2.2 Wireless Local Area Network Communication

Wireless local area networks (WLAN) are networks that use wireless communica-
tion technology to connect computer devices to form a network system that can
achieve mutual communication and resource sharing. In a wireless LAN, comput-
ers and networks are no longer connected by communication cables. This has the
advantages of flexible mobility, simple and convenient installation, low operating
cost, strong scalability and easy maintenance, and has therefore developed rapidly.

However, the development of WLAN is also facing challenges such as increas-
ingly crowded frequency bands, channel interference and fading, and therefore
improvement in channel coding technology is needed to improve the reliability
of information transmission. Since the release of the first WLAN standard IEEE
802.11 in June 1997, it has gradually evolved into IEEE 802.11a/b, then to IEEE
802.11g, and then to the current IEEE 802.11ax, and the channel coding technology
used has also been continuously updated and evolved, as shown in Table 6.7.

IEEE 802.11a/b was formulated in 1999, mainly improving the physical
layer technology based on IEEE 802.11. Furthermore, in order to improve the
transmission performance of IEEE 802.11b, IEEE 802.11g was officially released

Table 6.6 Coding Schemes for Different Channel
Types in Enhanced Mobile Broadband Scenarios

Channel Type Coding Scheme

Data channel LDPC code
(N=8848/3840)

Control channel polar code
(Nmax = 1024)
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Table 6.7 Channel Coding Schemes in WLAN

WLAN Standard Classification Channel Coding Method Time

IEEE 802.11a Convolutional code 1999
IEEE 802.11b 1999
IEEE 802.11g 2003
IEEE 802.11n (Wi-Fi 4) Convolutional code,

LDPC code (optional)
2009

IEEE 802.11 ac (Wi-Fi 5) 2013
IEEE 802.11ax (Wi-Fi 6) Convolutional code, LDPC code 2019

in 2003, with an operating frequency of 2.4 GHz, a total of 14 frequency bands,
and compatible with 802.11b. The channel coding schemes adopted by the above
three standards are all convolutional codes with a constraint length of 7. Different
code rates are achieved through puncturing and shorting. The specific coding rates
include 1/2, 2/3, and 3/4.

To improve the traffic deficiencies of IEEE 802.11a and IEEE 802.11g, IEEE
802.11n was released and implemented in 2009. Compared with the previous
standards, IEEE 802.11n increased the bandwidth from 20 to 40 MHz and was
backward-compatible with 802.11b, 802.11a, and 802.11g. Subsequently, in 2013,
the IEEE 802.11ac standard was released and implemented, operating at a fre-
quency of 5 GHz, with a transmission rate jumping from 600 Mbps of 802.11n
to 1 Gbps, reaching the transmission rate of wired cables. Compared with the
previous standards, IEEE 802.11n and IEEE 802.11ac have adjusted the chan-
nel coding scheme and added a convolutional code with a higher bit rate (5/6).
In addition, an optional LDPC code was introduced to replace the original par-
tial convolutional code encoding scheme, with optional code rates including 1/2,
2/3, 3/4, and 5/6, and code lengths including 648, 1296, and 1944 [17]. In 2019,
IEEE 802.11ax was released and implemented, which is backward-compatible with
802.11a/b/g/n. Regarding channel coding, unlike the optional LDPC code specified
in IEEE 802.11n/ac, LDPC coding is mandatory in IEEE 802.11ax to improve error
correction performance at high rates [18].

6.3 Channel Coding for Satellite Communication

Although terrestrial communication technologies such as 5G can provide users with
efficient and ultimate services in areas suitable for terrestrial infrastructure con-
struction, deploying terrestrial communication networks in remote areas such as
deserts and oceans is unrealistic. Satellite communication has the characteristics of
long communication distance and high deployment flexibility, which can effectively
make up for the shortcomings of terrestrial communication networks. Satellite com-
munication is the main application scenario of early channel coding technology,
promoting continuous upgrading and innovation. As shown in Figure 6.9 [19], this
section reviews the development of channel coding in deep-space and near-space
communications (based on public information).

6.3.1 Deep-Space Communication

Deep-space communication generally refers to communication between the Earth
and the Moon or between the Earth and deep-space spacecraft. Deep-space
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Figure 6.9 Typical applications of channel coding in satellite communications.

communication has a long transmission distance and significant link loss, result-
ing in an extremely low received signal-to-noise ratio. Therefore, channel coding
technology can effectively ensure the reliability of deep-space communication trans-
mission and is indispensable in compensating for the link loss of deep-space
communication. Since the 1960s, most deep-space probes have adopted channel
coding technology.

In the deep-space communication systems that have been made public, the ear-
liest channel coding technologies used were RM codes and convolutional codes.
In 1968, NASA successfully launched the Pioneer 9 probe, which operated in a
heliocentric orbit. From 1968 to 1990, it collected data on the electromagnetic and
plasma characteristics of interplanetary space and conducted many long-distance
communication experiments. The communication system on the probe used a sys-
tem convolutional code designed by Lin and Lyne with a code rate of 1/2 and a
memory depth of 20 [20]. The receiving end used soft iterative decoding based
on the Fano algorithm, which could obtain a coding gain of about 6.9 dB. In the
early 1970s, NASA successfully launched the Pioneer 10 and 11 probes to explore
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Jupiter, Saturn, and the outer solar system, using convolutional codes with a code
rate 1/2 and a constraint length of 32.

In 1969, NASA used a 32-bit first-order RM code in the Mariner 6 probe
for Mars exploration, which included 6 information bits and 26 check bits. The
receiving end used maximum likelihood decoding. Compared with the uncoded
system, when the bit error rate (BER) was below 10−5, a coding gain of about 3.2 dB
was obtained [21, 22]. In 1977, the famous outer solar system probes Voyager 1
and 2 used the most advanced convolutional code at the time, with a constraint
length of 7, and the decoding algorithm used Viterbi decoding. When the signal-
to-noise ratio was 2.5 dB, the bit error rate could reach 10−5, and a coding gain of
5.1 dB was obtained. This coding scheme was recommended by the Consultative
Committee for Space Data Systems (CCSDS) as the standard coding for interstellar
transmission.

RS code was proposed as early as 1960 but was not initially used in satellite
communications due to the lack of a simple soft iterative decoding method. In 1967,
Forney proposed the concept of a cascade code, which uses RS as the outer code of
the cascade code to obtain good error correction capabilities. The Mariner 9 Mars
orbiter launched in 1971 used a cascade code structure with RS (6, 4) code as the
outer code and RM (32, 6) code as the inner code. Although the coding scheme has
a low rate, its good error detection and correction capabilities helped the Mariner
9 Mars orbiter achieve great success. It successfully sent back 7,329 photos and
mapped 85% of Mars at a resolution of 1 to 2 km. Compared with the cascade
coding structure of the outer code RS code and the inner code RM code, the inner
code uses a convolutional code to achieve better error correction performance and
has since been widely used in various satellite communications. Voyager 1 and 2
used this concatenated code, which effectively ensured the transmission reliability of
compressed data when passing through the outer solar system, such as Uranus and
Neptune. Specifically, the inner code uses (2, 1, 7) convolutional code, and the outer
code uses (255, 223) RS code to obtain a 2 dB coding gain. Similar concatenated
codes are also included in the DVB-S standard, in which the outer code uses (204,
188) RS code and the inner code uses (2, 1, 7) convolutional code. After puncturing,
different code rates, such as 2/3, 3/4, 5/6, and 7/8, can be obtained.

The invention of turbo codes in 1993 brought new changes to channel cod-
ing in deep-space communications. Due to its performance being close to the
Shannon limit, research and standardization work on turbo codes in deep-space
communications was carried out rapidly. The CCSDS even recommended it as
one of the channel coding schemes that can be used for deep-space communica-
tions. Specifically, a parallel cascaded turbo code structure, which includes two
16-state recursive convolutional codes with precisely the same structure, can use
four code rates of 1/2, 1/3, 1/4, and 1/6. The information block lengths are 1784
bits, 3568 bits, 7136 bits, and 8920 bits, respectively. The first commercial sys-
tem that supports turbo codes in satellite communications is Inmarsat-3, which
allows users to achieve a communication rate of 64 kbps with satellites [23]. In
addition, turbo codes are also used in satellite systems such as Anik F2, DirecTV,
and DISH Network, as well as various deep-space exploration missions. In 2003,
the ESA launched the Lunar Exploration Mission Wisdom 1, successfully applying
turbo codes. NASA’s DS-1 asteroid probe adopted the CCSDS standard (8920, 1/6)
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turbo code, achieving a data rate of 250 kbps for deep-space exploration missions.
In 2006, NASA applied turbo codes with a code rate 1/6 in its solar probe, achieving
a data transmission rate of 960 kps.

LDPC code has the characteristics of flexible code length and code rate. It
was approved by CCSDS as one of the deep-space communication channel coding
schemes in 2007. CCSDS defines four code rate LDPC code check matrix struc-
tures of 1/2, 2/3, 4/5, and 223/255 (approximately 7/8) for deep-space exploration,
remote control, and other tasks. In 2009, the CCSDS telemetry standard adopted
an LDPC (8160, 7136) coding scheme with a code rate 7/8. When the bit error rate
is of the order of magnitude, the required signal-to-noise ratio is about 3.8 dB, and
the coding gain is 7 dB.

In summary, channel coding has always played an essential role in develop-
ing deep-space communication. Since 1968, convolutional codes, RM codes, RS
codes, turbo codes, and LDPC codes have been successively applied to deep-space
communication, promoting the development of deep-space communication.

6.3.2 Near-Space Communication

Near-space communication refers to the communication between communication
entities on the earth and aircraft in space less than 2×106 km from the earth. These
aircraft include various artificial satellites, manned spacecraft, and space shut-
tles. Next, we will introduce the application of channel coding in two near-space
communication scenarios: digital video broadcasting (DVB) and global satellite
navigation.

6.3.2.1 Digital Video Broadcasting

TheDVB standard is considered one of themost important sets of standards for tele-
vision broadcasting and is widely utilized around the world. Table 6.8 summarizes
the channel coding methods in various DVB standards.

DVB-S is the standard for digital satellite TV systems. The digital satellite
TV system transmits digitally encoded and compressed TV signals to the user via
geosynchronous satellites. There are two primary forms of transmission. The first
is to communicate the digital TV signal to the cable TV front end, which is con-
verted into an analog signal by the cable TV station and transmitted to the user’s
home. The second is directly transmitting the digital signal to the user’s home. Due

Table 6.8 Channel Coding Schemes in Different DVB Standards

DVB Standard
Classification Channel Coding Methods Time

DVB-S
External code RS code
Inner code convolutional code 1994

DVB-S2
External code BCH code
Inner code LDPC code 2004

DVB-C RS code 1994

DVB-T
External code RS code
Inner code convolutional code 2004

DVB-RCS
External code RS code
Inner code convolutional code;
Turbo code

2000
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to the complex satellite channel conditions, severe interference, and fading, the
DVB-S standard needs to adopt channel coding technology to improve the reliabil-
ity of information transmission. Specifically, the DVB-S standard adopts a cascade
coding scheme of outer code RS code and inner code convolutional code.

With the continuous development of channel coding technology and the con-
tinuous improvement of human demand for satellite communication transmission,
the core technologies, such as coding and modulation in the original DVB-S, can no
longer meet the demand. Therefore, the second-generation satellite DVB standard
DVB-S2 has made improvements in coding and modulation: (a) the inner code uses
LDPC code, and the outer code uses BCH code, which has better error correction
performance than the cascade coding scheme in the DVB-S standard, (b) supports
multiple code rates such as 1/4 ∼ 9/10, (c) supports multiple modulation modes
such as QPSK, 8PSK, 16APSK, and 32APSK, (d) adaptive coding and modulation
technology; according to different signal transmission environments, the coding and
modulation scheme is adaptively selected, significantly improving the system’s reli-
ability. Compared with the DVB-S standard, the channel coding scheme adopted
by the DVB-S2 standard significantly improves the error correction performance,
which is only 0.7 ∼ 1 dB away from the Shannon limit.

The DVB-RCS standard is an industry standard defined for interactive digital
television applications based on satellite channels. The standard provides two inde-
pendent channel coding schemes: (1) serial concatenation coding scheme, in which
the outer code is RS code and the inner code is convolutional code with a constraint
length of 7, and (2) multibase cyclic recursive turbo code scheme, with a codeword
length of 48 to 864 and code rate of 1/3 to 6/7.

6.3.2.2 Global Navigation Satellite System

GNSS refers to all satellite navigation systems, including the Global Positioning
System (GPS), the Galileo Satellite Navigation System, and the BeiDou Navigation
Satellite System (BDS). GNSS can provide real-time navigation and positioning and
is widely used in communications, engineering, and military. In the GNSS satellite
navigation and positioning process, the satellite completes the positioning and mea-
surement tasks by sending navigation messages to the terrestrial unit. Therefore,
correctly sending and receiving navigation messages is key to the entire navigation
and positioning process. However, the satellite-to-terrestrial link has a long trans-
mission distance and poor channel conditions. Therefore, adding channel coding
technology to the navigation message can effectively improve the reliability of the
system [24].

GPS navigation messages include NAV, CNAV (Civil NavigationMessage), and
CNAV-2 [25]. Specifically, the channel coding in the NAV message uses extended
Hamming code (32, 26), which can detect and correct individual errors. CNAV uses
CRC cascade convolutional code (600, 300), in which the 24-bit cyclic redundancy
check bits are located at the end of the codeword. CNAV-2 navigation messages use
coding methods such as BCH and LDPC codes, and different subframes correspond
to different coding methods. For example, for more critical subframe data, BCH
(51, 8) coding andmaximum correlation probability decoding are used tomaximize
the decoding accuracy and ensure high-reliability transmission of essential data.
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There are two types of message structures disclosed by the Galileo satellite nav-
igation system: free navigation (F\NAV) message and integrity navigation (I\NAV)
message. Compared with GPS navigation messages, Galileo satellite navigation
messages have strong error correction capabilities and short positioning time. In the
I\NAV message, the (171, 133) convolutional code is used. The encoding method
in the F\NAV message uses the CRC-24 cascaded convolutional code (488, 244).

With the successful launch of the last satellite of the BeiDou-3 network, my
country of China has fully built its global navigation system. BDS has also surpassed
Galileo and can stand shoulder-to-shoulder with GPS. There are two main types of
BDS navigation messages [26]: D1 and D2. Both messages use the (15, 11, 1) BCH
coding scheme, where the code length is 15, and the information bit length is 11,
which can correct 1-bit random errors.

In summary, channel coding also plays a vital role in near-space communica-
tions. Specifically, in digital video broadcasting systems, channel coding can be
used to encode and decode video, audio, and other signals to improve transmission
quality and stability and reduce data loss and errors during transmission. In global
satellite navigation systems, channel coding is used to encode and decode navigation
signals transmitted by satellites to improve signal reliability and accuracy.

6.4 Integrated Satellite-Terrestrial Channel Coding

With the continuous innovation of communication technology, satellite commu-
nication, with its unique advantages, will gradually achieve deep integration with
terrestrial mobile communication. At present, terrestrial mobile communication
technology is developing rapidly, and 4G communication is already very mature.
5G communication has also been officially put into commercial use to support the
communication needs of the information society. Research on the sixth generation
of mobile communication related technologies is also in full swing and is expected
to be launched for the first time around 2030. As the terrestrial network develops
and replaces rapidly, achieving space-based innovation, breaking the separation
of the sky network and the terrestrial network, and promoting the integration of
satellite communication and terrestrial networks have also become the focus of
discussion in all walks of life. As early as 2016, the International Telecommunica-
tion Union announced preliminary research results such as the system architecture
and deployment scenarios of satellite-terrestrial integration. 3GPP has been con-
ducting research on satellite-terrestrial integration since Release 14. At present, the
satellite-terrestrial integrated network has become one of the 6G candidate tech-
nologies recognized by many research institutions at home and abroad, and is the
key to realizing the 6G vision of “full coverage and intelligent connection of all
things.”

Although satellite-terrestrial integrated network technology is an inevitable
trend of development, satellite communications and terrestrial communications
are quite different in terms of signal propagation environment, data processing
capabilities, computing/storage resources, or business service quality assurance. To
achieve true satellite-terrestrial integrated, there are still many key technical issues
that need to be studied, overcome and solved one by one. In this section, we focus on



“Xiao” — 2025/1/18 — 13:28 — page 101 — #19

6.4 Integrated Satellite-Terrestrial Channel Coding 101

channel coding technology in satellite-terrestrial integrated communications. First,
we summarize the current status of channel coding research in satellite-terrestrial
integrated. Secondly, we analyze the potential advantages and disadvantages of dif-
ferent coding schemes and propose candidate coding schemes. Finally, we present
the possible challenges and solutions in future integrated satellite-terrestrial.

6.4.1 The Current Research Status

Looking back at the development of terrestrial and satellite communication, chan-
nel coding plays a pivotal role in both communication networks. With the advent of
the new era of 6G, satellite-terrestrial integrated communication has also become
a hot topic. The channel coding scheme for satellite-terrestrial integration has also
become a research focus. Currently, most studies will design corresponding chan-
nel coding schemes based on certain specific characteristics of satellite-terrestrial
communication (see Figure 6.10). To improve the spectrum efficiency of satellite-
terrestrial integrated communication under power limitation, a dual binary turbo
code was proposed, which can match high-order modulation well and signifi-
cantly improve spectrum efficiency. However, when a synchronization is offset,

Figure 6.10 Current status of channel coding research for satellite-terrestrial integrated communications.
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the scheme still faces significant challenges in enhancing the spectrum efficiency. In
addition, there is a vast transmission delay in satellite-terrestrial integrated commu-
nication, which makes the traditional automatic repeat-request (ARQ) mechanism
not applicable. To solve this problem, CCSDS recommends using a rateless coding
scheme. Based on this, a rateless analog fountain coding was proposed, effectively
solving the considerable transmission delay caused by ARQ. However, this cod-
ing scheme requires obtaining channel state information (CSI) in advance, and it is
challenging to balance error correction performance and complexity.

On the other hand, many studies are devoted to discussing the feasibility of
integrating 5G air interface technology with satellite communication standards.
Among them, 3GPP also attempts to specify unified terrestrial and satellite com-
munications standards. For example, the critical role of satellites in 5G NR is
discussed in TR38.913 and TS22.261, the evaluation methods and critical factors
are discussed in TR38.811, and the potential critical technologies of 5G NR under
satellite communication conditions are mentioned in TR22.822 and TR38.821.
Further, some researchers have deeply analyzed and compared the characteristics
of terrestrial and satellite communications. Experimental analysis shows that 5G
air interface technology will bring more significant performance gains than DVB-
S2X. Therefore, it can be preliminarily concluded that the 5G NR channel coding
scheme has broad application prospects in future satellite-terrestrial integrated com-
munications. However, the difficulty lies in the adaptive design, and the 5G air
interface technology cannot be directly copied. Recently, some studies have focused
on analyzing the currently popular polar codes, LDPC codes, turbo codes, and
cascade codes and proposed their possible advantages and disadvantages in inte-
grated communications, which provides guidance for the coding design in future
satellite-terrestrial integrated communications. The only drawback here is the lack
of corresponding coding adaptability design.

According to the current status of channel coding research in satellite-terrestrial
integrated communication mentioned above, turbo code, LDPC code, and polar
code, which have the most extensive influence in academia and industry, are
the mainstream coding schemes in satellite-terrestrial integrated communication
research. Among them, turbo code is favored by various communication standards
because its error correction ability is close to the Shannon limit. However, turbo
codes have two obvious disadvantages: (1) error flattening, and (2) not suitable for
occasions with high real-time requirements. LDPC code is also a coding paradigm
that approaches the Shannon limit. Its excellent performance can only be fully
reflected when the codeword length is long. However, the high complexity of LDPC
code brings catastrophic challenges to satellite-terrestrial integrated communication
with limited hardware resources. Is there a coding scheme that is more compati-
ble with satellite-terrestrial integration scenarios than turbo code and LDPC code?
The polar code that has emerged in recent years provides an answer to this puz-
zle. Polar code adopts the concept of channel polar and can theoretically reach
Shannon capacity with infinite codeword length. In addition, polar codes have the
characteristics of strong error correction capability, low encoding and decoding
complexity, and synchronization-free capability, which can meet the requirements
of future satellite-terrestrial integrated communications for transmission reliability,
rate, and resource utilization.
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6.4.2 Possible Challenges

Satellite-terrestrial integrated communications have broad development prospects.
Channel coding, as an indispensable technology, faces the following challenges.

6.4.2.1 Low Signal-to-Noise Ratio

Under a large time and space span, information transmission must pass through
channels with diverse transmission characteristics, including free space, atmo-
sphere, and near the ground, and suffer the overlapping influence of different
physical processes. One of the biggest difficulties faced by satellite-terrestrial inte-
grated communication transmission is the huge link attenuation, a large part of
which is the free-space attenuation caused by the long communication distance. The
free-space attenuation is related to the frequency and will increase with the increase
of the communication frequency band. For example, the free-space attenuation of
the communication link from the ground to the geosynchronous orbit satellite is
about 190 dB in the S-band and about 210 dB in the Ka-band. In addition, rain
attenuation is also an important factor affecting information transmission. Under
normal circumstances, light to moderate rain will cause about 3–5 dB of attenua-
tion to the Ka-band electromagnetic waves, and heavy rain will cause even more
than 10 dB of attenuation. For Q- and V-band electromagnetic waves, due to the
continued increase in frequency, the impact of rain attenuation is more serious,
reaching more than 30 dB. In addition, factors such as multipath effect, Doppler
effect, and channel susceptibility to interference make the information have a very
high bit error rate during transmission. Therefore, channel coding with strong error
correction performance is urgently needed to ensure high-reliability information
transmission of satellite-terrestrial integrated communication.

6.4.2.2 High-Mobility Communication Scenarios

Due to different orbital altitudes, the operating speed of satellites varies greatly. For
example, LEO orbit satellites travel very fast relative to the ground, and it takes
about 2 hours to orbit the earth. For terrestrial users, the single pass time of each
LEO satellite is only about a few minutes to more than 10 minutes, and the Doppler
frequency shift is very obvious, about 600–700 kHz, which brings great challenges
to communication synchronization. Coupled with factors as rain attenuation, and
human interference, the traditional synchronous transmission schemes based on
pilots, training sequences, and so on, are prone to failure of the receiver synchro-
nizationmodule, resulting in a high probability of communication link interruption.

6.4.2.3 Limited Hardware Resources

There are great differences between satellites and ground in terms of available
resources and node capabilities. The power supply, computing, storage and other
resources of terrestrial network nodes will not be greatly restricted, but for satel-
lites, due to their limited total weight, the available power, computing power
and storage capacity are very limited. With the continuous deepening of satellite-
terrestrial integrated network, the sharp increase in the number of terrestrial users
and the widespread application of intersatellite links have enriched the scenarios of
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satellite-terrestrial integrated communication. However, satellites are constrained
by available resources and node capabilities, making it difficult to accurately
guarantee the complex and diverse services and scenarios of satellite-terrestrial
integrated communication.

6.4.3 Possible Channel Coding Schemes

In order to solve the above challenges, research can be carried out from the
following technologies.

6.4.3.1 Adaptive Construction

With the continuous integration of satellite-terrestrial networks in the future, the
convergence of technical systems will continue to deepen, but there are fundamental
differences between the characteristics of space and ground, and the adaptive design
of coding technology has become very important. Specifically, satellite-terrestrial
integrated communication intends to realize information transmission in a more
generalized, liberalized, and complex time and space. After passing through various
channels with different transmission characteristics such as free space, the earth’s
atmosphere, and the ground, the degree of attenuation suffered by the signal is
bound to be different, which in turn leads to different error probabilities of differ-
ent information bits. Therefore, the channel coding scheme in satellite-terrestrial
integration needs to have both powerful error correction capability and flexible
coding structure. PCC polar code cascades polar code with parity check code, and
exhibits error correction performance close to the capacity limit under limited code
length. In addition, the parity bit position distribution and value of the PCC polar
code are flexible, and it has the characteristics of naturally matching the channel. It
can provide special protection for specific information bits, and is expected to solve
the problem of high bit errors under low signal-to-noise ratio in satellite-terrestrial
integrated communications.

To this end, a universal adaptive coding construction scheme based on PCC
polar code is proposed. As shown in Figure 6.11, the architecture is composed of a
constructor and an evaluator. Specifically, the evaluator decodes the demodulated
information. When the decoding result fails to pass the frame check, the frame
error rate value under the current channel state and construction mode is counted
and fed back to the constructor. The constructor updates and optimizes the check
bit position and the information bit checked by it according to the feedback result
until a construction scheme that can meet the given frame error rate condition is
obtained.

6.4.3.2 Low-Complexity Decoder Design

At present, the bent-pipe system adopted by communication satellites does not
require high onboard coding and decoding capabilities. The onboard coding and
decoding of only a small amount of control instructions, status monitoring and
other information is involved. However, with the continuous development of
aerospace networks and the continuous integration of ground-ground networks,
the demand for onboard processing capabilities has greatly increased. In the future,
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Figure 6.11 Adaptive construction based on PCC polar code: (a) construct-evaluate architecture, and (b)
adaptive PCC polar codes universal architecture.

aerospace channel coding technology should provide excellent gain while occupy-
ing less resource overhead. Compared with base stations in terrestrial networks,
satellites are severely limited in terms of factors such as volume, weight, power,
and computing/storage capabilities, which in turn restricts the improvement of
the transmission rate and data processing capabilities of satellite communication
systems. The mainstream high-performance decoding methods of polar codes are
mostly designed based on successive cancellation list (SCL) decoding. However, the
existing SCL decoder hardware implementation mostly uses a list parallel structure.
Due to the limitation of continuous deletion decoding rules, the calculation mod-
ules need to wait for each other for a long time. There is a lot of idle time in the
circuit, and the resource utilization efficiency is low.

To this end, a list serial SCL decoding architecture is proposed to adapt to the
satellite-terrestrial integrated communication scenario with limited onboard hard-
ware resources. Its hardware architecture is shown in Figure 6.12, which includes
three parts: storage unit, calculation unit, and control unit. According to the cal-
culation rules of serial pipeline, after the log-likelihood ratio (LLR) of a path is
calculated, the path management operation is performed in the form of a pointer,
during which part and calculation are performed simultaneously. The time con-
sumption of the path management process can be covered by other operations, and
the main calculation unit is in a full-load state, which effectively reduces the con-
sumption of hardware resources. In the calculation of a single path, a semiparallel
structure is adopted to reduce the excessive decoding delay caused by serial calcula-
tion by increasing the number of processing units. While maintaining the same error
correction performance, the throughput is significantly improved and the utilization
efficiency of hardware resources is improved.

6.4.3.3 Synchronous-Free Transmission

Traditional satellite communications use synchronous transmission schemes such
as pilots and training sequences. When subject to rain attenuation and human
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Figure 6.12 SCL decoder design architecture with low hardware resource overhead.

interference, the receiver synchronization module is prone to failure and the
communication link interruption rate is high. Since the pilot content used for
synchronization is fixed and sent repeatedly, the communication signal is easily
intercepted by monitoring, and it is urgent to develop new high-reliability trans-
mission technologies. Synchronous-free transmission can effectively improve the
link interruption caused by the failure of the synchronization module by adopting
encoding and decoding with self-synchronization capabilities. At the same time, the
saved channel resources can be further used to improve the coding error correction
performance and improve communication reliability. In addition, synchronization-
free transmission does not transmit repeated fixed synchronization signals, which
greatly increases the difficulty of signal detection. Therefore, synchronization-free
transmission with anti-interception performance will play a vital role in the future
satellite-terrestrial integrated communication.

Figure 6.13 shows the synchronization-free transmission architecture based
on PCC polar code in satellite-terrestrial integrated communication. The signal
is transmitted through the satellite channel after PCC polar code coding and
modulation. The receiver includes the design of signal preprocessing and self-
synchronization decoding module. The preprocessing operation is to process the
received signal and demodulate and generate multiple sets of candidate sequences
of synchronization parameters according to correction parameters such as sampling
point, carrier frequency, and phase offset. Subsequently, the codeword receiving
sequence is input into the PCC polar code decoder with self-synchronization capa-
bility for decoding, and the codeword with the best metric value is output as the
decoding result, where the metric value is used to characterize the log-likelihood
information of the decoding result corresponding to the current decoding bit. This
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Figure 6.13 Plane synchronization transmission architecture based on PCC polar code.

Figure 6.14 Physical layer security coding architecture based on PCC polar code.

method eliminates the pilot structure without reducing the communication rate
and communication frame error rate, and can complete accurate synchronization
according to the credibility index, simplify the receiver, and improve the probability
of successful communication of satellite-terrestrial integrated communication.

6.4.3.4 Physical Layer Security Coding

It is foreseeable that in the future, satellite-terrestrial integrated communication
channels will be open, broadcast, and complex, and the information transmitted
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through themwill be extremely vulnerable to security threats such as eavesdropping
and attacks. Traditional cryptography-based security mechanisms rely on high-
overhead encryption algorithms and are difficult to resist the powerful computing
power of terminals. In contrast, physical layer security transmission technology is
based on information theory and makes full use of wireless channel characteris-
tics to provide a lightweight security protection idea for wireless communications.
Among them, the core of physical layer security coding lies in the joint design
of coding structure and channel characteristics, relying on the error correction
performance of the mother code to stimulate the dual effects of reliability and
security.

To this end, it is important to investigate the physical layer security and reli-
able coding architecture based on PCC polar code, as shown in Figure 6.14. For
degraded eavesdropping channels, differential mapping is achieved based on the
channel polar phenomenon, and a verification relationship is constructed to assist
legitimate users in decoding. Since private information is only transmitted on the
“bad” channel of the eavesdropper, the probability of transmission errors will be
greatly increased; legitimate users can further use the preset verification relationship
between the verification bit and the private information bit to correct the private
information.
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Signal Modulation for
Satellite-Terrestrial Integrated
Communication

Signal modulation is the cornerstone of achieving high-speed and high-reliability
satellite-terrestrial integrated communications. It maps the digital signal to a spe-
cific waveform suitable for wireless channel transmission. Specifically, modulation
technology can be divided into baseband modulation, single-carrier modulation,
and multicarrier (MC) modulation according to the carrier mapping method.

For the case of integrated communication, especially for LEO satellite commu-
nication, the critical challenges mainly lie in its limited spaceborne resources and
high-mobility channel environment, which requires the designed waveform to have
a lower peak-to-average power ratio (PAPR), stronger resistance to Doppler shift,
and a reduced complexity on signal processing. Conventional OFDM cannot meet
all these requirements and a range of novel waveforms have been investigated in
the current literature.

This chapter aims to analyze the advantages and tradeoffs of potential wave-
forms, thereby providing enhanced design guidelines for future integrated commu-
nications.

7.1 Classic Modulation Waveforms

Modulation technology is an important part of wireless communication, which can
be divided into analog modulation and digital modulation. Since 2G communica-
tion, digital modulation has gained popularity and can be categorized into three
distinct types: baseband modulation, SC modulation, and MC modulation.

7.1.1 Baseband Modulation

This section introduces multiple phase shift keying (MPSK) and quadrature ampli-
tude modulation (QAM).

7.1.1.1 MPSK Scheme

MPSK is a constant envelope digital modulation, which uses phase to carry modu-
lation information. The carrier phase in its modulation has different values, and the
constellation diagram consists of one ring [2]. The MPSK signal is represented as

x (t) = A (t) cos [ωct + φ (t)] (7.1)

111
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while A(t) is the amplitude of x(t), ωc is the carrier angular frequency, φ(t) is the
phase component of x(t), containing modulation information. Within one cycle,
φ(t) is a constant, and therefore (7.1) is rewritten as

x (t) = A (t) cos [ωct + φk ] , kT ≤ t ≤ (k + 1) T (7.2)

Furthermore, (7.2) can be obtained by

x (t) = A (t) cosφk cos (ωct) − A (t) sinφk sin (ωct)

= Ik cos (ωct) − Qk sin (ωct)
(7.3)

where Ik = A (t) cosφk and Qk = A (t) sinφk are the amplitude values of the kth in-
phase component and the orthogonal component. The phase φk of the kth symbol
is represented as

φk = φk−1 +∆φ (7.4)

where φk−1 is the phase of the k − 1th symbol and ∆φ is the change in phase of
the kth symbol. Figure 7.1 presents the constellation diagrams of BPSK, QPSK, and
8PSK.

Explicitly, Figure 7.2 characterizes the modulation principle block diagram of
the 8PSK signal. As shown in the figure, the input binary information sequence
undergoes serial parallel conversion, generating a 3-bit code set (b3b2b1) each time,
resulting in a symbol rate of 1/3 in the bit stream. After differential phase encoding,
code group (b3b2b1) corresponds the bit information with the position information
of differential 8PSK constellation points to obtain signal (Ik, Qk). The signal after
phase mapping is a pulse signal with a large number of high-frequency components,
which is not suitable for transmission on the channel and requires shaping filtering.

Figure 7.1 Multibase PSK constellation diagram (BPSK, QPSK, 8PSK).

Figure 7.2 8PSK modulation principle block diagram.
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Forming a filter to suppress the high-frequency part of the signal can avoid signal
crosstalk and reduce the error rate. The filter coefficients used should comply with
Nyquist’s first law, generally using low-pass filters with linear phase characteristics
and square root raised cosine characteristics. After filtering, the discrete baseband
sampling values are multiplied by the local output discrete orthogonal carriers to
complete spectrum shifting. The baseband signal is modulated into an intermediate
frequency signal and sent to the subsequent circuit for processing.

Furthermore, Figure 7.3 shows the demodulation process of MPSK. As shown
in the figure, the received MPSK modulated signal is orthogonally downconverted,
multiplied by twomutually orthogonal local carriers, and then filtered out by a low-
pass filter to remove high-order frequency components. The two zero-IF signals are
represented as

{

x = Gx [ak cos (φ − θ) − bk sin (φ − θ) + Nx ]

y = G y [ak sin (φ + θ) + bk cos (φ + θ) + Ny ]
(7.5)

where Gx and G y are the gains of the in-phase and quadrature paths, which deter-
mine the input amplitude of the two signals of the intermediate frequency digital
processor, φ is the in-phase phase error of the recovered carrier, θ is the quadra-
ture phase error of the recovered carrier, ak and bk are the modulated code streams
at the transmitter, which take several characteristic discrete values with a certain
probability at the sampling moment of each code element, and Nx and Ny are the
projection components of the channel additive noise on the in-phase and quadrature
reference axes.

7.1.1.2 QAM Scheme

As shown in Figure 7.4, as M increases, the distance between adjacent phases grad-
ually decreases, resulting in a decrease in noise tolerance and an increase in bit error
rate. To improve the noise tolerance at higher levels of M , QAM is proposed [3].
The amplitude and phase of the QAM signal are modulated as two independent
parameters simultaneously, using two orthogonal carriers cosωct and sinωct as
the basis functions. For QAM scheme with a symbol interval of Ts , the modulated

Figure 7.3 MPSK signal demodulation block diagram.
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Figure 7.4 (a) 4QAM, and (b) 16QAM constellation diagram.

waveform of the transmitted signal is

s (t) =
∑

n

Ang (t − nTs) cos (ωct + θn) (7.6)

while An is the amplitude of the baseband signal and g (t − nTs) is the waveform
of a single baseband signal with a width of Ts . The orthogonal form of (7.6) is
represented as

s (t) =

[

∑

n

Ang (t − nTs) cos θn

]

cosωct −
[

∑

n

Ang (t − nTs) sin θn

]

sinωct

(7.7)
Let Xn = Ang (t − nTs) cos θn, Yn = −Ang (t − nTs) sin θn. Equation (7.7) can be
rewritten as

s (t) =
∑

n

Xn cosωct +
∑

n

Yn sinωct (7.8)

According to (7.8), s (t) can be seen as the sum of two orthogonal amplitude keying
signals. In (7.6), if the θn value can only be taken as π/4 and −π/4, then the value
of An can only be taken as +A and −A, and at this point, the QAM signal becomes
a QPSK signal. Therefore, QPSK signal is the simplest QAM signal.

In constellation mapping, a constellation diagram is usually used to represent
a two-dimensional pattern of QAM modulated signals. The horizontal axis of a
constellation is the real number axis (I-axis), and the vertical axis is the imaginary
number axis (Q-axis). The number of bits that each symbol can carry on a con-
stellation diagram is called the modulation order. If the number of constellation
points on the constellation diagram is L, then the modulation order is log2L. The
smaller the modulation order, the smaller the number of information bits carried
by a constellation symbol, and the lower the requirement for signal-to-noise ratio.
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In contrast, the higher the modulation order, the more information bits a constel-
lation symbol carries, and the higher the requirement for signal-to-noise ratio. At
present, BPSK (including phase rotation π/2BPSK), 4QAM, 16QAM, 64QAM,
256QAM have all been adopted by the 5G standard. For ease of understanding,
Figure 7.4 presents the constellations of 4QAM and 16QAM. Tables 7.1 and 7.2
present 4QAM and 16QAM mapping table, respectively.

The initial satellite communication standards mainly used PSK modulation.
Due to the increasing scarcity of satellite communication spectrum resources, QAM
is gradually being applied in satellite communication due to its high frequency band
utilization, which will be introduced in detail in the following sections.

7.1.2 OFDM-Based MC Modulation

With the rapid development of large-scale integrated circuits, the OFDM technique
becomes the most popular multicarrier modulation scheme. In the OFDM scheme,
high-speed data streams are transformed into parallel data streams through inverse
discrete Fourier transform. With the assistance of cyclic prefixes, channel linear
convolution is transformed into circular convolution. Based on this feature, the
receiving end can use a single tap equalizer to recover the signal after undergoing
discrete Fourier transform (DFT). Among them, inverse discrete Fourier transform
(IDFT) and DFT can be achieved through fast Fourier transform (FFT) and inverse
fast Fourier transform (IFFT). Therefore, OFDM technology can effectively combat
multipath channel fading with low implementation complexity.

Figure 7.5 presents the system diagram of OFDM. The time-domain signal of
the nth OFDM symbol can be expressed as

s(k) =
1

√
M

M−1
∑

m=0

xm,nej2πmk/M , k = 0, 1, · · · ,M − 1 (7.9)

where 1/
√

M is the power normalization factor.

Table 7.1 4QAM Constellation Mapping Table

Input Signal Output Signal

00
(

1/
√
2, 1/

√
2 j
)

01
(

−1/
√
2, 1/

√
2 j
)

11
(

−1/
√
2,−1/

√
2 j
)

10
(

1/
√
2,−1/

√
2 j
)

Table 7.2 16QAM Constellation Mapping Table

Input Signal Output Signal Input Signal Output Signal

0000
(

−3/
√
10, 3/

√
10 j

)

1000
(

3/
√
10, 3/

√
10 j

)

0001
(

−3/
√
10, 1/

√
10 j

)

1001
(

3/
√
10, 1/

√
10 j

)

0010
(

−3/
√
10,−3/

√
10 j

)

1010
(

3/
√
10,−3/

√
10 j

)

0011
(

−3/
√
10,−1/

√
10 j

)

1011
(

3/
√
10,−1/

√
10 j

)

0100
(

−1/
√
10, 3/

√
10 j

)

1100
(

1/
√
10, 3/

√
10 j

)

0101
(

−1/
√
10, 1/

√
10 j

)

1101
(

1/
√
10, 1/

√
10 j

)

0110
(

−1/
√
10,−3/

√
10 j

)

1110
(

1/
√
10,−3/

√
10 j

)

0111
(

−1/
√
10, 1/

√
10 j

)

1111
(

1/
√
10,−1/

√
10 j

)
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Figure 7.5 OFDM system block diagram.

Assuming the wireless channel is an ideal one, the received signal y(k) is equal
to the transmitted signal s(k). At this point, OFDM signals do not need to insert
cyclic prefixes to maintain orthogonality between subcarriers and the demodu-
late waveform for each subcarrier is e−j2πmk/M . The transmission symbols of each
subcarrier are restored to

x̂m,n =
1

√
M

M−1
∑

k=0

y(k)e−j2πmk/M

=
1

√
M

M−1
∑

k=0




1

√
M

M−1
∑

m0=0

xm0,ne
j2πm0k/M



e−j2πmk/M (7.10)

=
1

M

M−1
∑

k=0

M−1
∑

m0=0

xm0,ne
j2π(m0−m)k/M

According to orthogonality, (7.10) has the following characteristics:

x̂m,n =
1

M

M−1
∑

k=0

M−1
∑

m0=0

xm0,ne
j2π(m0−m)k/M =

{

xm,n,m = m0

0,m ̸= m0
(7.11)

If m = m0 is satisfied, we have x̂m,n = xm,n. If m ̸= m0 holds true, we have x̂m,n = 0.
As a result, the transmission symbols of each subcarrier in the OFDM system can
be restored without loss.

Figure 7.6 shows the orthogonal schematic diagram of each subcarrier in the
OFDM system. As shown in the figure, OFDM modulates parallel low-speed data
onto several parallel high-speed orthogonal subcarriers through IDFT operation.
Figure 7.7 shows the cyclic prefix design of OFDM. As shown in the figure, s(k) is
the signal obtained by IDFT conversion of the transmission symbols of each sub-
carrier. Copy and insert some end signals of s(k) into the front end to obtain a
cyclic prefix signal. The time length of OFDM signals containing cyclic prefixes is
T̄ = T + Tcp, where T and Tcp represent the length of s(k) and the cyclic prefix,
respectively.

After inserting a cyclic prefix, the transmission signal of the OFDM system is

scp(k) =
1

√
M

M−1
∑

m=0

xm,ne j2πmk/M , k = −Lcp, · · · ,−1, 0, 1, · · · ,M − 1 (7.12)

where Lcp = Tcp/Ts is the length of the sampling point for the cyclic prefix.
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Figure 7.6 OFDM subcarrier orthogonality diagram.

Figure 7.7 OFDM cyclic prefix.

OFDM is a low-complexity yet high-spectral-efficiency technique that has been
widely used in both fourth-generation and fifth-generation wireless communication
systems. Owing to its powerful capability of combating the multipath effect, it has
also been adopted in the satellite communication standards DVB-SH and ATSC 3.0
since 2007, which will be introduced in the following section.

7.1.3 DFT-s-OFDM-Based SC Modulation

Single-carrier modulation modulates the data stream to a single carrier for transmis-
sion. Generally, it exhibits lower PAPR and is insensitive to carrier synchronization
and timing deviation. Discrete Fourier transform spread orthogonal frequency divi-
sion multiplexing (DFT-S-OFDM) [5, 6] is the popular scheme and has been applied
in 4G and 5G communication.

Figure 7.8 presents the system diagram of DFT-S-OFDM. The transmitting end
of DFT-S-OFDM includes a N point DFT module and a M point IDFT module.
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Figure 7.8 DFT-S-OFDM system block diagram.

The receiving end consists of a N point IDFT module and a M point DFT module,
where we have N < M . The mth transmission symbol dm,n on the nth subcarrier
first undergoes DFT transformation at the Mth point. After subcarrier mapping, N

point IDFT transformation and cyclic prefix insertion are employed. Explicitly, the
signal with N point DFT module can be expressed as

d̃m,n =
1

√
N

N−1
∑

k=0

dm,ne−j2πmk/N (7.13)

Due to N < M , after subcarrier mapping, only a portion of the subcarri-
ers are occupied by d̃m,n. Figure 7.9 illustrates the subcarrier mapping methods

Figure 7.9 DFT-S-OFDM subcarrier mapping methods: (a) distributed mapping, and (b) central-
ized mapping.
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of DFT-S-OFDM, including distributed mapping and centralized mapping. Dis-
tributed mapping is the equal interval mapping of DFT output signals onto OFDM
subcarriers. When the interval is equal to λ = M/N , this special distributed map-
ping is also known as interleaved mapping. Centralized mapping is the mapping
of DFT output signals onto a continuous segment of OFDM subcarriers. More
specifically, the distributed mapping can be expressed as

am0+λm,n = d̃m,n,m = 0, 1, · · · , N − 1, n ∈ (7.14)

where, m0 is the starting position of the subcarrier mapping, and λ is a positive inte-
ger greater than 1, representing the subcarrier spacing of the mapping. Centralized
mapping can be formulated as

am0+m,n = d̃m,n,m = 0, 1, · · · , N − 1, n ∈ (7.15)

Due to the special structure of DFT-S-OFDM, it exhibits lower PAPR over
OFDM counterpart maintaining the capability of combating multipath fading.
Similar to OFDM scheme, it has also been applied to 4G and 5G communications.

7.2 Modulation Standard for Cellular Mobile Communication

7.2.1 Modulation for 1G Communication

1Gwas born in the 1980s. It mainly uses cellularmobile communicationmechanism
technology based on analog signals to provide voice services. Frequency modu-
lation (FM) modulates the user’s analog voice signal to the carrier frequency of
the subcarrier assigned to the user. Specifically, FM modulation converts the voice
between 300 and 3,400 Hz to a high-frequency carrier frequency and transmits it
through a wireless channel. The receiver uses carrier technology to restore the voice
information. The transmission channels in each direction include voice channels
and control channels. The voice channel transmits analog voice using FM modula-
tion and the control channel transmits data control signaling using frequency shift
keying modulation.

Typical analog mobile communication systems include Bell Labs’ Advanced
Mobile Phone System (AMPS), Nordic Mobile Telephony (NMT), and the UK’s
Total Access Communication System (TACS). Due to the use of analog signal trans-
mission, 1G can generally only transmit voice signals with the challenges of low
spectrum efficiency, low data rate, limited capacity, narrow coverage, poor confi-
dentiality, unstable signals, and low voice quality. In the 1G era, communication
standards in different countries were not unified, which hindered the development
of wireless communication technology.

7.2.2 Modulation for 2G Communication

The mainstream technical standards of the 2G system include GSM in Europe
and IS-95 in the United States. The digital modulation technology used in the
GSM system includes Gaussian minimum frequency-shift keying (GMSK). GMSK
modulation is to insert a Gaussian low-pass premodulation filter before the MSK
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modulator for premodulation filtering to reduce the jump energy when switching
between two carriers of different frequencies, so that the modulated signal spec-
trum is compact and the bit error rate is good. IS-95 uses quadrature phase shift
keying (QPSK) for the forward link and offset-QPSK (OQPSK) for the reverse link.
OQPSK overcomes the 180-phase jump ofQPSK, the phase does not exceed the zero
point, so that the peak-to-average power ratio is small. Moreover, the signal has a
small envelope fluctuation after passing through the bandpass filter and the power
amplifier can work in an efficient nonlinear state, resulting in better performance.

2G communications have a milestone significance in the development and
promotion of mobile communications, completing the transition from analog tech-
nology to digital technology and opening the era of digital mobile communications.
It overcomes the weaknesses of analog mobile communication systems, greatly
improves voice quality and confidentiality, and can perform automatic roaming
within and between areas. However, the 2G standard is not unified, and it can only
roam in the same standard coverage area, and cannot roam globally. Additionally,
the bandwidth is limited and cannot provide high-speed data transmission. Due to
the weak anti-interference and antifading capabilities and low frequency utilization,
2G communication cannot meet the growing communication needs of multimedia
services such as pictures and videos.

7.2.3 Modulation for 3G Communication

In order to overcome the shortcomings of the 2G system and meet the demand
for mobile multimedia services, 3G communications have gradually developed.
IMT-2000 refers to the International Mobile Telecom System that operates in the
2,000-MHz frequency band and was put into commercial use around 2000. It
includes both ground communication systems and satellite communication systems.
The broadband mobile communication system based on IMT-2000 is called the
third generation mobile communication system.

The main features of 3G are:

1. A system with global penetration and global seamless roaming. 3G is a sys-
tem that is covered and used worldwide. It uses a common frequency band
and global unified standards.

2. It has the ability to support multimedia services, especially internet services.
3G can support voice packet data and multimedia services and can provide
the required bandwidth as needed.

3. It has a variable high-speed data rate and can meet the requirements of
three environments: fast mobile environment, outdoor to indoor or walking
environment, and indoor environment.

4. It is easy to transition and evolve. 3G can be flexibly evolved on the basis of
2G network and is compatible with fixed network.

5. It has high spectrum efficiency, high service quality, low cost, and high
capacity. With the development of smart terminals, people can effectively
process a variety of media services such as images, music, and video streams.
Humanity has officially entered the era of mobile multimedia.
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3G supports services with a rate of up to 2 Mbps, and the types of services will
involve voice, data, images, andmultimedia services. The 3G system still uses digital
modulation technology, including BPSK, QPSK, 8PSK, and other modulation meth-
ods. The mainstream standards of 3G are wideband code division multiple access
(WCDMA), CDMA2000, and TD-SCDMA. Both WCDMA and CDMA2000 use
BPSK for uplink and QPSK for downlink. TD-SCDMA uses QPSK and 8PSK at
high rates.

7.2.4 Modulation for 4G Communication

The 4G communications are further developed and optimized on the basis of 3G,
using more advanced communication technology and communication protocols,
and further broadening the spectrum. Although 3G can be used to transmit video
data, if you want to transmit high-definition video data, you need to use 4G. The
4G system supports QPSK, 16QAM, 64QAM, and 256QAMmodulation methods,
and also adopts a new multicarrier modulation—OFDM. OFDM converts serial
data streams into high-speed parallel carrier transmission, which can not only sig-
nificantly improve spectrum efficiency, but also use its structural characteristics to
effectively combat multipath fading and improve transmission reliability. LTE uses
OFDM in the downlink, while DFT-S-OFDM is used in the uplink and direct links
because DFT-S-OFDM has a lower PAPR than OFDM.

Usually, international 4G standards include Long Term Evolution-Advanced
(LTE-A) led by the 3GPP and the Institute of Electrical and Electronics Engi-
neers (IEEE)-led Wireless Metropolitan Area Network-Advanced (Wireless MAN-
Advanced) (802.16m). 4G can provide users with a wider range of services, such as
internet access, image transmission, video on demand, data mutual transmission,
and even real-time viewing of TV programs and other data or multimedia services.

7.2.5 Modulation for 5G Communication

4G networks have greatly promoted the rapid development of the internet. With
the rapid growth of smart terminals, new services continue to emerge, such as aug-
mented reality, virtual reality, and smart industrial Internet of Things, which put
forward higher requirements for communication speed and communication latency,
further promoting the development of 5G communications. In the face of diversi-
fied communication services, 5G communications define three major application
scenarios: enhanced mobile broadband (eMBB), ultra-reliable low latency commu-
nication (URLLC), andmassive machine-type communication (mMTC). In terms of
technology, 5G communications use OFDM multicarrier modulation with differ-
ent parameters and large-scale MIMO technology. In addition, 5G further expands
spectrum resources, including low-frequency and millimeter-wave high-frequency
communications.

Like LTE, 5G communications support QPSK, 16QAM, 64QAM, and
256QAMmodulation modes for both uplink and downlink. In addition, the uplink
supports π/2-BPSK to further reduce the peak-to-average ratio, thereby improving
the efficiency of the power amplifier at low data rates, which is very important
for large-scale machine-type communication services. Because 5G communication
supports a wide range of application scenarios, it is likely that the supported
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modulation methods will need to be further expanded in the future. For example,
1024QAM may also be included for specific scenarios.

In the frequency range up to at least 52.6 GHz, NR uses Cyclic Prefix OFDM
(CP-OFDM) for both uplink and downlink. Compared with LTE, CP-OFDM is
only used for LTE downlink transmission, while DFT-S-OFDM is used for uplink
transmission. Using the same waveform for uplink and downlink simplifies the
overall design, especially for wireless backhaul and device-to-device (D2D) commu-
nication. In addition, for scenarios with limited uplink coverage, the option of using
DFT-S-OFDM is provided through single-stream transmission. In the implementa-
tion, the gNB can choose the uplink waveform (CP-OFDM or DFT-S-OFDM), and
the UE should support both OFDM and DFT-S-OFDM modes. Any operation that
is transparent to the receiver (such as windowing/filtering) can be carried out based
on the NR waveform to improve the spectrum restrictions.

Obviously, from 1G to 5G, the communication spectrum is constantly expand-
ing, the communication air interface technology is constantly being innovated, and
the communication rate and communication quality have made a qualitative leap.
Among them, 1G is based on analog modulation, 2G and 3G mainly use low-
frequency communication and SC modulation technology, where data symbols are
transmitted through one signal frequency. As the bandwidth increases, the sam-
pling period of the system becomes smaller, the multipath effect of the wireless
channel is further enhanced, and the SCmodulation technology is no longer applica-
ble. OFDM multicarrier modulation technology divides the system bandwidth into
multiple orthogonal subcarriers, which significantly increases the symbol period of
each subcarrier, can effectively combat the channel multipath effect, simplifying
the system design. Moreover, OFDM can effectively combine with channel coding,
multiantenna, and other technologies to improve the system’s spectrum efficiency
and has become a key modulation technology for 4G and 5G communications.

7.3 Modulation Standard for Satellite Communication

Since the available bandwidth of satellite communication systems is limited, in
order to achieve high-speed information transmission within the limited bandwidth,
high-order modulation methods with high bandwidth utilization must be used. At
present, the research on satellite communication system modulation technology
mainly focuses on three aspects:

1. Based on the power-limited characteristics of satellite communication sys-
tems, research on modulation methods have to consider how to improve
power efficiency;

2. Based on the bandwidth-limited characteristics of frequency resources,
research on modulation methods have to consider how to improve spectrum
efficiency;

3. Modulation technology is necessary suitable for nonlinear channels [19].

Table 7.3 lists the modulation methods of common satellite communication
standards.
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Table 7.3 Modulation Methods of Common Satellite Transmission Standards

Number Standard Name Standard Proposer Modulation Mode

1 DVB-S

European Telecommunications
Standards Institute (ETSI)

QPSK

2 DVB-S2
QPSK,8PSK,
16APSK,32APSK

3 DVB-S2X
4APSK,8APSK,16APSK,
32APSK,64APSK,
128APSK,256APSK

4 DVB-SH
QPSK,8PSK,16APSK,
16QAM,CP-OFDM

5 ATSC
Advanced Television Systems
Committee of
the United States (ATSC)

QPSK,8PSK,16PSK,
16QAM,64QAM,
256QAM,CP-OFDM

6 ISDB-S
Japanese Digital Broadcasting
Expert Group (DiBEG)

BPSK,QPSK,
8PSK,TC8PSK

7.3.1 Modulation for DVB-S Communication

In 1994, the European Telecommunications Standards Institute (ETSI) released the
Digital Video Broadcasting-Satellite (DVB-S) standard [20]. The DVB-S standard
has been widely used around the world and has become the mainstream transmis-
sion standard in the field of satellite broadcasting and television. The DVB-S system
standard describes the frame structure, channel coding, and modulation method for
satellite digital multiplexing. The standard stipulates the use of the MPEG-2 codec
to transmit digital video via satellite in fixed satellite and broadcast satellite service
bands. DVB-S uses QPSK as the modulation mode.

7.3.2 Modulation for DVB-S2 Communication

After entering the twenty-first century, with the rapid changes in communication
needs, the DVB-S standard has defects such as low transmission efficiency, inability
to transmit high-definition television HDTV, and inability to perform IP network-
ing, making it difficult to meet business needs. To solve these problems, in March
2005, ETSI released the second generation of digital satellite video broadcasting
(Digital Video Broadcasting-Satellite-Second Generation (DVB-S2)) standard [21].
DVB-S2 is an improvement on DVB-S, which reduces the design cost and provides
better performance and more flexible services than the DVB-S standard.

Compared with the DVB-S standard, the technical features of the DVB-S2
standard include:

1. Flexible and efficient multicoding rate and multimodulation transmission
technology: The DVB-S2 standard supports 11 coding rates from 1/4 to
9/10. It supports high-order modulation methods such as QPSK, 8PSK,
16APSK and 32APSK, and can be flexibly selected according to the link con-
ditions. The reason for choosing APSK is that it is highly robust to the high
power amplifier (HPA) distortion inherent in satellite transponders. The use
of 32APSK makes the spectrum efficiency of the DVB-S2 standard (32APSK
9/10) 257% higher than that of the DVB-S standard (QPSK 7/8);

2. Adaptive coding and modulation (ACM): DVB-S2 equipment provides real-
time variable adaptive coding and modulation methods according to the
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different signal transmission environments of the terminal and the gateway.
ACM can automatically optimize frame-by-frame coding and modulation.
The terminal with a poor signal uses low-order modulation, and the termi-
nal with a strong signal uses high-order modulation, thereby enhancing the
system’s ability to resist interference such as rain attenuation and improving
the reliability of the system’s RF signal transmission;

3. A variety of selectable spectrum roll-off coefficients: When setting transmis-
sion parameters, users can independently select three roll-off coefficients of
0.20, 0.25, and 0.35 for square root raised cosine filtering to meet users’
audio, video, and data transmission needs.

By adopting the above advanced coding and modulation technologies, the
DVB-S2 system has the following advantages: it can support more transmission
service types and source formats, better channel coding gain, higher channel spec-
trum utilization and parameter efficiency, and backward compatibility with the
DVB-S standard.

7.3.3 Modulation for DVB-S2X Communication

Between 2005 and 2014, the digital satellite broadcast television sector experi-
enced substantial transformations. On one hand, user demands have continually
evolved, with UHD TV satellite broadcasting to homes and high-speed IP access
based on TV broadcast satellites leading to an increase in users within VSAT
application scenarios, thereby generating additional revenue. On the other hand,
nonstandardized proprietary technologies such as NS3 significantly surpass the
existing DVB-S2 standard in terms of spectral efficiency. In this context, satel-
lite television broadcasting technology must also keep pace with contemporary
advancements. In February 2014, the DVB-S2X standard was officially introduced.
Technological innovations in DVB-S2X encompass reduced roll-down coefficients,
advanced filtering techniques, and higher-order modulation.

The roll-down coefficients utilized by the DVB-S2 system are 0.35, 0.25, and
0.20, respectively; conversely, those employed by the DVB-S2X system have been
decreased to 0.15, 0.10, and 0.05, respectively. The smaller roll-down coefficient
of DVB-S2X combined with its advanced filtering technology effectively mitigates
sidelobes on both sides of the spectrum, thereby conserving actual physical band-
width occupied by a channel and allows for adjacent physical channels to be spaced
as closely as just 1.05 times the symbol rate apart. Consequently, spectral efficiency
for the DVB-S2X system can be enhanced by up to 15% compared to that of the
DVB-S2 system.

While DVB-S2 employs four PSKmodulationmodes: 4APSK, 8APSK, 16APSK,
and 32APSK, DVBS-2X adopts a higher-order PSK modulation scheme—up to
256APSK—facilitating easier compensation for nonlinearities present in satellite
transponders while achieving superior spectrum utilization rates. Furthermore,
larger satellite-borne antennas can be deployed alongside increased transmission
power from satellites, which is crucial for enabling point-beam regional broadcast-
ing within Ka-band frequencies. Due to its higher-order modulation capabilities,
DVB-S2X enhances spectral efficiency by an impressive 51% when compared
against DVB-S2, approaching closer toward Shannon’s limit.
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7.3.4 Modulation for DVB-SH Communication

Digital Video Broadcasting-Satellite Services to Handheld (DVB-SH) is a new gener-
ation of digital multimedia broadcasting standard proposed by the DVB organiza-
tion. It mainly supports mobile TV services, as well as various types of information
services such as video on demand and data transmission [22]. The main features of
this standard are that it can be used in a satellite/terrestrial hybrid network, and can
achieve signal coverage of a large area through GEO satellites. For densely popu-
lated buildings or indoor environments where satellite direct transmission signals
cannot reach, the signal can be relayed through ground auxiliary base stations to
ensure safe and reliable transmission of information. Because the DVB-SH protocol
combines the satellite end and the ground relay end to achieve signal coverage, it
is universal; that is, it can be used in any indoor or outdoor environment. When
the transmission environment between the satellite and the target receiving user is
good, the signal can be directly transmitted without going through the ground auxi-
liary base station; when the link between the satellite and the target receiving user is
blocked, the signal can be forwarded through the ground auxiliary base station [23].

Figure 7.10 shows the network module of DVB-SH. As shown in the figure,
DVB-SH has two architectures: SH-A and SH-B. In SH-A, both the satellite and
the ground system use OFDM multicarrier modulation, which can effectively solve
the multipath problem. In SH-B, the satellite link uses a time division multiplex-
ing (TDM) structure to transmit the signal, while the ground link uses OFDM to
transmit the signal. Compared to single-carrier systems, multicarrier systems have a
larger peak power to average power ratio and higher requirements for power ampli-
fiers. Therefore, the SH-A method is used when bandwidth resources are limited,
while SH-B can be used in power-limited satellite systems.

In DVB-SH, QPSK, 8PSK, and 16APSK can be selected as constellation modu-
lation options when TDM is used. When the OFDM multicarrier method is used,
QPSK, 16QAM,andnonuniform16QAM(supporting hierarchicalmodulation) can
be selected as constellationmodulation options. The roll-off factor can be selected as
0.15, 0.25, and 0.35. In addition to the usual 2K-FFT, 4K-FFT, and 8K-FFT modes,

Figure 7.10 DVB-SH network module.
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the DVB-SH standard adds a 1K-FFT mode, which is mainly used in the L-band,
with a planned channel width of 1.7 MHz. The DVB-SH system can select L- and
S-band frequencies between 1 and 3 GHz. The DVB-SH system is applicable when
the terminal is in a mobile state of up to 3,200 km/h or in a static state indoors.

7.3.5 Modulation for ATSC Communication

The ATSC standard is a set of American standards for transmitting digital televi-
sion through terrestrial, cable, and satellite networks. The United States officially
adopted ATSC as the national digital television standard on December 24, 1996.
The ATSC standard has the following major technical advantages: low noise thresh-
old (close to the theoretical value of 14.9 dB), large transmission capacity (6-MHz
bandwidth transmits 19.3 Mbps), long transmission distance, wide coverage, and
easy implementation of reception scheme [24].

The latest ATSC version is ATSC3.0. In addition to the traditional downlink,
the physical layer of ATSC3.0 also includes an uplink. Among them, the uplink uses
the return channel to further expand the interactive function of digital television; the
downlink achieves the function of supporting future ultra-high-definition television
transmission such as 4K and 8K through the reasonable use of input formatting and
signaling. ATSC3.0 adopts cyclic prefix orthogonal frequency division multiplexing
technology, inserts a cyclic prefix as a protection interval at the beginning of each
OFDM symbol, and needs to insert a pilot for channel estimation.

Figure 7.11 shows the physical layer system diagram of ATSC3.0. As shown in
the figure, the physical layer of ATSC3.0 is connected to the link layer through
two links, uplink and downlink, and the return channel transmits the uplink
data to the link layer. The downlink transmits control information and signal-
ing so that the data is formatted, coded, and modulated to generate waveforms to
achieve ultra-high-definition video transmission. The ATSC3.0 system can support
both broadcast services and interactive services without relying on other network
infrastructure.

ATSC3.0 defines 6 QAMs with different modulation orders, including irreg-
ular 16QAM, 64QAM, 256QAM, 1024QAM, 4096QAM, and regular QPSK.
Compared with regular constellation modulation, the use of irregular constellation
modulation can achieve a performance gain of more than 1 dB.

7.3.6 Modulation for ISDB-S Communication

Integrated Services Digital Broadcasting-Satellite (ISDB-S) is a satellite broadcasting
standard proposed by Japan in October 1999. ISDB-S operates in the Broadcasting

Figure 7.11 ATSC3.0 physical layer system diagram.
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Satellite Service (BSS) band between 11.7 and 12.2 GHz [25]. Table 7.4 summarizes
the ISDB-S standard features.

Compared with DVB-S, the ISDB-S system uses a hierarchical modula-
tion scheme. The optional modulation schemes include trellis-coded eight PSK
(TC8PSK), QPSK, and BPSK. In a satellite channel, the selection of TC8PSK
can achieve a maximum information bit rate of 52.2 Mbit/s, while the occupied
bandwidth is expanded from the traditional 27 to 34.5 MHz.

ISDB-S is highly flexible. ISDB-S can use multiple modulation schemes at the
same time to meet the requirements of integrating multiple services on a satellite
channel. For example, ISDB-S uses BPSK to transmit audio data, which can effec-
tively reduce the impact of rain attenuation. TC8PSK can provide the maximum
transmission capacity, so it is used to transmit video data. ISDB-S uses the transmis-
sion and multiplexing configuration control (TMCC) signal to send a modulation
scheme selection command according to the transmission signal format. TMCC
consists of 384 bits of fixed-length data. The receiver selects the corresponding
demodulation scheme to process the received signal according to the pre-TMCC
signal. The TMCC used for carrier recovery is provided by the fixed modulation
scheme BPSK.

7.4 Potential Modulation for Integrated Communication

In the future integrated communication, QAM modulation may be sensitive to
nonlinear distortion. Irregular constellation modulation, such as golden amplitude
modulation (GAM) [4] has the potential for performance enhancement with a lower
PAPR. Moreover, OFDM and DFT-s-OFDM waveforms tend to be impaired by
severe intercarrier interference in the case of high-mobility wireless channel, which
may suffer from significant performance loss in the context of LEO satellite com-
munication. Furthermore, the time-domain rectangular window gives rise to severe
out-of-band leakage in the frequency domain, which readily exceeds the radiation
limit of the LEO satellite communication system. Accordingly, novel waveforms
are necessary for development.

To provide reliable communication in high-mobility environment, Doppler-
resilience waveforms (i.e., OTFS, orthogonal chirp division multiplexing (OCDM),
and affine frequency division multiplexing (AFDM)), have been investigated in
[5–7]. However, the signal detection complexity of these waveforms needs to be
further reduced to accommodate onboard resource constraints. Moreover, syn-
chronization and sidelobe suppression represent pivotal challenges in waveform
design for satellite communications. Thewaveforms, such as filter bankmulticarrier

Table 7.4 ISDB-S Standard Characteristics

Modulation Scheme TC8PSK, QPSK, BPSK

Rising cosine rolling factor 0.35
Transmission symbol rate 28.86 Mbaud

Internal code rate
BPSK(1/2)
QPSK(1/2,2/3,3/4,5/6,7/8)
TC8PSK(2/3)

Packet size 188 bytes
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(FBMC) [8], universal filtered multicarrier (UFMC) [9], and generalized frequency
division multiplexing (GFDM) [10] can provide a strong immunity to these issues at
the cost of performance degradation in the presence of severe Doppler spreads. The
quest for an eminent waveform has sparked a flurry of research activities. However,
the vast majority of current researchmainly focuses on a single waveform in the con-
text of terrestrial communication; the specific waveform design guidelines for LEO
satellite communication remain in their infancy, warranting further exploration.
Explicitly, Figure 7.12 presents the potential baseband and carrier waveforms.

7.4.1 Irregular Baseband Modulation

Irregular modulation has always been a hot research topic in wireless communi-
cation research due to its flexible design. Typical irregular baseband waveforms
include triangular-QAM (TQAM) [11] and GAM.

To be more specific, the signal points of TQAM are distributed at the vertices of
adjacent equilateral triangles, consistently maintaining the minimal distance from
the decision boundary. It was demonstrated in [11] that the TQAM scheme was
capable of providing higher power gain than QAM by virtue of denser constellation
points. To further improve the performance, GAM aided irregular modulation was
proposed, where the angle and amplitude of the constellation points can be flexibly
designed to have lower PAPR or higher mutual information.

The performance of both regular and irregular modulation is associated with
bit-to-symbol mapping method. Gray mapping performs excellently in the con-
text of regular modulation, where the Hamming distance between neighboring
constellation points is one. However, due to the different Euclidean distances of
neighboring constellation points in the irregular modulation, Gray mapping is
extremely challenging.

To address this issue, graph theory assisted bit-to-symbol mapping optimiza-
tion approach was proposed in [4]. It is worth noting that the GAM scheme with
the mapping method of [4] is capable of achieving comparable BER performance to
its QAM counterpart with lower PAPR. It is expected that the irregular modulation
with an advanced configuration is capable of outperforming its QAM counterpart
in terms of BER and PAPR. Moreover, the constellation size of irregular modula-
tion can be designed as an arbitrary number, which facilitates rate matching and
rate adaptation, thereby simplifying the design of satellite transmitters. As a result,
irregular modulation constitutes an appealing baseband waveform for LEO satellite
communications.

7.4.2 FBMC Multicarrier Modulation

OFDM has the advantages of simple implementation and low complexity. How-
ever, due to the use of rectangular windows with high spectral sidelobes for each
subcarrier, the transmitted signal of OFDM suffer from serious out-of-band leak-
age characteristics. Compared to the main lobe, the spectral sidelobes only decrease
by more than 10 dB and decrease slowly. Therefore, OFDM requires a longer
frequency protection interval, resulting in low spectrum utilization. In addition,
OFDM users need to maintain strict synchronization and orthogonality, resulting
in a huge waste of communication resources and an increase in access delay as the
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Figure 7.12 Potential baseband and carrier waveforms.



“Xiao” — 2025/1/18 — 21:05 — page 130 — #20

130 Signal Modulation for Satellite-Terrestrial Integrated Communication

number of users increases. In this context, FBMC technology with low-frequency
spectral sidelobe characteristics has received significant attention [9].

Figure 7.13 illustrates the system diagram of FBMC modulation. As shown
in the figure, FBMC consists of M subcarriers, which are shaped by a prototype
filter at the transmitting terminal carrier signal and demodulated by a matched fil-
ter at the receiving end. Usually, the coefficients of FBMC prototype filters are
real and symmetric. Therefore, the coefficients of the shaping filter at the trans-
mitting end and the matching filter at the receiving end are both g(k). Similar
to OFDM, the modulation waveform of FBMC subcarriers is ej2πmk/M , and the
demodulation waveform is e−j2πmk/M . m is the subcarrier sequence number, and
k is the time sampling sequence number. Due to the fact that the real and imagi-
nary parts of complex QAM symbols need to be separated by half a symbol period,
M
2 sampling points are selected to correspond to half a symbol period; that is, T

2 .
The symbols ↑ M

2 and ↓ M
2 represent upsampling and downsampling with inter-

vals of M
2 sampling points, respectively. In addition, a phase factor ejπ(m+n)/2 and

Figure 7.13 System block diagram of FBMC multicarrier modulation.
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e−jπ(m+n)/2 is designed for each subcarrier at the sending and receiving ends to meet
the orthogonality conditions of FBMC.

The real number transmission symbol am,n of FBMC is modulated by the
transmitter, and the baseband equivalent transmission signal s(k) is

s(k) =
M−1
∑

m=0

∑

n∈Z

am,ng

(

k − n
M

2

)

ej2πmk/Mejπ(m+n)/2 (7.16)

where Z is the set of natural numbers. Assuming that s(k) passes through an ideal
distortion free channel, the received signal is r(k) = s(k). At the receiving end,
after demodulation of r(k), the demodulation symbol at the time-frequency position
(m, n) is

âm,n =
∞
∑

k=−∞
r(k)g

(

k − n
M

2

)

e−j2πmk/Me−jπ(m+n)/2 (7.17)

Obtaining the transmission symbol by taking the real part of the demodulation
symbol

Re{̂am,n} = am,n (7.18)

In order to achieve maximum transmission efficiency in OFDM, the subcarrier
interval ∆ f and symbol interval T must meet the following requirements;

∆ f =
1

T
(7.19)

At this point, the symbols of OFDM are orthogonal to each other and do not
interfere with each other, achieving maximum transmission efficiency. However,
due to the fact that the orthogonality condition of FBMC only holds in the real
field, FBMC cannot directly transmit complex symbols. It is necessary to take the
real and imaginary parts of the symbols separately, and transmit them as real part
symbols at intervals of half a symbol cycle. Therefore, in FBMC, the subcarrier
spacing and symbol spacing satisfy

∆ f =
2

T
(7.20)

Figure 7.14 illustrates the time-frequency data blocks of OFDM and FBMC,
respectively. As shown in the figure, OFDMmulticarrier modulation sends complex
symbols with a symbol interval of T , where FBMC multicarrier modulation sends
real symbols with a symbol interval of T/2. In theory, FBMC and OFDM transmit
the same amount of data in the same amount of time.

Figure 7.15 illustrates the process of obtaining FBMC real number symbols.
As shown in the figure, let the complex symbol be xm,n, where m is the subcarrier
sequence number and n is the time sequence number. Extract the real and imaginary
parts of the complex symbols of FBMC to obtain the sending symbol am,n. The real
number symbol sent by FBMC is

am,2n = Re{xm,n}, am,2n+1 = Im{xm,n} (7.21)

where Re{·} and Im{·} are the operations of taking the real part and taking the
imaginary part, respectively.
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Figure 7.14 Time-frequency data blocks of the OFDM system and FBMC system. (a) Time frequency resource
data blocks for classical OFDM systems (imaginary number symbols) and (b) time frequency resource data
block of FBMC system (real number symbols).

Figure 7.15 The process of obtaining the real number symbol of FBMC.

The advantages of FBMC are as follows:

1. FBMC uses a prototype filter with very low spectral sidelobes for signal
shaping, which makes the out-of-band leakage of FBMC signals very weak
and almost does not cause interference to other users. Users can use smaller
frequency band protection intervals to effectively use fragmented spectra.

2. There are many narrow-spectrum interference signals in wireless communi-
cation environments, which can cause significant damage to OFDM signals
with high and slow spectral sidelobes. However, the impact on FBMC
signals with fast spectral downscaling is very weak.

3. FBMC is an asynchronous transmission technology that uses FBMC mod-
ulation to eliminate the need for strict synchronization and orthogonality
between user signals, greatly reducing the synchronization overhead and
access delay of the system, making system design more flexible and efficient.

The disadvantages of FBMC are as follows:

1. There is no orthogonality between subcarriers in the FBMC system, resulting
in interference between subcarriers.
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2. Due to the use of nonrectangular waveforms in the FBMC system, there is
intersymbol interference in the time domain, and corresponding interference
cancellation techniques need to be adopted.

7.4.3 UFMC Multicarrier Modulation

In response to the carrier interference problem caused by OFDM frequency offset,
Vakilian proposed the UFMC technology in 2013 [17]. UFMC filters subband sig-
nals, which not only reduces out-of-band sidelobe levels but also minimizes carrier
interference between adjacent users during asynchronous transmission. UFMC fil-
ters a group of continuous subcarriers, and can configure the number of subcarriers
according to actual needs, thereby increasing or shortening the length of the filter.
It can flexibly support different frame structures and reduce system complexity.
Figure 7.16 presents the different filtering methods of three technologies.

Figure 7.17 shows the system diagram of UFMC. As shown in the figure, first
divide the subcarriers into B subbands, and overlay a FIR Chebyshev filter on each
subband, with a filter length of L f and an FFT length of N . The frequency domain
signal of the lth transmission subband is Xl = [Xl (0) , Xl (1) , · · · , Xl (M − 1)], and
the independent random variable bitstream Xl is transformed by IDFT to obtain
the time-domain signal xl = [xl (0) , xl (1) , · · · , xl (N − 1)] of the subband, where
xl (n) is

xl (n) =
1

N

∑

m∈B

Xl (m)e j2πmn/N n = 0, · · · , N − 1 (7.22)

Figure 7.16 Comparison of filtering methods among OFDM, FBMC, and UFMC.

Figure 7.17 UFMC system block diagram.
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The time-domain signal Xl of the subband is accumulated through the FIR
Chebyshev filter, and the resulting baseband time-domain signal is

X =
B
∑

l=1

xl ∗ f (7.23)

Assuming that the time-varying pulse response of the channel is h and the
additive white Gaussian noise is η, the time-domain signal y at the receiving end is

y = x ∗ h + η =
B
∑

l=1

xl ∗ f ∗h + η (7.24)

At the receiving end, based on the 2N point FFT detection, the time-domain
signal y is transformed into a frequency-domain signal Y. The kth subcarrier Y (k)
obtained after signal demodulation is represented as

Y (k) =
B
∑

l=1

X̃l (k) F (k) H (k) + W (k)

= X̃l (k) F (k) H (k) +
B
∑

a=1
a ̸=l

X̃a (k) F (k) H (k) + W (k) (7.25)

where W (k) is additive white Gaussian noise. To distinguish the signal and
interference of Y (k) in (7.25), the expression of X̃l (k) is first derived as

X̃lodd (k) =
2N−1
∑

n=0

xl (n) e− j2πkn/2N

=
N−1
∑

n=0

xl (n) e− j2πkn/4N = Xl

(
k

2

)

(7.26)

where k is an even number.

X̃leven (k) =
2N−1
∑

n=0

xl (n) e− j2πkn/2N =
N−1
∑

n=0

xl (n) e− jπkn/N

=
N−1
∑

n=0

1

N

∑

m∈Bl

Xl (m) e j2πmn/N · e− jπkn/N

=
∑

m∈Bl

Xl (m) · e
j π2 (2m−k)(1− 1

N ) ·
sin

[
π
2 (2m − k)

]

N sin
[
π(2m−k)

2N

] (7.27)

where k is an odd number and Bl is the set of frequency domain subcarrier index
numbers for the lth subband. Therefore, according to (7.26) and (7.27), X̃l (k) is
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represented as

X̃l (k) =







∑

m∈Bl

Xl (m) e
j π2 (2m−k)(1− 1

N ) sin[ π2 (2m−k)]
N sin

[
π(2m−k)

2N

] , k is odd

Xl (k/2) , k is even

(7.28)

where Xl (k) is the frequency domain signal of the kth subcarrier in the lth subband.
Furthermore, it can be represented as

Xl (k) =

{

0, k /∈ Bl

Xl (k) , k ∈ Bl

(7.29)

According to (7.29), due to the FFT detection based on 2N points at the receiv-
ing end, all odd-numbered subcarriers contain two parts: ICI and signal. Therefore,
(7.28) can be rewritten as the sum of signal and interference

X̃l (k) = X̃l,sm (k) + X̃l,I C Im (k) (7.30)

where X̃l,sm (k) is the mth subcarrier signal obtained by FFT detection transfor-
mation based on the 2N th point of the subcarrier k in the mth subband of the
transmitting end. X̃l,I C Im (k) is the interference from the kth subcarrier received by
the mth subcarrier signal obtained through FFT detection transformation based
on the 2N point. Due to the fact that the receiver is based on 2N point FFT
demodulation, all odd-numbered subcarriers are additional signals. Therefore, only
the subcarriers of even-numbered points with m = 0, 2, . . . , 2N − 2 need to be
considered. When performing linear convolution, it is necessary to consider the
subcarriers of odd points and take k = 0, 1, 2, . . . , 2N −1. X̃l,sm (k) and X̃l,I C Im (k)
are respectively represented as

X̃l,sm (k) =







Xl

(
m
2

)

, k

Xl

(
m
2

)

e
j π2 (m−k)(1− 1

N ) sin[ π2 (m−k)]
N sin

[
π(m−k)

2N

] , k
(7.31)

X̃l,I C Im (k) =









0, k
∑

i∈B,i ̸=m/2

Sl (i) e
j π2 (2i−k)(1− 1

N ) sin[ π2 (2i−k)]
N sin

[
π(2i−k)

2N

] , k
(7.32)

Substituting (7.31) and (7.32) into (7.25) yields

Y (k) = X̃l,sm (k) F (k) H (k) · · · signal

+ X̃l,I C Im (k) F (k) H (k) · · · ICI

+
B
∑

a=1
a ̸=l

X̃a (k) F (k) H (k) + W (k) · · · IBI (7.33)
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According to (7.33), subcarrier Y (k) is not only affected by interference between
subcarriers within the same subband, but also by interband interference (IBI)
between subcarriers.

The signal received by the receiving end is first processed by analog-to-digital
conversion, filtering, and so on, to obtain two digital baseband signals of IQ. Then,
time-frequency synchronization is performed to determine the position of the frame
and FFT window, and frequency offset is estimated and compensated. The trans-
mission symbol length of UFMC is N + L − 1. Under the influence of the subband
filter, the receiver needs to perform 2N point FFT to fully convert it into a frequency
domain signal, remove odd subcarriers to obtain a N point frequency domain sym-
bol, and then compensate for residual frequency offset and phase difference. Finally,
perform unmapping and decoding operations to obtain the original data stream.

Due to the special structure, the advantages of UFMC are as follows:

1. There is no CP in UFMC, the spectrum utilization is high, and the number
of subcarriers in the subband can be flexibly configured according to actual
needs.

2. UFMC filters each subband, effectively reducing interband interference and
supporting asynchronous transmission mode.

3. UFMC uses shorter waveguides with low implementation difficulty, and
supports short structures suitable for burst communication.

4. Due to the implementation of QAM constellation mapping in UFMC, it is
compatible with MIMO technology.

The disadvantages of UFMC are as follows:

1. UFMC does not use CP and has poor resistance to multipath interfer-
ence, making it difficult to meet the application scenarios of loose time
synchronization to save power.

2. UFMC amplifies the noise power in the system and is sensitive to time bias.

3. Because UFMC needs to perform waves in the subband at the transmitting
end, the symmetry between the transmitting and receiving ends of the FFT at
the 2N point is poor, resulting in higher system implementation complexity.

7.4.4 GFDM Multicarrier Modulation

GFDM proposed by Fettweis et al. is a multicarrier modulation scheme based
on symbol blocks [18]. GFDM modulates data symbols onto two-dimensional
time-frequency blocks for transmission by dividing time-domain time slots and
frequency-domain subcarriers, and uses parameter adjustable shaping filters.
Unlike FBMC, GFDM uses cyclic convolution during subcarrier filtering to avoid
trailing of the prototype filter, exhibits good out-of-band leakage characteristics,
and is suitable for dynamic spectrum access.

GFDM divides time slots into M subslots (subsymbols) at equal intervals, while
also dividing the bandwidth of time slot M into K subcarriers at equal inter-
vals. GFDMdata symbols are transmitted through two-dimensional time-frequency
domain structural blocks. To reduce out-of-band radiation, an adjustable shaping
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filter can be selected. GFDM technology can effectively utilize fragmented spec-
trum without strict requirements for system synchronization performance, and has
strong flexibility.

Figure 7.18 illustrates a typical GFDM wireless communication system. As
shown in the figure, the binary information sent by the source is first channel
encoded and mapped into complex data symbols through constellation diagrams.
The mapping rule depends on the modulation type and modulation order. The
complex data symbol forms a baseband signal after undergoing serial parallel con-
version, GFDMmodulation, and adding CP. After receiving the signal, the receiving
end eliminates the effects of channel delay, frequency offset, and time-domain win-
dow function through synchronization and channel estimation, window function
removal, CP removal, channel equalization, and other operations. Then, complex
data symbols are obtained through GFDM demodulation module demodulation
and parallel serial conversion. Finally, the transmission binary stream is obtained
through constellation symbol judgment and channel decoding.

Unlike OFDM, GFDM uses a more flexible data block structure, where data
symbols are modulated in a block format. Let d represent a symbol vector con-
taining N sampling points, where N = K × M , K and M are positive integers. By
serial-to-parallel conversion, the N ×1-dimensional symbol vector d is divided into
K vectors of length M . The block matrix form of d is

D =
(

d0 d1 · · · dK−1

)T

=







d0,0 · · · d0,M−1

...
. . .

...

dK−1,0 · · · dK−1,M−1






, K M = N

(7.34)

where dk = [dk,0, dk,1, . . . , dk,M−1]
T
, k = 0, 1, · · · , K −1. Define K as the number of

GFDM subcarriers and M as the number of GFDM subsymbols, then each GFDM
subcarrier contains M subsymbols.

Figure 7.19 shows the modulation principle of GFDM. As shown in the figure,
the transmitter first divides the high-speed transmission data symbol sequence
d = [d0, · · · , dN−1] into K low-speed parallel subdata symbol sequences. Each path
carries M data symbols; that is, dk = [dk,0, · · · , dk,M−1], and then each data symbol
of each path is upsampled by N times, and the signal is dispersed into M different

Figure 7.18 GFDM system block diagram.
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Figure 7.19 GFDM modulation principle.

time slots through a circular shift filter. Finally, each signal is modulated to the
corresponding center frequency to obtain a GFDM symbol.

Therefore, the GFDM modulation process is expressed as

x (n) =
K−1
∑

k=0

M−1
∑

m=0

gk,m (n) dk,m, n = 0, . . . , N − 1 (7.35)

where gk,m (n) represents the coefficient of the shaping filter, specifically:

gk,m (n) = g ((n − mk) mod N) e− j2π k
K

n (7.36)

At the receiver, after time-frequency synchronization and CP removal, the GFDM
received signal is expressed as

y = H x + w (7.37)

where H is the channel response matrix with dimension N × N . This matrix is
a circulant matrix, the first column of which is the time domain channel impulse
response, and the other columns are cyclic shifts of the first column. w represents a
Gaussian white noise sampling sequence with a mean of zero and a variance of σ 2

w.
The advantages of GFDM are as follows:

1. GFDM has CP, which can effectively combat multipath interference.

2. It can be implemented using IFFT/FFT technology, and the system imple-
mentation is easy.

3. The use of cyclic filters greatly increases the out-of-band attenuation rate of
the main lobe, and has lower out-of-band radiation than OFDM, and higher
spectrum utilization.

4. It can perform filtering according to the required waveform characteristics,
and the structural design is flexible.
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The disadvantages of GFDM are as follows:

1. GFDM as a multicarrier system faces the problem of high PAPR. In order
to prevent nonlinear distortion of GFDM signals after power amplification,
the power consumption of the HPAmust be increased and a certain back-off
power must be retained.

2. The subcarriers do not need to be orthogonal, so the inherent ICI and ISI in
the system make the receiver processing relatively complex.

7.4.5 OTFS Multicarrier Modulation

Future wireless communication systems need to provide reliable communication
for a wide range of communication scenarios and meet the needs of Internet
of Vehicles communication, UAV communication, high-speed train communica-
tion, low-orbit satellite communication, and underwater acoustic communication.
Therefore, future wireless communication channel scenarios will be more complex.
Classic multicarrier modulationOFDM technology suffers serious performance loss
under fast time-varying channels. Multicarrier modulation technology that can
adapt to fast time-varying fading channels has become a key factor for reliable
transmission of future broadband mobile communications.

In 2016, Hadani et al. proposed orthogonal time frequency space (OTFS) mod-
ulation [19]. The OTFS system is a new multicarrier modulation technology that
introduces the delay domain and Doppler domain. It converts the dual dispersion
channel into an approximately nonfading delay-Doppler domain channel through
a series of two-dimensional transformations. Each symbol in the data frame of
the delay-Doppler domain channel experiences almost the same fading, achiev-
ing a more significant performance gain than existing modulation schemes. At the
same time, the OTFS system can design preprocessing and postprocessing mod-
ules based on the OFDM system to achieve compatibility with the 5G architecture.
Compared with OFDM modulation, OTFS modulation has stronger antifrequency
offset performance and lower peak-to-average ratio and frequency band leakage.

Figure 7.20 describes the basic principle of OTFS modulation. As shown in the
figure, first, the information bits are modulated by amplitude and phase to generate
M × N constellation symbols. Among them, M is the number of subcarriers; N is
the number of time slots. Then, the constellation symbols undergo the inverse sym-
plectic finite Fourier transform (ISFFT) to convert the delay Doppler domain signal

Figure 7.20 OTFS modulation principle.
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into a time-frequency domain signal. The signal then undergoes the Heisenberg
transform and is transmitted over the wireless channel. At the receiving end, the
signal undergoes a Wigner transform and then a symplectic finite Fourier transform
(SFFT) for signal recovery.

Specifically, the OTFS modulation process is described by taking the informa-
tion bit of length M N log2(L) as an example. The information bit is subjected to
amplitude and phasemodulation to obtain the following M N constellation symbols:

X =









x11 x12 · · · x1N

x21 x22 · · · x2N

...
...

. . .
...

xM1 xM2 · · · xM N









(7.38)

The constellation symbol is converted into a two-dimensional time-frequency
symbol Umn by ISFFT:

Umn =
1

√
M N

N−1
∑

k=0

M−1
∑

l=0

xklej2π(
nk
N

− ml
M
),m = 1, 2, · · · ,M, n = 1, 2, · · · , N (7.39)

Next, the time-frequency symbol Umn is processed by the Heisenberg transform and
two-dimensional windowing to obtain the transmission signal s(t)

s(t) =
N−1
∑

n=0

M−1
∑

m=0

Umngtx(t − nT )ej2πm∆ f (t−nT ) (7.40)

At the receiving, the received signal is subjected to Wigner transformation and
sampling to obtain

Ymn =

[∫

g∗
rx(t − τ)r(t)e−j2πv(t−τ)dt

]
∣
∣
τ=nT,v=m∆ f (7.41)

Corresponding to the transmitting end, the received signal will be obtained through
SFFT transformation;

ykl =
1

√
N M

N−1
∑

n=0

M−1
∑

m=0

Ymne
−j2π( nk

N
− ml

M ) (7.42)

Finally, a low-complexity signal detection algorithm is designed to further recover
the signal.

The advantages of OTFS are as follows:

1. Compared with OFDM, OTFS provides high data rate and better flexibility
and reliability;

2. OTFS exhibits better performance than OFDM in the context of high
mobility channels;

3. Compared with OFDM and GFDM, OTFS exhibits lower PAPR [20].
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The main disadvantage of OTFS is its high complexity in signal processing.
Specifically, the minimum computational complexity of the current OTFS detector
is O (M N log (N)), which is much higher than the OFDM detector complexity. At
the same time, the current OTFS system mainly considers integer Doppler shift.
If the fractional Doppler shift assumption that is closer to reality is adopted, the
complexity will be further increased.

7.4.6 OCDM Multicarrier Modulation

Chirp signals have the ability to compress pulses and spread spectrum, and play
an important role in radar and communication systems. Based on orthogonal chirp
signals, orthogonal chirp division multiplexing (OCDM) technology was proposed
for high-speed communication [21]. The OCDM system can achieve the maximum
spectrum utilization of chirp spread spectrum.

OCDM uses a set of mutually orthogonal chirp signals as its basic waveform:

ψn(t) = e j π4 e
− jπ N

T2 (t−n T
N )

2

, 0 ≤ t ≤ T (7.43)

where n is the index of the linear frequency modulation waveform, N is the number
of linear frequency modulation waves, and T is the duration of the linear frequency
modulation waveform. The linear frequency modulation waveform used byOCDM
is also orthogonal to each other, just like the sine wave used by OFDM:

∫ T

0
ψ∗

m(t)ψk(t)dt =

∫ T

0
e

jπ N

T2 (t−m T
N )

2

e
− jπ N

T2 (t−k T
N )

2

dt = δ(m − k) (7.44)

At the transmitting end, the OCDM waveform is expressed as

s (t) =
N−1
∑

k=0

x (k)ψk (t) , 0 ≤ t ≤ T (7.45)

At the receiving end, the matched filter is used to extract the mth OCDM signal,
and the result can be expressed as

x ′ (m) =

∫ T

0
s (t)ψ∗

m (t)

=
N−1
∑

k=0

x (k)δ(m − k) = x (m) (7.46)

Figure 7.21 shows the block diagram of the transmitter and receiver of the
OCDM system. As shown in the figure, the difference between the receiving and
transmitting process of the OCDM system and the OFDM system is that OCDM
uses the inverse discrete Fresnel transform (IDFnT) at the transmitter and the
discrete Fresnel transform (DFnT) at the receiver. The discrete Fresnel (inverse)
transform can be obtained by simply multiplying the coefficients of the discrete
Fourier (inverse) transform. Therefore, the OCDM system can be obtained on the
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Figure 7.21 OCDM receiving and transmitting process block diagram.

basis of the OFDM system, and the complexity of the two is the same, which greatly
reduces the difficulty of implementing the OCDM system.

The OCDM system can obtain the transmitted signal s (n) by sampling the
analog signal s (t):

s(n) = F−1
ψ {x(k)}

=













N−1∑

k=0
x(k)ψk

(

n T
N

)

N ≡ 0(mod 2)

N−1∑

k=0
x(k)ψk

(

n T
N
+ T

2N

)

N ≡ 1(mod 2)

(7.47)

= e j π4

N−1
∑

k=0

x(k) ×
{

e− j π
N
(n−k)2 N ≡ 0(mod 2)

e
− j π

N (n−k+ 1
2)

2

N ≡ 1(mod 2)

where the expression of IDFnT is slightly different due to the difference in the parity
of N . The matrix form of OCDM modulation is as follows:

s = φH x (7.48)

where s = [s (0) , s (1) , . . . , s (N − 1)]T is the discrete time domain signal after
OCDM modulation; x = [x (0) , x (1) , . . . , x (N − 1)]T is the symbol vector after
mapping and φ is the IDFnT matrix. The matrix φ is expressed as

φ (m, n) =
1

√
N

e− j π4 ×
{

e j π
N
(m−n)2 N ≡ 0 (mod2)

e j π
N
(m+ 1

2−n)
2

N ≡ 1 (mod2)
(7.49)

Since the DFnT matrix is a unitary matrix, at the receiver the DFnT matrix can be
inverted to recover the transmitted symbols:

x ′ = φs = x (7.50)

The advantages of OCDM are as follows: (1) OCDM is more robust than
OFDM when the guard interval is insufficient, and (2) OCDM is proven to have
significantly better performance than OFDM in the presence of NBI and TBI. The
disadvantages of OCDM is that its performance can be further improved compared
with the OTFS scheme.
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7.4.7 AFDM Multicarrier Modulation

AFDM is also a new multicarrier modulation scheme with orthogonal chirp signals
as subcarriers. By setting the discrete affine Fourier transform (DAFT) parame-
ters of AFDM, the overlap of time domain channel paths with significant delay or
Doppler shift in the DAFT domain can be avoided, effectively overcoming high
Doppler shift [22]. The DAFT domain impulse response conveys the complete
delay-Doppler representation of the channel, so AFDM can achieve full diversity of
linear time-varying channels.

AFDM is a new type of multichirp waveform generated and demodulated
using DAFT. Figure 7.22 shows the modulation and demodulation architecture
of the AFDM system. As shown in the figure, the AFDM system uses the inverse
discrete affine Fourier transform (IDAFT) at the transmitter and DAFT at the
receiver. DAFT can be obtained by multiplying DFT with a matrix, and using an
OFDM modulator/demodulator as the core, AFDM modulation/demodulation can
be effectively implemented.

Let x represent N QAMmodulated symbol vectors, mapped to the time domain
by IDAFT:

sn =
N−1
∑

m=0

xmφn (m) , n = 0, · · · , N − 1

=
N−1
∑

m=0

xm

1
√

N
e

j2π(c1n2+c2m2+nm/N) (7.51)

where c1 and c2 are the parameters of AFDM.When the parameters c1 and c2 are set
reasonably, AFDM can achieve full diversity of dual-dispersion channels. OFDM
and OCDM are special cases of c1 = 0, c2 = 0 and c1 =

1
2M
, c2 =

1
2M

, respectively.
Its matrix form can be expressed as

s = ΛH
c1

F HΛH
c2

x (7.52)

where F is the DFT matrix item, Λc = diag(e− j2πcn2
, n = 0, 1, · · · , N − 1).

Figure 7.22 AFDM modem architecture.
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To combat the multipath effect, AFDMneeds to design a prefix to put the signal
in a periodic domain. However, the AFDM signal period is different from that of
OFDM, so a chirp-periodic prefix (CPP) is used. The prefix is

sn = sN+ne
− j2πc1(N2+2Nn), n = −L , · · · ,−1 (7.53)

When 2Nc1 is an integer and N is an even number. After parallel-to-serial con-
version, the signal reaches the receiving end through the time-varying channel. The
received signal is

rn =
∞
∑

l=0

sn−l gn (l) + wn (7.54)

where wn is additive white Gaussian noise, gn (l) is the channel impulse response
at time n and delay l, and the channel impulse response is

gn (l) =
P
∑

i=1

hi e
− j2π fi nδ (l − li) (7.55)

Each delay division can have a Doppler frequency spread, as long as different paths

are allowed to have the same delay but different Doppler shifts. vi
∆
= N fi = αi +

ai ∈ [−vmax, vmax] is the Doppler shift normalized to the subcarrier spacing, αi ∈
[−αmax, αmax] is the integer part, and ai is the fractional part and satisfies −1

2 <

ai ≤ 1
2 .
After removing CPP, the matrix form of the received signal is expressed as

r = Hs + w (7.56)

where H =
P∑

i=1
hiΓC P Pi

∆ fi
Πli , ∆ fi

∆
= diag

(

e− j2π fi n, n = 0, . . . , N − 1
)

, Π is the

forward cyclic shift matrix, and ΓC P Pi
is

ΓC P Pi

∆
= diag

({

e
− j2πc1(N2−2N(li −n)), n < li

1, n ≥ li
, n = 0, . . . N − 1

)

(7.57)

At the receiver, the DAFT domain output symbol is represented as

ym =
N−1
∑

n=0

rnφn
∗ (m) (7.58)

The matrix form of the output signal is expressed as

y = Λc2 FΛc1r = He f f x + w̃ (7.59)

where He f f = Λc2 FΛc1 HΛH
c1

F HΛH
c2
, w̃ = Λc2 FΛc1w and w ∼ C N (0, N0 I ).

Λc2 FΛc1 is a unitary matrix, then w̃ and w have the same covariance.
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Define Hi
∆
= Λc2 FΛc1ΓC P Pi

∆ fi
ΠliΛH

c1
F HΛH

c2
, then the output can be rewri-

tten as

y =
P
∑

i=1

hi Hi x + w̃ (7.60)

In order to make the DAFT domain impulse response constitute a complete
delay-Doppler representation of the channel, the corresponding parameters c1 and
c2 should be set. For the only nonzero item in each row of path i , it should not
coincide with the position of the only nonzero item in the same row of H j , and
the loci trajectory range is −αmax + 2Nc1li < loci ≤ αmax + 2Nc1li . Therefore, in
order to make the nonzero items of Hi and H j not overlap, the intersection of the
corresponding ranges of loci and loc j is empty; that is,

{−αmax + 2Nc1li , . . . , αmax + 2Nc1li }∩
{

−αmax + 2Nc1l j , . . . , αmax + 2Nc1l j

}

= ∅
(7.61)

If two paths have the same time delay but different Doppler shifts, they always
occupy two different positions in the DAFT domain. For paths with different time
delays (li ̸= l j ), assuming l j > li , the above formula is equivalent to

2Nc1 >
2αmax

l j − li
(7.62)

If the time domain impulse response of the channel does not have sparsity, the
minimum value of l j − li is 1, and c1 should satisfy

c1 =
2αmax + 1

2N
(7.63)

When 2αmaxlmax + 2αmax + lmax < N is satisfied in the case of integer Doppler
shift, the channel paths with different delays or different Doppler shifts are sep-
arated in the DAFT domain, so that He f f has the delay-Doppler representation
of the channel in the DAFT domain. When c1 = 2αmax+1

2N
, and c2 is set to any

irrational number or a rational number sufficiently smaller than 1
2N

, AFDM can
achieve full diversity of the LTV channel [22]. This parameter setting results in sub-

carrier φn (m) = 1√
N

e
j2π(c1n2+c2m2+nm/N) having a time-frequency content that is

different from all existing waveforms to date.
The advantages of AFDM are as follows:

1. Under the same time and frequency resource occupation, the complexity of
AFDM will be far lower than that of OTFS.

2. When considering channel estimation, due to the two-dimensional structure
of the underlying transform of OTFS, its pilot overhead is twice that of
AFDM. This difference translates into a significant advantage of AFDMover
OTFS in terms of spectral efficiency.

3. In time-varying channels, AFDM and OTFS have almost the same bit error
rate performance because both AFDM and OTFS implement full-delay



“Xiao” — 2025/1/18 — 21:05 — page 146 — #36

146 Signal Modulation for Satellite-Terrestrial Integrated Communication

Doppler representation of the channel. Each path in the path of the effective
channel (in the DAFT domain of AFDM, in the delayed Doppler domain of
OTFS) corresponds to a delay-tap Doppler bin pair of the wireless propaga-
tion channel, and each path in AFDM andOTFS have the same path gain (at
least strictly equal in the case of integer-valued Doppler shifts). This feature
enables AFDM to achieve the optimal diversity order of the LTV channel.

The disadvantages of AFDM are as follows:

1. AFDM and OFDM have the same high PAPR.

2. Research on MIMO technology is a conventional method to improve the
system diversity order. Transmit diversity of MIMO-AFDM system [19] is
challenging.

3. Channel estimation and signal detection for AFDM systems is challeng-
ing. How to design low-complexity channel estimation and signal detection
technology deserves further research.

7.4.8 Performance Analysis

Figure 7.23 compares the performance of GAMwith the proposedmappingmethod
to that of PSK, APSK, and QAM with Gray mapping for M = 64 and M = 256.
Obviously, the GAM scheme with the proposed mapping principle is capable of
providing significant performance gain over the PSK, APSK schemes and offers
comparable performance to QAM with Gray mapping. It should be noted that the
GAM constellation is not yet optimized, and we would expect better performance
after performing constellation shaping design.

Figure 7.23 Performance comparison of baseband modulation schemes: (a) M = 64, and
(b) M = 256.
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Figure 7.24 compares the PAPR of potential modulation waveforms. It is obvi-
ous that the PAPR performance of SC modulation is significantly better than that of
MC modulation schemes. In the MC schemes, OTFS scheme exhibits better PAPR
performance over other MC alternatives. To provide further insights, Figure 7.25

Figure 7.24 PAPR comparison of potential modulation schemes.

Figure 7.25 Performance comparison of potential carrier waveforms with LEO satellite communi-
cation channel.
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compares the performance of OFDM, DFT-S-OFDM, FBMC, UFMC, GFDM,
OTFS, OCDM, and AFDM schemes relying on a message-passing detection algo-
rithm in the LEO satellite communication scenario. In the simulation, the carrier
center frequency is set as 30 GHz, the LEO satellite velocity is 7.9 km/s, the
Doppler frequency shift is 790 KHz, the subcarrier spacing is 15 KHz, the base-
band modulation is 16-QAM, the channel fading distribution is assumed as a Rice
distribution, the elements of channel noise obey Gaussian distribution noise, and
the number of propagation paths is 3. It is observed from Figure 7.25 that the per-
formance of UFMC, FBMC, and GFDM schemes is comparable to that of OFDM
counterparts. Owing to its capability for partial time diversity, DFT-S-OFDM and
OCDM schemes exhibit slightly better performance. Moreover, benefiting from
the full diversity in the doubly dispersive channels, OTFS and AFDM perform best,
constituting appealing candidates for LEO satellite communications.

7.5 Design Guidelines

7.5.1 Irregular Constellation Configuration Design

Higher-order modulation is capable of improving spectral efficiency by increasing
the number of bits carried by each symbol. Constellation configuration plays a vital
role in higher-order modulation in terms of PAPR and BER performance. In view
of the sensitivity of the nonlinear distortion of the existing regular constellations, it
is necessary to optimize the amplitude as well as phase of irregular constellations.
First, the influence of channel fading and Gaussian noise on the construction of
constellations has to be explored. Second, it is important to derive the analytical
expression of PAPR associated with the amplitude and phase of the designed con-
stellation. Subsequently, the amplitude and phase can be optimized by maximizing
channel mutual information under the constraint of low PAPR value.

7.5.2 Integrated Coding and Modulation

The integrated code-modulation design is capable of significantly simplifying the
transceiver with the potential of breaking through the performance bottleneck of
existing disjoint architectures, which is eminently suitable for LEO satellite commu-
nication. The inherent flexibility of irregular constellation modulation constitutes
an appealing alternative for the integration design. However, the research on irreg-
ular constellation modulation is still in its infancy, and the integrated design with
coding is an interesting open research problem. Explicitly, it is worth exploring
the intricate interplay between coding and modulation. Understanding this intrin-
sic mechanism helps us fully exploit the effect of the channel polarization on coding
and modulation. This is illustrated in Figure 7.26, showing that both irregular con-
stellation design and information mapping method play crucial roles in integrated
coding and modulation.

7.5.3 Versatile Carrier Waveform Design

The current satellite systems of communication, navigation, and remote sensing
have been developed independently, each serving a single function. This fragmented
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Figure 7.26 Integrated design of coding and modulation.

approach makes it impossible to achieve integrated navigation-communication-
remote sensing functions, resulting in underutilization of valuable satellite orbit
resources. With the integration of communication and navigation, communication
signals are helpful for extending the coverage of navigation signals to achieve high-
precision positioning, while navigation signals are able to assist in synchronizing
and simplifying signal detection [23]. Meanwhile, the integration of communica-
tion and sensing has the potential to target signal tracking, which is beneficial for
detecting and tracking objects in space to provide safe and reliable communications
[24]. With the ever-growing demands of users in the future, the versatile carrier
waveform design merits further exploration.

7.5.4 AI-Aided Adaptive Waveform

As mentioned earlier the LEO satellite communication channel has the characteris-
tics of high mobility, multipath effect, and rain fading, which significantly degrade

Figure 7.27 AI-aided adaptive waveform design.
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reliable communication [25]. Adaptive modulation is a prominent approach to
address those issues by adjusting waveform parameters. However, the existing
adaptive modulation needs to take into account the multidimensional feature
parameters including considerable delay as well as strong Doppler shift, giving rise
to limited communication capacity. With the development of artificial intelligence
technology, AI-aided adaptive modulation has the potential to improve the capac-
ity of LEO satellite communications, as illustrated in Figure 7.27. Specifically, a
high-precision channel prediction network model can be established based on deep
reinforcement learning to achieve accurate prediction of channel parameters. Based
on the estimated channel parameters, the system coding rate, modulation order,
carrier parameter, and transmit power can be dynamically adjusted.
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Multiantenna Technique for
Satellite-Terrestrial Integrated
Communication

Multiantenna technology has been widely used in terrestrial communications
[9–11], but in satellite communications, the limited payload capacity of satellites
limits the application of multiantenna technology. The development of multi-
antenna technology is crucial to the future integration of satellite-terrestrial com-
munications to meet the growing diversified communication needs. This chapter
briefly introduces antenna technology and then discusses multiantenna technology
in satellite communications from the user, feed, and intersatellite links.

8.1 Antenna Technology Introduction

8.1.1 Satellite Antenna Classification

With the rapid growth in demand for communication services, high throughput
satellite systems in GEO have become a hot research topic in space communica-
tion technology. In this system, onboard antennas are critical components, and the
multibeamapproacheffectivelyaddresses theproblemscausedbydemandgrowth. In
addition, multibeam antennas (MBAs) offer remarkable flexibility and strong resis-
tance to interference in processes such as beamforming, beam reconstruction, and
beamscanning [12]. Asa result, theyare alsowidelyused inmedium-/low-Earthorbit
(MEO/LEO) communications satellites. Table 8.1 shows the different multibeam
antenna configurations used by communications satellites in different orbits.

Currently, multibeam antennas mainly include satellite phased arraymultibeam
antennas, satellite reflector multibeam antennas, and satellite lens-type multibeam
antennas.

8.1.1.1 Spaceborne Reflector Multibeam Antennas

To enable simultaneous multibeam coverage with increased power on high-orbit
satellites, it is typically essential to use a larger aperture antenna. When compared
to phased array and lens antennas, reflector antennas offer benefits such as being
lightweight, having a straightforward design, and utilizing established technology.
They represent the most effective solution for achieving high gain, low sidelobe lev-
els, and multibeam configurations. Therefore, multibeam reflector antennas have
been widely used in the launched high-flux satellite systems. Spaceborne reflector
multibeam antennas can be broadly divided into two categories: single feed per
beam (SFB) and multiple feed per beam (MFB).

153
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Table 8.1 Multibeam Antenna Configuration for Different Orbital Communication Satellites

Satellite Orbit Name of Satellite Constellation Antenna Scheme

IGEO

Inmarsat-4/5,MUOS,Thuraya-2/-3,DBSD-G1,
SkyTerra-1/-2,Alphasat-I-XL,TeereStar/-1/-2,
MEXSAT-1/-2/-3

Single aperture large spread
reflector antenna

GEO

DireCTV-14/-15,EUTELSAT-65,WestA,ABS-2/-3A,
Eutelsat-3B,AsiaSat-6/-8,MEXSAT-3b,
Express-AM5/-AM7,Amos-3/-4,Intelsat-19/- 22,
SATMEX-7,Astra-2E/-5B,YahSat-1A/-1B

Multi-aperture reflector
antenna

GEO WINDS,WGS,AEHF,Space-way3 Phased array antenna

MEO 03b,ICO Reflector antenna

LEO
Iridium-NEXT,Globalstar-1/-2,Orbcomm2,
Oneweb,Telesat,Starlink Phased array antenna

The reflector antenna is the simplest structure, the lightest weight, and has been
around long enough so that the technology is more mature. The multibeam reflector
antenna is even simpler and ensures the system’s performance in a scenario where
there is no need for a large number of spot beams generated by the spaceborne
antenna.

In SFB implementation mode each feed reflector radiates from a specific
antenna aperture, has high radiation efficiency, and can realize transceiver shar-
ing. However, because each feed requires a separate reflector, the total number of
reflectors is large, the multicolor multiplexing requires a larger space, and the beam
directivity is relatively poor.

SFB is one of the most direct and straightforward beamforming methods; when
a feed hits the reflector, a beam is formed in each feed array. The beams are spaced
apart because the feed aperture is more significant in the same antenna. The seam-
less coverage of high gain, low sidelobe, and multiple beams is achieved through
the synergy of multiple antennas, meeting the requirements of high flux satellites.
This type of antenna has good performance, but the number of reflecting surfaces
will occupy the satellite’s limited space, and the antenna’s installation accuracy and
the pointing accuracy in orbit are more demanding.

The implementation scheme of MFB is to generate multiple spot beams using
the wave-shaped network to excite the phase and amplitude of uniformly arranged
arrays. The MFB scheme can flexibly adjust the shape and number of beam gene-
ration, and only two reflectors are needed to achieve transmission and reception.
The beam directionality is better than that of the SFB scheme. However, if the MFB
scheme wants to form coverage with the SFB scheme and spot beam, it needs far
more feeding units than the SFB scheme, and the feeding network is very complex.

The majority of GEO mobile communication satellites utilize L/S band reflec-
tor antennas. The L/S band frequency is low, the wavelength is relatively long, the
size of the feed array is significant, and MFB scheme beamforming is employed to
meet the requirements of power distribution, phase tracking, direction diagram,
and other technologies. As mobile satellite communication has developed to the
high-frequency band, the Ku/Ka frequency band has been developed. The high fre-
quency and short wavelength of the Ku/Ka band permit a significant reduction in
the volume of the feed array, which is well suited to SFB and MFB beamforming
schemes.
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8.1.1.2 Spaceborne Phased Array Multibeam Antenna

The spaceborne phased array antennas can modify the amplitude and phase of each
array element, allowing for dynamic beam adjustment, which includes controlling
the beam size and shape, thereby facilitating beam scanning. Due to their lower
profile, phased array antennas are better suited for satellite launches compared to
reflector antennas. Phased array antennas can be classified into two categories: pas-
sive phased array antennas and active phased array antennas. In passive phased
array antennas, the high-frequency energy is generated by a central transmitter
and distributed to the various radiation units. The receiver uniformly amplifies the
reflected signal. In an active phased array antenna, each array element is equipped
with an independent transmit/receive (T/R) module, which enables the antenna to
perform independent signal-sending and receiving functions.

The phased array antenna is capable of modifying the beam shape, scanning
the beam, and distributing the power between the beams by adjusting the phase and
amplitude. Incorporating adaptive zeroing technology into anti-interference mea-
sures can significantly enhance the space survivability of communication satellites.
Furthermore, compared to reflector antennas, phased array antennas exhibit a low
profile, which is advantageous for satellite launches. Phased array antennas can be
categorized into two distinct types: passive phased array and active phased array.

The passive phased array antenna consists of a central transmitter and a
receiver. The high-frequency energy generated by the transmitter is automatically
distributed by the computer to each radiation unit of the antenna and uniformly
amplified by the receiver, as shown in Figure 8.1. The early low-frequency passive
phased array is not suitable for satellite antennae because of the large size, high
loss, and high cost of the beamforming network. However, for the Ka-band that is
currently being actively developed, the passive scheme is usually used for large-scale
array antennas because the passive array element structure is relatively simple and
has an easy-to-scale layout. For example, the Ka-band passive phased array antenna
on the Spaceway3 satellite in the United States has more than 1,200 array elements,
can generate 24 beams simultaneously, and can generate 784 variable beams.

Each radiating unit of an active phased array antenna has a separate T/R
module, as shown in Figure 8.2. Each unit is capable of generating and receiving

Figure 8.1 The passive phased array.
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Figure 8.2 The active phased array.

electromagnetic waves independently. If a small number of T/R modules fail, the
performance of the phased array antennas is not significantly affected. In addi-
tion, the active phased array antennas offer significant advantages over passive
ones in aspects such as bandwidth, signal processing, and redundancy design. Con-
sequently, spaceborne multibeam phased array antennas operating in the L/S/X
frequency bands typically utilize the active array mode, as illustrated in Table 8.2.
However, in the Ka-band, it is not easy to design and calibrate the active array’s
digital phase shifter and attenuator. In addition, the miniaturization design of active
devices is not mature; the power loss is severe, and there are few active cases
on board; even if the active array is used, the number of array elements and the
beam size are relatively limited. For example, the two-phased array antennas on
the Japanese WINDS satellite, each consisting of 128 units, can only generate two
beams.

The early L/S/X-band satellite communication used a lower frequency band,
analog phased burst interval is proportional to the wavelength to bring the prob-
lem of too large volume, active phased array bandwidth is more considerable, signal
processing capacity is more robust, and the designed redundancy is lower, and live
low-band satellite communication system. However, at present, the satellite com-
munication frequency band is gradually developing into the high-frequency band of
the Ka-band. The phased array’s digital phase shifter and attenuator are difficult to

Table 8.2 The Application of Phased Array Multibeam Antennas in Satellite Communi-
cation

Satellite Constellation Year of Launch Frequency Passive/Active Number of Beams

Telesta 2023 Ka active 16
Oneweb 2019 Ku,Ka active 16
Starlink 2018 Ku,Ka active 16
lridium-NEXT 2015 L active 48
WGS-5/-6 2013 X active 4
Globalstar-2 2010 S/L active 16
WINDS 2008 Ka active 2
Spaceway3 2007 Ka passive 784
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calibrate. The power loss is significant, while the passive phased array has a simple
structure of the turning point, which makes its application more convenient.

8.1.1.3 Spaceborne Lens Multibeam Antenna

The lens antenna is a technique that applies the principles of geometric optics to the
radio frequency range. Compared with the reflector antenna, the multibeam lens
antenna has greater design freedom, good rotational symmetry, retains excellent
optical characteristics, and there is no need to worry about aperture occlusion.
However, such antennas have serious disadvantages, such as heavy weight and
a significant loss in low-frequency bands, so they are limited in satellite applica-
tions. As the research frequency band is gradually promoted to millimeter waves
and submillimeter waves, the shortening of the wavelength offers hope for develop-
ing miniaturized lens antennas, so European countries will also pay more attention
to this field.

In recent years, the European Space Agency (ESA) has been developing dis-
crete lens antennas. A Ka-band active discrete lens antenna has been constructed.
The antenna array employs an active lens with a solid-state microwave amplifier
and an aperiodic arrangement. However, the test results indicate that the antenna’s
radiation efficiency is only approximately 15%, with the majority of the energy
converted into heat, thereby posing a significant challenge in heat dissipation. Con-
sequently, further enhancements are currently being developed. Additionally, given
that the lenticular waveguide feed array is structurally more straightforward than
a multimode feed network, researchers at ASTRIUM GmbH have also researched
the lens feed in the Ka-band. However, both models exhibited a wide flat-top in
terms of the main lobe, which resulted in a significant shortfall in radiation gain.
Consequently, further research and improvement are necessary.

The lens multibeam antenna is more flexible in its design than the reflector
antenna. The lenticular multibeam antenna is based on the principle of geometrical
optics and exhibits rotational symmetry, thereby avoiding the aperture occlusion
problem that afflicts other antenna types. Nevertheless, it shares the same draw-
backs as the reflector antenna, namely a considerable size, weight, and loss of
efficiency in the low-frequency band.

Under Fermat’s principle, a convex lens can produce a plane wave when its
refractive index, denoted by the symbol n, exceeds the value of 1. Conversely, if the
refractive index of the lens material is situated between 0 and 1, or 1 and 0, such as
in the case of metals, a concave lens is required. Furthermore, when the frequency of
the electromagnetic radiation changes, the refractive index will also change rapidly,
thus affecting the performance of the lens antenna. When the refractive index is n1,
there is no dispersion phenomenon, and the lens has a large working bandwidth.
Conversely, dispersion occurs when the refractive index is 0 < n < 1, and the
bandwidth is reduced.

As the frequency band used by the satellite is developed to operate at higher
frequencies, the wavelength is gradually reduced, allowing for the lens antenna to
be designed more compactly. The ESA has developed a lens antenna for the A-
band that employs the active lens of the microwave amplifier as the array element.
However, since most of the energy is converted to heat, the radiation efficiency is
only approximately 15%.
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8.1.2 Beamforming Technique

8.1.2.1 Full-Digital Beamforming

Full-digital beamforming is a beamforming technology based on the full-digital
architecture, and the structure is shown in Figure 8.3. In this architecture, each
antenna is connected to a radio frequency chain, which can realize the simultaneous
adjustment of amplitude and phase. The system model can be expressed as

y = HFB Bx + n (8.1)

where FB B is the full-digital precoder, x is the transmitted signal, y represents the
received signal, and n represents the Gaussian white noise.

For the full-digital beamforming, each antenna oscillator recovers the ampli-
tude and phase from the signal received by each oscillator in the antenna array by
converting the RF signal into two binary baseband signal streams of cosine and sine.
This technology aims to convert analog signals into digital signals accurately. Each
antenna has its own transceiver and data converter, enabling the array to generate
multiple beams simultaneously. This makes receiver matching a complex calibra-
tion process. This technique applies the amplitude/phase change to the digital signal
at the transmitting end, and then digital-to-analog conversion is performed. An
analog-to-digital converter and a digital downconverter process the received signals
from each antenna in sequence. Nevertheless, in massive MIMO systems, the archi-
tecture necessitates a considerable number of RF chains due to the large number of
antennas, resulting in high hardware complexity, cost and power consumption,
rendering it impractical.

8.1.2.2 Analog Beamforming

Analog beamforming is a technique used for directional signal sending and receiv-
ing. It alters the signal amplitude and phase, which helps to adjust power require-
ments and rotate the beam in the desired direction. As 5G communication systems
become established in the global market, the 6- to 100-GHz band, or millime-
ter wave, will become an integral part of mobile broadband. Concepts such as
beamforming and the comparison of analog and digital are frequently mentioned

Figure 8.3 The full-digital architecture.
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in discussions of next-generation technologies. In high-frequency millimeter wave
transmission, the transmission distance is constrained by the substantial path loss
during signal propagation.

For the analog beamforming, a single data stream is amplified by a phase
shifter and transmitted to the receiving end. Analog beamforming technology rep-
resents the most cost-effective beamforming antenna array technology. However,
it is essential to note that this technology has the disadvantage of being unable to
manage and generate more than one signal beam.

The structure of the analog beamforming is shown in Figure 8.4, where a single
RF chain uses a phase shifter to connect multiple antennas and generate a direc-
tional beam by changing the phase of each antenna. A common RF chain for all
antenna arrays greatly reduces system complexity and power consumption. The
system model for simulating beamforming can be expressed as

y = HFRF x + n (8.2)

In analog beamforming, the single signal is amplified by each analog phase
shifter and directed to the desired receiver before being fed to each antenna oscilla-
tor in the antenna array. The amplitude/phase change is applied to the analog signal
at the transmitting end, which adds the signals from different antennas for analog-
to-digital conversion. At present, the most cost-effective beamforming antenna
array manufacturing technology is analog beamforming technology. However, this
technology has the disadvantage that only one signal beam can be managed and
generated.

8.1.2.3 Hybrid Beamforming

The traditional hybrid beamforming architecture is based on the phase shifter archi-
tecture, divided into two main categories: the fully connected (FC) architecture
and the partially connected architecture. In this architecture, the phase shifter
hardware is limited, which necessitates the quantification of the phase for analog
beamforming.

As illustrated in Figure 8.5, the fully connected architecture comprises each
antenna linked to the RF chain through an independent phase shifter, thereby

Figure 8.4 The analog beamforming architecture.
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Figure 8.5 The fully connected architecture.

enabling the maximum gain for different transmitted data streams. Neverthe-
less, a fully connected architecture’s intricacy and financial outlay are directly
proportional to the number of antennas.

As shown in Figure 8.6, the antenna array of the partially connected architec-
ture is divided into several independent subarrays, with each RF connected to one
subarray. At this juncture, the number of phase shifters in the architecture equals
the number of antennas. This reduction in the number of components reduces
power consumption and cost but also results in a commensurate reduction in the
performance gain of the architecture.

For hybrid beamforming, the transmitted signal is first processed by digital
beamforming FB B and then by analog beamforming FRF . The system model of the
transmitter can be expressed as

y = HFRF FB Bx + n (8.3)

Similarly, the received signal is received through analog combiner WRF , and
then through digital combiner WB B , and the system model can be expressed as

x̂ = WH
B BWH

RF HFRF FB Bx + WH
B BWH

RF n (8.4)

Figure 8.6 The partially connected architecture.
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Furthermore, the hybrid precoding family based on phase shifters comprises
a range of extended structures that can be employed to attain diverse design
objectives, including enhancing energy efficiency, augmenting array gain, and the
resolution of nonconvex constraints. These extended structures include hybrid con-
nected structures, overlapping subarrays, and dual phase shifters. In the hybrid
connected structure, each subarray can connect multiple RF chains. The fully con-
nected structure and subarray structure represent exceptional cases of the hybrid
connected structure. The overlapping subarray structure is based on the traditional
one, but the antennas of different subarrays are permitted to overlap. This results
in improved precoding gain, although this is accompanied by increased complex-
ity. Finally, the dual phase shifter structure refers to the fact that each RF chain
is connected to the antenna through two sets of phase shifters, with the arrange-
ment of phase shifters being either cascaded or parallel. Although each phase shifter
must satisfy the nonconvex constraint, the use of two sets of phase shifters allows
each complex coefficient to be represented by the sum equivalent of the two-phase
shifters, effectively circumventing this nonconvex constraint and making the design
of hybrid precoding more convenient.

Another hybrid precoding architecture is based on switching networks, as illus-
trated in Figure 8.7. While the energy consumption of phase shifters is almost
negligible, there is still a specific energy and cost overhead due to the number of
phase shifters, which is typically equal to the number of antennas. Furthermore, the
hardware circuitry required to implement phase shifters in high-frequency bands is
relatively complex. A hybrid precoding architecture based on a switching network
is proposed to address these issues, in which an utterly passive switch replaces the
phase shifter. Furthermore, the switching network architecture applies to multiple
mapping modes between RF chains and antennas. For instance, each RF chain may
be connected to all antennas; alternatively, each RF chain may be connected to only
some antennas. In this structure, the analog precoded phase is quantified as 0 and
1, the switched connected phase is 1, and the switched disconnected phase is 0. In
this case, integer programming can be used to solve the optimization problem of
the hybrid beamforming matrix.

In addition, there is an analog precoding structure, which is based on a
lens antenna. This structure employs a low-cost, low-power lens antenna and

Figure 8.7 The switch network-based architecture.
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selection network to achieve analog precoding. The specific structure is depicted in
Figure 8.8. The lens array contains electromagnetic lenses with directional energy
focusing capabilities and amatching array of antennas, each located at the lens focal
point. The lens focuses signals from different directions onto different antennas,
thereby converting the spatial channel into a beam-domain channel. Mathemati-
cally, a lens array can be regarded as a spatial DFT matrix, where the columns
of the DFT matrix correspond to orthogonal beam vectors in predefined directions
covering the entire angular space. Due to the sparse nature of millimeter wave chan-
nels, hybrid precoding based on lens antennas can achieve approximately optimal
performance at a low cost and power consumption. However, due to the limita-
tions of the lens hardware, this structure cannot guarantee similar performance
to all-digital precoding in millimeter-wave channel scenarios with more scattering
paths because the accuracy of the beam is fixed. Furthermore, since the hardware
implementation of the lens is fixed prior to actual communication, there will be
gaps between different antennas, which may result in power leakage issues.

8.2 Satellite-Terrestrial User Link Antenna Technology

Several types of satellite communication antennas exist, including multibeam anten-
nas, phased array multibeam antennas, and lens multibeam antennas. In the
field of satellite communication antenna technology, the primary focus is on
single-satellite beamforming and multisatellite collaborative beamforming. This
chapter commences with a classification of satellite antennas and subsequently
introduces satellite communication antenna technology, divided into single-satellite
beamforming and multisatellite collaborative beamforming.

8.2.1 Single Satellite Beamforming

The beamforming network (BFN) generates the requisite beam through beam-
forming technology. Beamforming technology can be categorized into two distinct
categories: analog and digital. Analog beamforming employs a power splitter and
phase shifter to regulate amplitude and phase, thereby enabling higher gains and
reducing sidelobes on a single aperture antenna. The principal advantage of digital

Figure 8.8 The lens antenna architecture.
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beamforming in comparison with analog beamforming is that its weight and power
consumption are solely determined by the bandwidth and the number of radiating
elements, irrespective of the number of beams generated [1]. Furthermore, it can
achieve amplitude and phase error compensation with greater flexibility since the
third generation of satellite mobile communication systems began to utilize digital
beamforming technology.

The signal processing process of beamforming can be completed on the satel-
lite, designated space-based beamforming (SBBF) technology. SBBF technology can
enhance the antenna’s EIRP and G/T, facilitate rapid beam adjustment, and support
single-hop service on the satellite. It is employed extensively in the third gener-
ation of satellite mobile communication systems. Single-satellite beamforming is
shown in Figure 8.9. However, the system’s signal processing capabilities are con-
strained by the limitations of the satellite payload, satellite power, and susceptibility
to interference from space radiation.

The signal processing process of space-based beamforming technology is com-
pleted on the satellite, with the beamforming network representing the core of the
satellite payload. Currently, Asia Cellular Satellite (ACeS) and Inmarsat-4 employ
SBBF technology. ACeS utilizes analog beamforming, whereas Inmarsat-4 employs
multiple beamforming.

In the context of the analog scheme for realizing SBBF, the beamforming net-
work can be generated using a Butler matrix and a power splitter phase shifter. This
allows for the subsequent realization of phase or amplitude processing of beam-
forming. The multiport amplifier ensures the power distribution of satellite beam
generation, thereby reducing hardware and energy consumption costs. Neverthe-
less, the analog beamforming structure is fixed, and the limitation is significant
when the number of beams is vast.

The schematic diagram of space-based digital beamforming technology is
presented in the accompanying figure. In the SBBF implemented by digital beam-
forming technology, the system’s multibeam pointing is generated once the onboard
digital unit has completed the signal sampling, channelization, orthogonalization,
and beamforming processing [2]. Employing weighted sampling, a directional beam
is formed at each feed source.

Beamforming networks can be categorized into two distinct types: fixed and
programmable. It is impossible to adjust a fixed beamforming network’s coverage
area or performance. In contrast, the programmable beamforming network can
update the prior knowledge’s weighted coefficient against the element and adjust

Figure 8.9 Illustration of single-satellite beamforming.
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the beam direction to adapt to any changes in the orbit. The Inmarsat-4 system, for
instance, employs programmable beamforming to update its weights periodically,
thereby ensuring the formation of a fixed multipoint beam on the ground.

The SBBF technology places the beamforming process on the satellite, which
has the potential to enhance the EIRP and G/T of the antenna. The bandwidth of
the feed link between the SBBF station and the satellite is smaller than that of GBBF
technology,whichcan significantly reduce thenumberof terrestrial stations required.

8.2.2 Multisatellite Beamforming

Multisatellite cooperative beamforming is a technology that employs the coor-
dinated action of multiple satellites to achieve efficient communication [3]. The
technology combines multisatellite antenna arrays and beamforming technology
to enhance satellite communication systems’ coverage, signal quality, and system
capacity. Multisatellite cooperative beamforming is shown in Figure 8.10. China’s
Tianlian satellite system employs multisatellite cooperative beamforming technol-
ogy to achieve efficient ground coverage and communication capabilities. This
section presents an overview of the principle, critical technology, and prospective
applications of multisatellite collaborative beamforming.

8.2.2.1 System Model

Multisatellite cooperative communication system adopts space division multiplex-
ing; the system contains Ns satellites and serves Nu users in the same time slot and
frequency. Each satellite is equipped with Nt antennas, and the total number of
antennas is NT x = Nt Ns > Nu . The intersatellite collaborative beamforming is uti-
lized to serve users. Satellites can serve UEs directly or indirectly by sending data
to relay nodes. It is assumed that the Doppler shift due to the high relative velocity
of the satellite has been compensated at the satellite compared to the nonterrestrial
terminal.

The signals of Ns UEs can be expressed as

s = [s1, ..., sNu ]
T (8.5)

The signals are preprocessed by the digital beamforming matrix G j ∈ C
Nt ×Nu

at the satellite terminal, and the transmitted signal is obtained by

x = G j s ∈ C
Nt (8.6)

Figure 8.10 Multisatellite cooperative beamforming.
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Therefore, the collaborative beamforming matrix can be expressed as

G = [GT
1 , ...,G

T
Ns
] = [g1, ..., gNu ] ∈ C

NT x ×Nu (8.7)

where gu = [gT
1,u, ..., g

T
Ns ,u

]T ∈ C
NT x represents the beamforming vector of all

satellites to the uth user, so the received signal at the uth user can be expressed as

yu = hH
u gusu +

∑

v ̸=u

hH
u gvsv + nu = hH

u Gs + nu (8.8)

where hu = [hT
1,u, ..., h

T
Ns ,u

]T ∈ C
NT x is the instantaneous frequency flat channel

vector from all transmitting antennas to the uth terminal. nu ∼ CN (0, σ 2
n ) repre-

sents independent and identically distributed (i.i.d.) complex Gaussian distributed
white noise.

Since the signal is affected by path loss during transmission, the uth terminal
only rescales the received signal by βu > 1. Therefore, the estimated signal before
the hard decision of the uth terminal can be expressed as

ŝu = βu(hH
u Gs + nu) (8.9)

In addition, the channel matrix from the JTH satellite to all users can be
expressed as H j . Obtaining accurate CSI on the satellite is challenging due to the
long delay and relative speed between the satellite and the NTN terminal. There-
fore, it is assumed that only the estimated channel matrix Ĥ j is available in the jth
satellite, and Ĥ j can be expressed as

Ĥ j = H j +∆ j ,∀ j ∈ {1, ..., NS} (8.10)

where ∆ j ∼ CN (0, NUσh̃I) is the i.i.d. additive channel estimation error.

8.2.2.2 Problem Formulation

By minimizing the mean square sum of all terminals between the estimated sym-
bol

{

ŝu

}NU

u=1
and the expected symbol {su}NU

u=1 under the single power constraint,
we can transform the precoding design problem into the constrained optimization
problem as

min
{G j }Ns

j=1,{βu}NU
u=1

NU∑

u=1

E{∥ su − ŝu ∥22}

s.t. tr{G j GH
j } 6 Pj∀ j ∈ {1, ..., NS}

(8.11)

where tr{·} is the tracking operator and Pj is the maximum transmitting power
of the jth satellite. The optimal precoded matrix

{

G j

}NS

j=1
depends on the factor

{βu}NU

u=1. Therefore, the precoded matrix is alternately updated and the factor is
rescaled [4–7].
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Let B = diag(β1, ..., βNU
) be the rescaling matrix, so that the corresponding

channel matrix is

H = [H1, ...,HNS ] = [h1, ..., hNU ]
H ∈ C

NU ×NTx (8.12)

Similarly, the estimated global channel matrix can be obtained as

Ĥ =
[

Ĥ1, ..., ĤNS

]

=
[

ĥ1, ..., ĥNU

]H

∈ C
NU ×NTx (8.13)

The estimated multiuser data vector ŝ = [ŝ1, ..., ŝNU ] ∈ C
NU can be expressed as

ŝ = B(HGs + n) (8.14)

where n = [n1, ..., nNU ]
T . Then, the optimization problem can be further simpli-

fied as
min
G,B

E{
∥
∥s − ŝ

∥
∥
2
2

s.t tr{ G j GH
j } 6 Pj∀ j ∈ {1, ..., NS}

(8.15)

For the sake of solving the optimization problem from the viewpoint of each
satellite, HG can be represented by

HG =
NS∑

j=1

H j G j (8.16)

8.2.2.3 Multisatellite Collaborative Beamforming Principle

Let ฀ = diag(λ1, ..., λNS
)⊗ I and P = 1/Nt diag(P1, ..., PNS

)⊗ I, where λ j > 0 is the
Lagrange multiplier associated with the power constraint of the jth satellite and ⊗
represents the Kronecker product. The Lagrange of (8.15) can be expressed as

L = (G,B, ฀) = E
{∥
∥s − ŝ

∥
∥
2
2

}

+ tr
{

฀(GGH − P)
}

=
NS∑

j=1

(tr






E







NS∑

i=1

GH
i HH

i BH BH j G j












− tr

{

E
{

GH
j HH

j BH + BH j G j

}}

+λ j (tr
{

G j GH
j

}

− Pj )) + E
{

nH BH Bn
}

+ NU

(8.17)

By defining r =
∑Nu

u=1 β
2
u , we can obtain

tr






E







NS∑

i=1

GH
i HH

i BH BH j G j












= tr







NS∑

i=1

GH
i ĤH

i BBĤ j G j






+ rσ 2

h̃
tr
{

G j GH
j

}

(8.18)
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According to KKT conditions, for the optimal precoding matrix
{

G∗
j

}NS

j=1
,

we rescale the factor
{

β∗
u

}NU

u=1
and the Lagrangian multiplier

{

λ∗
j

}NS

j=1
, and the

Lagrangian first derivative must be zero, we have

∇G j
L(G∗,B∗, λ∗) = 0 ∀ j ∈ {1, ..., NS}

∇βuL(G∗,B∗, λ∗) = 0 ∀u ∈ {1, ..., NU }
(8.19)

Therefore, we can obtain the optimal solution of (8.15)
{

G∗
j

}NS

j=1
and

{

β∗
u

}NU

u=1

G∗
j = T∗

j Ĥ
H
j B∗(I −

∑

i ̸= j

B∗Ĥi G∗
i ) ∀ j (8.20)

β∗
u =

Re
{

ĥH
u g∗

u

}

∥
∥
∥ĥH

u G∗
∥
∥
∥

2

2
+ σ 2

h̃
∥G∗∥2F + σ 2

n

∀u (8.21)

where T∗
j = (ĤH

j B∗B∗Ĥ j + (r∗σ 2
h̃
+ λ∗

j )I)
−1. For j ∈ {1, ..., NS}, according to [8],

the KKT conditions are
∥
∥
∥G∗

j

∥
∥
∥

2

F
− Pj 6 0 ∀ j (8.22)

λ∗
j > 0 ∀ j (8.23)

λ∗
j

(∥
∥
∥G∗

j

∥
∥
∥

2

F
− Pj

)

= 0 ∀ j (8.24)

According to (8.20), the optimal precoding matrix G∗
j for the jth satellite depends

on the Lagrange multiplier λ∗
j , the interference matrix

{

Ĥi G∗
i

}

i ̸= j
from other

satellites, and the rescaling matrix B, and it can be expressed as

G∗
j = f

(
{

Ĥi G∗
i

}

i ̸= j
, λ∗

j ,B
∗
)

(8.25)

Therefore, we alternately update the precoding matrix, the rescaling factor, and
its Lagrange multiplier. We do not update the precoded matrix directly according
to (8.20), and the convergence of the DiP algorithm is ensured by introducing the
relaxation parameter 0 < ω < 1 . At the jth satellite, iteration k = 0, ..., K − 1 by

G(k+1)
j = (1 − w)G(k)

j + w f

(
{

Ĥi G
(k)
i

}

i ̸= j
, λ

(k)
j ,B(k)

)

= G(k)
j − wT(k)

j



ĤH
j B(k)

NS∑

i=1

Ĥi G
(k)
i +

(

r (k)σ 2
h̃
+ λ

(k)
j

)

G(k)
j − ĤH

j B(k)





(8.26)



“Xiao” — 2025/1/20 — 7:41 — page 168 — #16

168 Multiantenna Technique for Satellite-Terrestrial Integrated Communication

At the kth iteration, the rescaling factor β(k)u of each NTN terminal is determined
by precoding the global matrix

β
(k)
u =

Re
{

ĥH
u g(k)u

}

∥
∥
∥ĥH

u G(k)
∥
∥
∥

2

2
+ σ 2

h̃

∥
∥G(k)

∥
∥
2

F
+ σ 2

n

∀u (8.27)

Then, the Lagrange multiplier λ(k)j must satisfy the KKT condition. As shown in

(8.22) to (8.24), either λ(k)j must be zero or the power constraint must satisfy the
equation. Therefore, A can be computed in each iteration using a root-finding
algorithm like Newton’s method or dichotomy

∥
∥
∥G(k+1)

j

(

λ
(k)
j

)∥
∥
∥

2

F
= Pj (8.28)

If no positive λ(k)j is found, the multiplier is set to zero.
The precoding matrix G j for the jth satellite is initialized by the local minimum

mean square error (MMSE) preencoder regardless of the precoding matrix
{

Gi

}

i ̸= j

for other satellites, and it is assumed that all NTN terminals have the same rescaling
factor β = β

(0)
u = β

(0)
v ,∀u, v ∈ {1, ..., NU }, we have

G′
j =

(

ĤH
j Ĥ j + NU

(

σ 2
h̃
+
σ 2

n

Pj

)

I
)−1

ĤH
j (8.29)

β−1 =

√
√
√
√

Pj

tr
{

G′
j G′H

j

} (8.30)

G(0)
j = β−1G′

j (8.31)

In each iteration, each satellite requires the complete matrix ĤG(k) in order to
update its precoded matrix G(k+1)

j as well as the Lagrange multiplier λ(k)j and

the rescaling matrix B(k). Thus, in each iteration, each satellite sends its matrix

Ĥ j G
(k)
j ∈ C

NU ×NU to all the others via ISL. To reduce communication overhead,

only G(k)
j ∈ C

Nt ×NU can be sent. However, if only the precodingmatrices are shared,
each satellite must carry out extensive matrix multiplication in every iteration,
which greatly increases the computational complexity.

The total radiated power of the satellite can be approximated as

∥
∥
∥G(k)

∥
∥
∥

2

F
≈

NS∑

j=1

Pj (8.32)

Therefore, the rescaling matrix B(k) can be computed locally at each satellite
without any further exchange of information.

After calculating the final precoded matrix G(K ), each NTN terminal must
estimate its rescaling factor β̂u , which can be done either by automatic gain
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control (AGC) or by estimating the effective channel hH
u G(K ) with the pilot sig-

nal. It is much easier to get an accurate CSI at the terminal than on the satellite.
Therefore, it is assumed that each NTN terminal has a known effective channel,
and its rescaling factor is calculated by

β̂u =
Re
{

hH
u g(K )

u

}

∥
∥hH

u G(K )
∥
∥
2

F
+ σ 2

n

(8.33)

The principle of multisatellite cooperative beamforming is to focus the beam
on the target area through cooperative work between multiple satellites, thereby
achieving high-quality signal transmission. The beamforming and beam tracking
process is achieved through the exchange of information and cooperation between
satellites, enabling a broader coverage area and more robust signal quality.

8.2.3 Characteristics of User Terminal Antennas

In satellite-to-ground links, the design and performance of user terminal antennas
play a critical role in determining the overall quality of the communication system.
First, user terminal antennas typically feature high gain, which is essential for com-
pensating the signal attenuation caused by long-distance transmission. Second, the
beam steering capability allows the antenna to dynamically adjust its beam direction
to track fast-moving LEO satellites, ensuring a stable and continuous connection.

To balance high gain with a compact design, many modern user devices
employ phased array antennas. These antennas can electronically adjust the beam
direction rapidly without any mechanical movement, offering higher reliability.
Additionally, user terminal antennas often support dual-band or multiband oper-
ations to accommodate different satellite systems, such as Ka-band and Ku-band.
Moreover, polarization capabilities, such as circular and linear polarization, are
commonly implemented to enhance the system’s resistance to interference and
improve spectrum efficiency.

Modern user terminal antennas are also integrated with a low-noise front end,
reducing noise levels to enhance the signal-to-noise ratio of the received signal.
Furthermore, improved interference suppression is another crucial aspect, as the
designmust consider potential interference from ground sources and other satellites.
In summary, these characteristics enable user terminal antennas to provide stable
and efficient communication performance across various applications, including
satellite internet access, television reception, and navigation.

8.3 Satellite-Terrestrial Feeder Link Antenna Technology

As the range of communication services continues to expand, the demand for com-
munication capacity is rising, necessitating the deployment of more spot beams
and larger antennae arrays in satellite mobile communication systems. This, in
turn, drives the development of more complex beamforming networks. However,
the advancement of space-based beamforming technology is constrained by the
payload and the weight it can carry on the spacecraft. To address this challenge,
the beamforming process is proposed to be partially or wholly transferred to the
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ground, enabling multipoint beam coverage through the terrestrial waveforming
network. Consequently, ground-based beamforming (GBBF) technology is primar-
ily employed in the satellite-based feed link, where beamforming is completed at
the terrestrial gateway station. The signal processing process of GBBF technology
is carried out on the ground, effectively saving onboard resources and improving the
system’s reliability and flexibility. It is increasingly being used in fourth-generation
and later satellite mobile communication systems.

The GBBF technology employs beamforming technology in the terrestrial sta-
tion, with the antenna, RF module, and a few signal processing functions retained
on the satellite. This results in a significant reduction in the processing requirements
at the satellite end and a reduction in the weight and volume of the satellite. Fur-
thermore, the cost of signal processing on the ground is considerably less than that
of onboard processing. The cost of equipment and technology has been reduced,
and the flexibility has been enhanced, including adaptive processing, interference
elimination, and other technologies.

However, in GBBF technology, the bandwidth requirement of the feed link is
considerable, resulting in a much larger frequency resource requirement than that
of the SBBF scheme. Consequently, management needs multiple gateways.

The reverse link, for example, comprises several key components, including
frequency and polarization multiplexing from the satellite-to-uplink signal, ter-
restrial terminal feed signal demultiplexing, and ground-based signal processing
technology. In particular, each feed signal is weighted to compensate for amplitude
and phase distortion between the GBBF technology and the feed, thereby realiz-
ing the directional multipoint beam. The forward link represents the inverse of the
preceding process.

For the GBBF, signal frequency multiplexing and polarization multiplexing
result in a significant demand for feed link bandwidth. Furthermore, the propaga-
tion of wireless signals through the atmosphere will inevitably attenuate the signal.
This necessitates the use of compensation and correction signals and the deploy-
ment of accurate terrestrial reference clocks, which in turn leads to an increased
demand for bandwidth on the feed link. Consequently, the feed link represents a
pivotal factor influencing the efficacy of GBBF.

In order to address the issue of limited bandwidth on the feed link, signal com-
pression technology can be employed to eliminate the correlation between signals.
One possible solution is to utilize a higher frequency feed link, whereby the spec-
trum resources of the feed link are multiplexed throughmultiple gateways. OneWeb
utilizes advanced phased array antenna technology for its satellite-terrestrial feeder
links, enabling electronic beam steering and multibeam capabilities for efficient
and reliable communication. This technology allows for quick satellite tracking
and simultaneous connections with multiple satellites, crucial for OneWeb’s global
coverage.
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Multiple Access for Satellite-Terrestrial
Integrated Communication

Multiple access (MA) technology is a core component of wireless communication
access networks. It allocates limited resources to multiple users to provide efficient,
orderly, and reliable multiuser access services for wireless communication systems.
This chapter will begin by introducing existing MA technologies, including orthog-
onal multiple access (OMA) and nonorthogonal multiple access (NOMA). Then, it
will cover the MA technologies used in current communication standards. Finally,
it will explore MA technologies applicable to the integrated satellite-terrestrial
communication systems.

9.1 Classic OMA Schemes

Traditional terrestrial and satellite communication systems utilize OMA technol-
ogy [1, 2] to provide multiuser access services. OMA effectively reduces interuser
interference by placing the signals of different users on mutually orthogonal
subchannels. This section introduces various MA technologies in OMA, including
FDMA, TDMA, CDMA, orthogonal frequency division multiple access (OFDMA),
and single carrier-frequency division multiple access (SC-FDMA).

9.1.1 FDMA

FDMA divides the total bandwidth into several nonoverlapping and orthogonal
subchannels. This allows multiple users to communicate simultaneously on differ-
ent frequencies. To prevent interference between users, FDMA uses a guard band
between adjacent subchannels for channel isolation. By leveraging the orthogonal-
ity between subchannels, FDMA employs a filter at the receiver end to eliminate
out-of-band interference and demodulate the original data [3].

In Figure 9.1, the principle of FDMA is illustrated. In thismethod, different users
communicate using subchannels, with a guard band set between each subchannel to
prevent interference from adjacent channels. The size of the guard band needs to be
carefully evaluated, taking into account both spectral efficiency and implementation
difficulty. If the guard band is too wide, it will reduce the system’s spectral efficiency,
while if it is too narrow, it becomes difficult to implement in hardware.

In satellite communication systems, the nonlinear effect of the high power
amplifier (HPA) is the main factor that limits the performance of FDMA. The non-
linear effect occurs when the input signal power is below a certain level (saturation
point), causing the HPA to work approximately in a linear region. However, when

173
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Figure 9.1 FDMA.

the input signal power exceeds this level, theHPA enters the saturation or supersatu-
ration region, which generates a large amount of intermodulation (IM) interference.
In satellite systems, most transponders use HPAs, and during operation, most
of the HPA is close to the saturation region to improve power efficiency. When
the onboard transponder processes multiple truncated signals simultaneously, its
HPA amplifies multiple carriers at the same time, causing the HPA to enter the
supersaturated region and create cross-modulation interference. This interference
results in the creation of new frequency components, which worsens the receiver’s
signal-to-noise ratio (SNR) and ultimately degrades the communication quality.

9.1.2 TDMA

TDMA divides time into multiple nonoverlapping time slots, allowing all users to
communicate on different time slots using the same carrier frequency. The principle
is shown in Figure 9.2. To avoid interference between users, TDMA requires a strict
time synchronization control mechanism to ensure that the signals sent by each user
do not overlap in time [4].

In a TDMA system, users need to use the burst synchronous reference signal to
synchronize time and send the service signal in the assigned time slot. Each user’s
receiver can detect all burst signals on the channel and communicate in the specified
time slot based on the detection results. Since only one signal can be transmitted in
each specified time slot, TDMA system needs to design reasonable frame structure
and accurate time synchronization algorithm. This is to ensure that the multiuser
signals at the receiver do not overlap while being distinguishable. However, these
additional designs increase the implementation complexity of TDMA.

Compared to the FDMA system, the satellite TDMA system possesses several
distinct characteristics:

1. TDMA activates only one carrier, thereby avoiding the IM interference
caused by nonlinear effects in FDMA. This allows the HPA to operate in
a saturated state for extended periods, reducing the requirements for HPA.

Figure 9.2 TDMA.
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2. The restriction of TDMA on the equivalent omnidirectional radiated power
change of earth station is more relaxed and more accessible to realize than
FDMA.

3. TDMA can adjust the corresponding time slot length according to the
throughput size of the satellite station, providing greater flexibility than
FDMA.

4. TDMA separates the time of each earth station and repeater, simplifying
circuit structure as it does not require multiple frequency conversions like
FDMA.

5. In comparison to FDMA, TDMA has stricter requirements for timing syn-
chronization. Precise time synchronization is essential in ensuring that users
transmit data within their assigned time slots without any overlap.

9.1.3 CDMA

In CDMA, each user transmits signals in the same time-frequency resource, but is
distinguished from one another by independent signature codes [5]. At the receiver,
the earth station first identifies its unique code from all the signals sent by each sta-
tion in order to extract the signals sent to the station. Subsequently, the transmitted
information is obtained through demodulation and decoding. CDMA is suitable for
systems with many users and low link transmission rates, such as satellite mobile
communication systems or thinly routed VSAT satellite systems.

In the direct sequence spread spectrum (DSSS) CDMA system, a signature code
is typically used, which utilizes an orthogonal code set with strong autocorrela-
tion and weak cross correlation. There are plenty of codes available, such as the
m-sequence in the pseudonoise code (PN code) or the Gold code derived from it.
Figure 9.3 illustrates the block diagram of the system. Initially, the source code of
rate Rb undergoes an XOR operation for the first modulation of the signature code,
where the chip rate of the signature code is Rc. As Rc ≫ Rb, this first modulation,

Figure 9.3 CDMA.
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known as the spectrum spread, broadens the signal spectrum after modulation. The
signal after the spectrum spread is then modulated by phase shift keying (PSK) on
the intermediate frequency carrier and uplink transmitted.

The local signature code and the received signal are first used to perform
correlation operations, which is called despreading. After despreading, the sig-
nal components related to the local signature code are reduced to narrowband
signals through autocorrelation, while the signal components of other stations
remain as wideband signals. The narrowband bandpass filter then extracts the use-
ful signal and reduces interference from other stations. Finally, demodulating the
bandpass-filtered signal ensures high SNR operation. The demodulator’s perfor-
mance depends on the spread spectrum processing gain, which is the ratio of the
bandwidth of the spread spectrum signal to the bandwidth of the information sig-
nal. Assuming chip rate Rc and information rate Rb represent RF bandwidth and
information bandwidth, respectively, the processing gain G p is calculated as

G p =
RF Bandwidth

I n f ormation Bandwidth
=Rc/Rb (9.1)

In a CDMA system, the quality of end-to-end signal transmission can still be
characterized by SNR. However, the noise includes channel Gaussian noise and
the system’s own MA interference. Assuming I is the sum of the two and I0 is its
spectral density, the ratio of signal power to the total noise interference power is
given by

C/I =
Rb Eb

I0B
(9.2)

where Eb is the energy per bit and B is the spread spectrum bandwidth.
Consider a CDMA systemwith n channels working simultaneously. This means

that n earth stations are allowed to transmit signals with different signature codes
on the same carrier. When the signal power and noise interference power of n earth
stations reaching a receiver are equal, the SNR can be expressed as

C/I =
1

n − 1
(9.3)

If n ≫ 1, then

n =
B/Rb

Eb/I0
=

G p

Eb/I0
(9.4)

When the SNR Eb/I0 is given, to increase the system capacity n, we must find
ways to improve the processing gain G p.

CDMA systems have the following characteristics:

1. Flexible access: Each link in the CDMA system is relatively independent,
and the network can accept new users without channel allocation control.
The transmission quality of CDMA systems only decreases when the system
capacity increases.

2. Strong antiinterference and anti-interception ability. Due to the high pro-
cessing gain generated by spread spectrum, the anti-interference capability
of CDMA is significantly enhanced. Meanwhile, spectrum spread reduces
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the power spectral density of the CDMA signal, enhancing its resistance
to interception. Moreover, the pseudorandom nature of the signature code
improves the confidentiality of CDMA.

3. Strong adaptability to multipath channels.

4. Low spectrum utilization makes CDMA suitable only for low-rate data
transmission. Given the fixed transponder bandwidth and spread spectrum
processing gain, CDMA is unable to support high-rate data transmission
due to the extended signal spectrum.

9.1.4 OFDMA

OFDMA is a multiuser version of OFDM. In OFDM, all subcarriers of the OFDM
symbol are assigned to the user station or base station for the entire duration of the
connection. On the other hand, in OFDMA, all subcarriers are divided into several
groups, known as subchannels, and these subchannels are assigned to each user
based on their specific resource requirements [6].

Specifically, OFDM technology utilizes different time slots to distinguish users.
In OFDM, each user occupies all subcarriers in a time slot and sends a complete
packet. When OFDM is combined with multiuser transmission technology to form
OFDMA, it enables multiuser sharing of channel resources and enhances spectrum
utilization. OFDMA defines a resource unit (RU) as the minimum subchannel and
distinguishes users based on RU. Initially, OFDMA divides the channel resources
into fixed-size RU time-frequency resource blocks and then carries the data of cor-
responding users on each RU, as depicted in Figure 9.4. In general, in OFDMA,
multiple users may transmit information simultaneously at any given moment.

An OFDMA system can support more users through subchannelization com-
pared to OFDM. Both OFDM and OFDMA use IFFT and FFT at the transmitter
and receiver, respectively. In OFDM, the entire input of the IFFT is completely
occupied by the user station or base station. However, in OFDMA, only part of
the input value is occupied by the user station, and the rest of the input position is
inserted with zero or null values.

In summary, the advantages of OFDMA are as follows:

1. High spectrum efficiency: OFDMA allocates subcarrier subsets to different
users, making more efficient use of frequency band resources compared to
FDMA and OFDM.

2. Better BER performance on fading channels.

Figure 9.4 OFDM and OFDMA.
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3. The receiver structure is simple. OFDMA eliminates intracell interference
and avoids the need for multiuser detection required in CDMA. As a result,
the receiver only needs to perform FFT processing on the received signal to
distinguish the information of different users.

However, the disadvantages of OFDMA are as follows:

1. PAPR is high. OFDMA is a MA technology based on OFDM. When sev-
eral orthogonal subcarriers in an OFDM signal have the same phase, the
superposition of subcarriers will lead to high PAPR, which will increase the
in-band noise caused by the nonlinear effect.

2. Users have high requirements for time/frequency/channel balance. OFDMA
uses pilot signal and other signal processing techniques to achieve strict
equalization, but this increases the overhead of auxiliary signals and the
difficulty of implementation.

3. High complexity of data processing algorithms. Compared with OFDM,
OFDMA needs to consider the arrangement and allocation of subcarriers.
Each time a subchannel is opened and ready to send information, OFDMA
consumes additional power.

4. Weak resistance to frequency offset. This is also due to OFDM technology’s
susceptibility to frequency offset.

9.1.5 SC-FDMA

SC-FDMA is a solution based on OFDMA, which addresses the issues of high PAPR
and sensitivity to frequency offset in OFDMA [7]. Due to its single-carrier charac-
teristics, SC-FDMA has a PAPR that is approximately 1–3 dB lower than that of
OFDMA. Lower PAPR can enhance the efficiency of the transmitter signal amplifier
and prolong the battery life. Additionally, SC-FDMA employs localized scheduling,
which allocates continuous subcarriers to one user, thereby enhancing robustness
to frequency offset at the expense of reducing diversity order.

In Figure 9.5, the system architecture of SC-FDMA is depicted. First, the data
symbol {bi } is modulated into a complex vector {xi }, and then a frequency domain
signal Xn is produced through the N -point FFT. Each parallel output of the FFT
is then mapped onto a single subcarrier to generate X̂k . The M-point IFFT then

Figure 9.5 SC-FDMA.
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converts X̂m into a time-domain complex signal x̂m , where the conversion from
N -point to M-point presents a resource allocation problem, N < M . Q = M/N

is an integer representing the maximum number of concurrent users in the system
without any interference. Finally, the cyclic prefix (CP) is added to the front end of
x̂m , and then it is serialized before single-frequency carrier modulation.

Upon reception, the received signal is initially converted to digital signal. Next,
the CP is removed, and then the time domain signal is transformed into the fre-
quency domain signal using an M-point FFT. Following channel estimation and
equalization, the output signal undergoes an N -point IFFT operation before being
sent to the detector to get {xi }.

The user’s N subcarriers are mapped to M subcarriers in a distributed or local-
ized manner. Figure 9.6 shows an example of two users adopting distributed and
localized interleaving schemes, respectively, where N = 6,M = 12.

Distributed mapping (interleaved FDMA (IFDMA)) introduces a bandwidth
spreading factor by interleaving the subcarriers assigned to users. The time-domain
sampled signal x̂m of IFDMA is equivalent to xm̄/Q and m̄ = m mod N , with map-
ping starting from the first subcarrier. If the mapping starts from the r th subcarrier
(0 < r < Q), then

x̂m=
1
Q

e j2π z(r)xm̄ (9.5)

where z (r) represents an additional phase rotation.
Localized mapping (localized FDMA (LFDMA)) will assign users adjacent sub-

carriers. For LFDMA, the time domain sampling signal x̂m still conforms to xm̄/Q.
If r ̸= 0, then

x̂m=
1

QN

(

1 − E j2πy(r)
) N−1
∑

i=0

xi

1 − e j2πw(r,i)
(9.6)

Figure 9.6 LFDMA and IFDMA for two users.
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where y (r) , w (r, i) are the additional phase and complex weighting coefficients,
respectively. In addition, in any case, the time domain sampling signal has a factor
1/Q that significantly reduces the peak power of SC-FDMA.

IFDMA primarily utilizes frequency diversity and averages channel differences
through interweaving. LFDMA primarily utilizes user diversity and selects sub-
carrier blocks for each user based on channel characteristics. Due to the uneven
distribution of user input symbols, LFDMA has larger peak fluctuations in the time
domain than IFDMA. Additionally, LFDMA maintains the orthogonality of the
subcarriers with low complexity. Based on these characteristics, IFDMA is suit-
able for high-mobility environments, while LFDMA is suitable for channel-related
scheduling in low-mobility environments.

9.2 Classic NOMA Schemes

The subchannel division in traditional OMA is typically based on the frequency
domain, time domain, or code domain. In these approaches, the wireless resources
allocated to different users do not overlap, which effectively reduced interference
between users. However, due to limited user capacity and resource utilization,
OMA cannot meet the needs of low-delay, high-quality, and high-user fairness
in future communication systems. Therefore, 5G and its subsequent systems will
explore new NOMA technologies [8] based on OFDM as a key technology.

NOMA allows different users to send data at the same frequency and at the
same time, thus improving the utilization of resources [4]. However, the overlap of
signals creates multiuser interference. As a result, the receiver needs to differentiate
the multiuser signal using successive interference cancellation (SIC) or maximum
likelihood detection to successfully detect the signal.

The current NOMA technology primarily focuses on two domains: the power
domain and the code domain. In the power domain, the power domain NOMA
(PD-NOMA) utilizes power variances to differentiate users, while in the code
domain, it uses nonorthogonal short sequences. Code domain NOMA encompasses
sparse code multiple access (SCMA), pattern division multiple access (PDMA), and
multiuser shared access (MUSA).

9.2.1 PD-NOMA

PD-NOMA adjusts the power of each user’s signal based on their path loss dif-
ferences [9]. It allocates lower power to users with good channel conditions and
higher power to users with poor channel conditions. This technique improves spec-
tral efficiency by combining the signals of different users on the same time-frequency
resources for transmission. In Figure 9.7, the resource allocation principle of
PD-NOMA is illustrated, showing how different transmit powers can be allocated
to three users on the same time slot and frequency band.

PD-NOMA uses the SIC algorithm to detect signals from multiple users at
the receiver. First, SIC considers the low-power user signal as interference and
demodulates for high-power users. Subsequently, SIC eliminates the high-power
user signal from the received signal, thereby demodulating the low-power user
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Figure 9.7 PD-NOMA.

signal. In comparison to OMA, PD-NOMA enhances resource utilization but leads
to multiuser interference and increases the complexity of the receiver.

9.2.2 MUSA

MUSA uses sequences with low cross-correlation characteristics to distinguish users
[10]. The sequence design is shown in Figure 9.8. If MUSA has two users, it ini-
tially assigns each user a unique sequence. Subsequently, it proceeds to multiply
each user’s symbol with its corresponding sequence in order to obtain the extended
sequence. Finally, the extended sequences of both users are combined.

Upon reception, the detector initially utilizes the linear detection algorithm to
acquire the initial user estimation message. Subsequently, it employs the SIC algo-
rithm to process each user’s message. The SIC algorithm demodulates one user’s
message at a time and treats the message of other users as interference. If the SIC
successfully obtains the initial estimate of a single user, the user’s message is con-
sidered to have been detected. Otherwise, the SIC further performs interference
reconstruction elimination for detection.

MUSA measures system user capacity by defining user overload rates as shown
below:

overload=K/L (9.7)

where K is the number of access users and L is the length of the unique sequence.
If the user extends the sequence length by L times, the MUSA overload occurs
when K > L. This results in an overload rate generally exceeding 100%. While
a longer extension sequence can accommodate more access users, it also leads

Figure 9.8 MUSA.
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to increased system processing delay and computational complexity. Therefore,
designing MUSA systems involves a trade-off between sequence length and system
processing delay.

In summary, the characteristics of MUSA are as follows:

1. No scheduling: MUSA does not require resource allocation, allowing users
to send data any time and reducing terminal energy consumption.

2. The user overload rate is higher at a low data rate: In MUSA, multiple
users use complex domain sequences to transmit information over the same
time-frequency resource. Increasing the complexity of the domain sequence
reduces the transfer rate of MUSA, but it also increases the number of
accessing users.

3. Short sequence: The sequence length of MUSA is shorter than CDMA’s, but
its cross correlation is very low, making it suitable for scenarios with large
user access.

9.2.3 SCMA

SCMA uses unique nonorthogonal sparse codebooks to differentiate users [11], and
detects multiple users’ signals based on the sparsity of the codebooks. In the (4, 6)
SCMA system, as shown in Figure 9.9, the message of six users is first mapped to
codewords in a nonorthogonal codebook and then superimposed on four subcar-
riers. Because the codewords between users are nonorthogonal, SCMA achieves a
150% user overload rate, which improves the system’s spectral efficiency.

In the SCMA system, the message is mapped directly to the K -dimensional
transmission sequence based on the SCMA codebook. Therefore, the design of the
codebook is crucial in determining the performance of the SCMA system. SCMA
refers to the K -dimensional transmission sequence as the K -dimensional sparse
codeword, and the set of them as the user codebook. SCMA encoders are defined
as follows:

f : Blog2M → X (9.8)

where B is the bit stream each user enters, X is the codebook size, and A is the
K -dimensional sparse codeword generated after SCMA coding.

Figure 9.9 (4, 6) SCMA.
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The SCMA encoder maps a bitstream of length log2M to a sparse codeword,
whose dimension K generally equals the number of subcarriers. Assuming N is the
number of nonzero elements per codeword, N < K , then each user only trans-
mit signals over these N fixed resource blocks. The allocation of resource blocks
between users can be represented by a binary signature matrix F, where F [k, j ] = 1
means user j actively transmits signal on the kth RE. For example, for an (4, 6)
SCMA system, the signature matrix can be expressed as

F4×6 =








1 1 1 0 0 0

1 0 0 1 1 0

0 1 0 1 0 1

0 0 1 0 1 1








(9.9)

According to the signature matrix F4×6, the binary mapping matrix of six users
is shown as follows:

V1 =








1 0

0 1

0 0

0 0







,V2 =








1 0

0 0

0 1

0 0







,V3 =








1 0

0 0

0 0

0 1







,

V4 =








0 0

1 0

0 1

0 0







,V5 =








0 0

1 0

0 0

0 1







,V6 =








0 0

0 0

1 0

0 1








(9.10)

Based on the mapping matrix above, the user’s codebook is generated by the
following operations:

X j = V j∆ j AMC (9.11)

where ∆ j is the jth user’s constellation calculation, 1 ≤ j ≤ J . AMC is the mul-
tidimension mother constellation. By performing constellation operations such as
phase rotation, complex conjugation, layer power shift, and dimension exchange on
the parent constellation, SCMA can enhance the disparity between user codebooks
and improve the performance of multiuser detection. Mother constellations can be
created in different ways, with the most common method being the generation of
complex vector codewords through rotation interleaving:

฀1=
{

Ym (1 + i) |Ym = 2m − 1 − M,m = 1, ...,M
}

(9.12)

The design of the SCMA codebook involves mapping matrix design, constella-
tion operation, and mother constellation design. These are all closely linked to the
system’s performance. The mapping matrix design decides the time and frequency
resources used by each user, the constellation operation determines the arrangement
of the constellation points for each user, and the mother constellation design rep-
resents the mapping relationship between user data and the complex constellation
matrix. The SCMA codebook design is flexible and configurable, allowing for the
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generation of different codebooks to meet the requirements of various applications
and scenarios.

9.2.4 PDMA

PDMA involves creating various diversity patterns for users to enable multidi-
mensional resource allocations, including power, space, and code domains [12].
The base station overlays the user signal encoded by PDMA, which allows for
increased multiuser multiplexing and diversity gain. The receiver uses a SIC
detection algorithm to separate and demodulate user signals.

The PDMAmultiuser pattern mapping design is illustrated in Figure 9.10. Con-
sidering a PDMA system with six users and four subcarriers, the system overload
rate is 150%. In this configuration, the blank items of each user will not be mapped
to RE.

In a PDMA pattern, each user fills a certain number of colors, which is then
referred to as diversity. In Figure 9.10, User 1 has a diversity of 4, User 2 has a
diversity of 2, and the PDMA pattern matrix is as follows:

G =








1 0 0 1 1 0

1 1 1 1 0 0

1 1 0 0 1 0

1 0 1 1 0 1








(9.13)

The complexity of the receiver increases with the number of “1.” In the pattern
matrix of (9.13), User 1 has a diversity of 4, so its data is mapped to all four REs.
User 2 has a diversity of 2, so its data maps to the second and third RE. This
process is repeated for six users, with each user’s data being mapped to different
REs according to the pattern. The data is then superimposed and finally transmitted
in the same time-frequency resource.

User diversity is closely linked to transmission reliability. Increased diversity
leads to higher transmission reliability, but also increases detection complexity.
Therefore, the base station should properly design the PDMA pattern and user
overload rate. It is important to minimize the detection complexity for the receiver
while ensuring that the system performance meets the requirements.

There are three key technologies of PDMA.

9.2.4.1 Pattern Design

The pattern design of PDMA needs to consider two principles:

• To enhance multiuser access and spectrum utilization, the PDMA system
can create multiple diversity patterns to improve multiplexing capability

Figure 9.10 PDMA.
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by increasing the number of groups with different diversity. However, the
receiver’s complexity increases exponentially with the number of nonzero
terms in the pattern matrix. Therefore, the PDMA should minimize the
number of patterns to meet the system’s requirements.

• PDMA shall minimize interference within the same diversity group. By min-
imizing the overlap of different pattern sequences and reducing the number
of users using the same resource, the BER performance of PDMA can be
improved.

9.2.4.2 Pattern Distribution

The level of diversity in the pattern can be adjusted based on the specific business
requirements of different users. A high diversity indicates high business require-
ments, while low diversity suggests lower business requirements. Additionally, the
pattern can also be adjusted based on the principle of fairness. This means that a
pattern with higher diversity is assigned to a user with poor channel quality, while
a pattern with lower diversity is assigned to a user with better channel quality.

In situations where there are strict time delay requirements, such as in vehicle
networking, the uplink PDMA system can be used with a scheduling-free scheme
to minimize the delay caused by request scheduling. Moreover, in scenarios where
short packet service is predominant in the uplink, the no-schedule scheme can help
reduce the performance decline caused by delay and signaling overhead, but it can
also increase the complexity of the receiver.

9.2.4.3 Power Optimization

PDMA is a MA scheme designed to operate in the power, space, and code domains.
It assigns different power optimization schemes to different users based on their
requirements. Designing a reasonable power optimization scheme at the transmitter
can enhance the BER performance.

9.3 MA for Terrestrial Cellular Communication

The terrestrial mobile cellular communication networks divides the ground area
into hexagonal cells, where each cell is served by a base station to provide wide
area access service for numerous users.

As outlined in Chapter 1, the terrestrial cellular network standard has gone
through five generations of evolution. The first generation (1G) was developed by
Bell Labs in the 1970s and primarily transmitted analog voice signals. 1G used
FDMA to allocate each user’s wireless resources based on a fixed frequency, with
each analog user channel being 30 kHz/25 kHz. Its main characteristics included
low spectrum utilization, poor security, and limited service types. Additionally,
there were issues such as high base station equipment costs, a large number of
terminals, and poor call quality.

The second generation of cellular communications (2G) marked the transition
from analog to digital communications. The ETSI played a key role in this tran-
sition. ETSI proposed the GSM, while Qualcomm proposed the IS-95 standard
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system. GSM uses TDMA and is mainly deployed in the 900-MHz and 1800-MHz
frequency bands, while IS-95 uses CDMA and is mainly deployed in the 800-MHz
and 1900-MHz bands.

The third generation of mobile communications (3G) uses CDMA as the core
of MA technology. It consists of three global standards:

1. WCDMA, initially proposed by Europe and Japan, builds its core net-
work based on evolving GSM/GPRS network technology. It adopts DSSS
broadband CDMA for the air interface.

2. CDMA 2000 (CDMA2000), proposed by North America, builds the core
network based on the evolved IS-95 CDMA technology.

3. TD-SCDMA, mainly promoted by China, incorporates smart antennas and
time-division duplex methods based on traditional CDMA. It offers unique
spectrum utilization and flexibility advantages.

The fourth generation mobile communications (4G) technology standard, LTE-
A, was developed by the 3GPP organization. LTE-A uses OFDMA as the MA stan-
dard in the downlink and SC-FDMA in the uplink [13]. In the downlink, OFDMA
allocates subcarriers to different users based on OFDM, allowing for multiuser
multiplexing of channel resources. In the uplink, SC-FDMA effectively reduces the
PAPR of the multicarrier transmission system through DFT pre-processing, thereby
easing the hardware requirements of user terminals and encouraging the widespread
use of 4G devices.

The technical specifications for the fifth generation of mobile communications
(5G) are mainly developed by the 3GPP organization and are called NR. In 5G
NR, OFDMA is used as the main MA scheme for uplink and downlink, and SC-
FDMA is used as a supplement [14]. There are two reasons for adopting OFDMA.
First, the reduction of hardware cost enables the user terminal to support OFDMA
uplink transmission. Second, 5G base stations use multiantenna technologies such
as MIMO to improve performance, and OFDMA is highly adapted to it. However,
when the user is at the edge of the cell, the performance of uplink OFDMA is
limited by power. Hence, the user terminal adopts SC-FDMA to provide quality
service assurance.

9.4 MA for Satellite Communication

9.4.1 MF-TDMA

The current standards for satellite-groundMA are mainly developed by ETSI. These
standards include the Digital Video Broadcasting - Return Channel by Satellite
(DVB-RCS) and the second generation of DVB-RCS, known as DVB-RCS2 [18].
Both of these standards are proposed as extensions of the second generation of Dig-
ital Video Broadcasting Satellite (DVB-S2) to support communications backlink in
interactive satellite applications.

Both DVB-RCS and DVB-RCS2 utilize multifrequency TDMA (MF-TDMA)
as the MA technology. MF-TDMA combines FDMA and TDMA to allocate com-
munication resources for different users across both time and frequency domains.
This approach enhances satellite resource utilization efficiency and ensures flex-
ibility in resource allocation, addressing the limitations of TDMA to a certain
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extent. As a result, MF-TDMA has emerged as the predominant MA technology
for high-throughput satellite communication systems.

The principle of MF-TDMA is shown in the Figure 9.11. MF-TDMA uses time
divisionmultiplexing for each carrier in the system. The TDMA rate can be the same
or different, and even the carrier rate of the same carrier in different time slots can
be changed. Compared with the typical single-carrier TDMA system, MF-TDMA
reduces the carrier rate and the transmission capability of the client. By combining
different carrier rates, MF-TDMA makes it easier to construct a high-throughput
satellite communication system that is compatible with flexible networking.

MF-TDMA can be converted between TDMA and FDMA. When the total
number of carriers in the MF-TDMA system gradually decreases to 1 and the air
interface rate increases, MF-TDMA is converted to high-speed TDMA. On the
other hand, when the total carrier number of the MF-TDMA system gradually
increases and the air interface rate decreases to the same as the client rate, the
corresponding MF-TDMA is converted to FDMA.

As shown in Figure 9.12, MF-TDMA is classified into static and dynamic,
depending on the frequency hopping (FH) capability of the user terminal. In static
MF-TDMA, the user terminal cannot change the time slot width, carrier rate, and
modulation codingmode while continuously sending signals. It only frequency hops
on carriers with the same rate and slot size but at different frequency points. Addi-
tionally, other configurations of these carriers, such as modulation coding mode,
must be the same. In dynamic MF-TDMA, the user terminal can change the time

Figure 9.11 MF-TDMA: (a) Static MF-TDMA, and (b) dynamic MF-TDMA.

Figure 9.12 Static and dynamic MF-TDMA: (a) Static MF-TDMA, and (b) dynamic MF-TDMA.
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slot width, carrier rate, and modulation coding mode at any time while contin-
uously sending signals. This means that dynamic multifrequency TDMA allows
FH on different time slot widths and carriers with different rates, making it more
suitable for communication services with different broadband requirements.

According to the FH speed of the terminal, dynamic multifrequency TDMA can
also be divided into fast hop and slow hop. In fast FH, the terminal continuously
executes FH within the time slot and utilizes the protection interval to complete
the frequency switch. Typically, the length of the protection interval ranges from
a few to a dozen symbols. In slow FH, the terminal cannot continuously switch
frequency points, and it takes at least 1 time slot and no more than 1 second to com-
plete FH each time. In order to ensure that FH does not occur within the frame,
the slow FH system distributes the time slots within a frame on the same carrier
continuously. Compared with slow FH terminals, fast FH terminals are more com-
plex, but also more flexible to adapt to the needs of broadband communication
services.

Depending on whether the transmitter and receiver perform FH, MF-TDMA
communication systems can be classified into the following three types:

1. Transmitter FH Only MF-TDMA Network System: The transmitter FH
only (TFHO) mechanism is widely used in the current MF-TDMA satellite
communication system. In TFHO, the transmitted carrier hops to differ-
ent frequency points in each time slot, and each receiving station adopts a
different frequency for the received carrier. When setting up the network,
all receiving sites are divided into groups, and each group is assigned a
fixed receiving carrier known as the on-duty carrier. In the communication
between stations, the sending station performs FH according to the duty
carrier of the corresponding receiving station by time slot, and the receiving
station receives the information sent by other stations on the duty channel.
The receiving station then receives the information sent by other stations on
the duty channel.

2. Receiver FH Only MF-TDMA Network System: Like TFHO, the receiver
FH only (RFHO) system also needs to group all receiving stations in the
construction of the network, but each group is configured with a fixed-
frequency transmission carrier. In a specific time slot, the sending station
transmits a signal on a fixed carrier, while the receiver changes time slot
according to the corresponding carrier of the sender to receive signal. Com-
pared with TFHO, the maximum carrier rate of a large aperture station in
an RFHO-based MF-TDMA system is higher, but the maximum carrier rate
of a small aperture station is the same.

3. Transmitter-Receiver FH (TRFH) MF-TDMA Networking System: In
TRFH-based MF-TDMA, the stations are not grouped, and the signals sent
and received by each station can be frequency-hopped across different car-
riers. MF-TDMA allocates carriers and time slots based on the processing
capacity of the transceiver station. This means time slots on different car-
riers are allocated based on their asymmetric transmission capacity. When
setting up a multistation type hybrid network, the appropriate carrier rate
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will be selected based on the sending and receiving capability of large and
small caliber stations.

The TRFH system is most suitable for multistation hybrid networking, while
the TFHO system is the least suitable. In reality, the TRFH and RFHO systems
can only build a circuit-switched network based on the time slot, whereas the TFHO
systemcanbuildapacket-switchednetwork. TheTFHOsystemhas the lowest system
complexity and is the easiest to implement. Considering the advantages and practical
needs of the three MF-TDMA systems, the TFHO system is the most widely used,
but its ability to support multistation hybrid networking still needs improvement.

In summary, MF-TDMA offers several advantages, including one-to-many
communication capabilities, the flexibility to build various networking struc-
tures, high-speed data communication capabilities, dynamic allocation of channel
resources, and strong support for internet multimedia services. However, MF-
TDMA also has some shortcomings, such as the need for synchronization of the
entire network due to the multicarrier configuration, the potential for intermodu-
lation component generation between the multicarriers, and the complexity of the
resource allocation algorithm.

9.4.2 Hybrid TDMA/CDMA

In satellite group networking, a hybrid TDMA/CDMA system is commonly used.
In the current scenario of intersatellite communication, establishing a direct path
between the source and destination satellites proves to be challenging. This dif-
ficulty arises from the intermittent connectivity between satellites, and the sus-
ceptibility of small satellite networks to unexpected failures [19]. To enhance the
network’s robustness, the TDMA/CDMA hybrid MA protocol divides the entire
satellite network into clusters and implements a primary-secondary mode, as illus-
trated in Figure 9.13. Each cluster comprises one primary satellite and several
secondary satellites. The clusters are represented by orange dotted lines in the figure,
with the primary satellite denoted by a red square and the secondary satellites by
gray squares.

Intercluster communication involves the secondary satellite sending data to the
primary satellite, which then forwards the data to the destination satellite within
the same cluster. For intercluster communication, if a dependent satellite needs to

Figure 9.13 Satellite cluster system model.
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communicate with satellites in another cluster, it must first communicate with its
primary satellite and then communicate with the primary satellite of the cluster
where the destination is located. However, multistep data forwarding consumes
a lot of energy and significantly increases latency. Therefore, it is important to
reorganize the network and consider using the proximity center algorithm to select
the primary satellite that meets the minimum power requirements.

In the hybrid TDMA/CDMA system, there are two implementation schemes:
TDMA-centered and CDMA-centered. In the TDMA-centered scheme, each cluster
is assigned a unique signature code to distinguish different clusters. Additionally,
each satellite has specific uplink and downlink time slots for transmitting data to the
master satellite. During the same time slot, multiple satellites from different groups
transmit signals using different signature codes to avoid interference. Figure 9.14
illustrates the TDMA-centered frame structure.

In the CDMA-centered scheme, satellites in the same cluster are each assigned a
unique signature code. As shown in Figure 9.15, dependent satellites can simultane-
ously transmit data to the primary satellite without interference in the first time slot
using their respective orthogonal sequence codes. For the primary satellite, there are
unique time slots for transmitting data to neighboring satellites and downlink time
slots for receiving data from neighboring satellites.

9.5 Potential MA for Integrated Communication

9.5.1 Rate Splitting Multiple Access

Multibeam satellite systems are usually fitted with multiple feeders and cater
to various user groups across multiple cochannel beams. This type of satellite

Figure 9.14 TDMA-centered hybrid TDMA/CDMA.
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Figure 9.15 CDMA-centered hybrid TDMA/CDMA.

communication operates in a manner similar to cellular multigroup multicast
mode, leading to interbeam interference. As a result, rate splitting multiple access
(RSMA), which is well-suited for multigroup multicast transmission in cellu-
lar networks, holds great promise for the advancement of multibeam satellite
communication [20].

RSMA uses low-rate channels to combine coding with scrambling and uses the
excellent correlation characteristics of scrambling to distinguish users. As shown in
Figure 9.16, the RSMA scheme enables multiple users to occupy all time-frequency
resources simultaneously.

Specifically, RSMA divides the message to be transmitted into public and pri-
vate components at the transmitter. Subsequently, RSMA combines the public
component into a unified signal and transmits it using the same time-frequency
resources as the private component. At the receiver, each user decodes part of the
interference and their message.

As illustrated in Figure 9.17, considering the RSMA process in the single-cell
two-user downlink scenario. The base station sends message w1, w2 to users 1 and
2. First, the message wk is split into a private part wp,k and a public part wc,k ,

Figure 9.16 RSMA.
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Figure 9.17 RSMA model with two users.

(k = 1, 2). It’s important to note that the original message doesn’t have to be split,
and the ratio of segmentation can be a design parameter. Next, we combine all the
separate public parts wc,k into a whole wc, and then obtain the public signal flow sc

after coding. The private message wp,k is separately encoded to obtain the private
signal stream sk .

At the receiver, user k initially considers all private signals as interference. User
k then decodes public signal sc to obtain public message w̃c. Next, user k recon-
structs signal w̃c with coding, precoding, and channel processing. After that, user
k subtracts the reconstructed public signal from the received signal. Then, user k

treats other users’ private signal s j ( j ̸= k) as interference and decodes private sig-
nal sk to obtain the user’s private message wp,k . Finally, user k extracts w̃p,k from
w̃c in the public message. After merging, the complete message w̃1, w̃2 sent by the
base station to user k can be obtained.

To extract its own public message from the overall public message after decod-
ing, user k needs to rely on control signal transmission between the base station and
the user. When the public message contains only a single user’s public part, RSMA
only needs to attach control signaling between the transmitter and the user. How-
ever, if the public message contains the public part of multiple users, each user must
first decode the public message and then retrieve their own part from the decoded
message. This process requires an additional control signal between the transmitter
and all users to indicate how to split and recover the original message for each user.

The RSMA connects the two extremes by partially decoding the interference
and treating part of it as noise. This means that the interference is either completely
decoded or entirely treated as noise. When the base station doesn’t separate the
public message, the messagewk sent to User k will be fully encoded to sk . In this case,
User k won’t decode any interference, and the receiver will treat the interference
brought by s j ( j ̸= k) as noise, similar to the concept of spatial division multiple
access (SDMA). If the base station fully encodesw2 andw1 to sc and s1, respectively,
User 1 has to decode the message it needs after fully decoding User 2’s message upon
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receiving. However, User 2 only needs to decode its own message, which is akin to
the concept of PD-NOMA.

As a flexible technology to manage interference, RSMA encompasses three
design principles: including regarding interference as noise (e.g., SDMA), treating
interference entirely as useful signal (e.g., NOMA), and transmitting the signal of a
single user to avoid interference (e.g., OMA). By adjusting the resources allocated
to the common stream, RSMA can adapt the level of interference to accommodate
different network loads (underload/overload) and user deployment needs (different
channel direction/strength). It can also switch modes in different situations. For
example, by allocating the power to public and private streams properly, RSMA
can be converted to SDMAwhen the network is underloaded. In this mode, the user
channels are orthogonal, and the channel state information at transmitter (CSIT)
is perfect. Also, the RSMA transforms to NOMA when the channels for differ-
ent users are overlapped. In other channel conditions, where channels for different
users are neither orthogonal nor completely overlapped, common streams can be
utilized by RSMA, which makes RSMA outperform all other MA schemes.

RSMA is well suited for managing multiuser interference caused by imperfect
CSITs. Also, RSMA is robust to different sources of damage, such as quantized
feedback, lead contamination, channel estimation errors, and CSIT uncertainties
resulting from user movement. The overall rate performance of RSMA quickly sat-
urates as the SNR increases, and decreases rapidly as the user speed increases. This
is in contrast to other MA schemes (OMA, SDMA, NOMA), which are primarily
designed for perfect CSITs and are susceptible to imperfect CSITs.

9.5.2 Interleave Division Multiple Access

Interleave division multiple access (IDMA) is a special case of CDMA. Instead of
considering a spread sequence specific to the user, IDMA uses specific interleaves
for user segregation.

Figure 9.18 shows the IDMA scheme with K simultaneous users where
users are distinguished by their interleavers. The data sequence dk of user-k
is encoded based on a low-rate code c, generating a coded sequence ck ≡
[ck (1) , . . . , ck ( j) , . . . , ck (J)]T , where J is the frame length. Then ck is permutated
by an interleaver πk , producing xk ≡ [xk (1) , . . . , xk ( j) , . . . , xk (J)]T .

The fundamental principle of IDMA is that the interleavers, denoted as πk ,
must be distinct for each user. It is assumed that these interleavers are generated
independently and randomly. This differentiation allows the interleavers to spread
the coded sequences, resulting in adjacent chips that are approximately uncorre-
lated. Such dispersion facilitates the simple chip-by-chip detection scheme discussed
in the following sections.

Adopting an iterative receiver as illustrated in Figure 9.18, which consists of
an elementary signal estimator (ESE) and K decoders (DECs). The MA and coding
constraints are considered separately in the ESE and DECs. The outputs of the ESE
and DECs are LLRs about

{

xk ( j)
}

defined below:
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Figure 9.18 IDMA with K simultaneous users.

These LLRs are different between ESE and DEC. As a result, eE SE (xk ( j)) and
eDEC (xk ( j)) represents they are separately generated by the ESE and DECs. For
the ESE, y in equation (9.14) denotes the received signal. For the DECs, y in (9.14)
is formed by the deinterleaved version of the outputs of the ESE. A global turbo
decoding is applied to process the LLRs.

9.5.3 Lattice Partition Multiple Access

Lattice partition multiple access (LPMA) is a novel downlink nonorthogonal mul-
tiuser superposition transmission scheme for future cellular networks, where the
base station transmits multilevel lattice codes for multiple users. Each user’s code
level corresponds to a distinct prime and is weighted by a product of all distinct
primes of the other users excluding its own. Due to the structural property of
lattice codes, each user can cancel out the interference from the other code lev-
els by using the modulo lattice operation in a successive/parallel manner. LPMA
can offer improved user fairness in symmetrical broadcast channels compared with
NOMA.
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Assuming the mapping function of superposition coding is designed based on
construction πA, given by

x = β [w (v1, . . . , vL) + u] (9.15)

where the symbol x represents the resulting lattice codeword for L UE, u denotes a
fixed dither that minimizes the average transmission power to ensure the entire con-
stellation has zero mean, β is the scaling factor used to meet the power constraint,
and w signifies the mapping function, given by

w (v1, . . . , vL)
∆
=





L
∑

l=1

vl

L
∏

l ′=1,l ′ ̸=l

θl ′



 mod
L
∏

l=1

θl R (9.16)

which maps vl into a lattice codeword in an element-wise manner, where vl is gen-
erated from Cl over the finite field Fql . Similar to the power allocation scheme of
NOMA, LPMA ensures fairness through proper power distribution. More specifi-
cally, users with poor channel status get more power, while those with good channel
status get a relatively small share. For example, assuming that UE 1 is further away
from the BS than UE 2, let θ1 = 2 and θ2 = 7, then x = β [(7v1 + 2v2) mod 14 + u].
In this case, UE 1 with poor channel status is compensated by larger prime θ2 = 7.
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Resource Management for
Satellite-Terrestrial Integrated
Communication

10.1 Overview of Multidimensional Resources

10.1.1 Spectrum Resources

The spectrum resource of satellite communication refers to the frequency range of
electromagnetic waves used in satellite communication, which is a limited, invalu-
able, and nonrenewable natural resource. The specific use of frequency band and
frequency division may vary from country to country and region. Telecommuni-
cations regulatory agencies in different countries will plan and allocate spectrum
according to domestic needs and international agreements. Therefore, the spe-
cific use and regulations of the frequency band should refer to local authorities
or relevant spectrum management regulations. As shown in Figure 10.1, satel-
lite communication spectrum resources are divided into the following frequency
bands [1].

10.1.1.1 L-Band: 1–2 GHz

The L-band is mainly used in mobile communications, broadcasting, remote
sensing, and military communications. The L-band is used in satellite mobile com-
munication systems, such as satellite phone systems, which provide users with voice
calls and text messaging services worldwide through satellite networks; it is used in
some satellite broadcasting service systems to provide satellite TV and broadcast-
ing services over a large area; it is used in remote sensing systems to receive and
transmit data from earth observation satellites, monitor and study changes in the
earth’s surface and atmosphere, such as weather, oceans, and climate; in addition,
the L-band can also be used for military communications.

10.1.1.2 S-Band: 2–4 GHz

The S-band is mainly used for meteorology, marine radar, and satellite communi-
cations. When electromagnetic waves with a wavelength of 10 cm are used, their
band is defined as the short (S) band, which means electromagnetic waves are
shorter than the original wavelength. According to the ITU satellite mobile services
can use the 1,980–2,010/2,170–2,200 MHz uplink and downlink frequency bands
with a bandwidth of 30 MHz and the 2,483.5–2,500 MHz downlink frequency

197
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Figure 10.1 Satellite spectrum resource allocation diagram.

band with a bandwidth of 16.5 MHz. Still, their priority is lower than that of
terrestrial services. The S-band communication frequency range commonly used
by deep-space stations of NASA and the ESA is 2,025–2,120 MHz for uplink and
2,200–2,300MHz for downlink. Inmarsat [2] and Eutelsat use the 1.98–2.01/2.17–
2.20 GHz frequency bands for satellite mobile services. NASA uses the S-band for
satellite relay services between the space shuttle, the International Space Station,
and the terrestrial terminals. The Federal Communications Commission (FCC) stip-
ulates that the 2.31–2.36 GHz frequency band is for satellite sound broadcasting.
The bandwidth resources of the S-band are minimal, and the terrestrial terminal
antenna is not very directional.

10.1.1.3 C-Band: 4–8 GHz

The C-band refers to the 4–8 GHz band. It is mainly used for satellite commu-
nications, full-time satellite TV networks, or raw satellite signals. The C-band is
usually used in tropical rainfall areas because it has stronger resistance to rain
attenuation than the Ku-band. The C-band is the first band allocated to commercial
telecommunications via satellite, and the terrestrial microwave radio relay chain has
already used the same frequency. Almost all C-band communication satellites use
the 3.7–4.2 GHz band for downlinks and the 5.925–6.425 GHz band for uplinks.

10.1.1.4 X-Band: 8–12 GHz

The X-band has good characteristics regarding anti-interference and rain attenua-
tion, antenna terminal size, transmission rate, and coverage in remote areas. It is a
band with a relatively comprehensive solid performance, and the X-band is mainly
used as a reserved band for government use, so it is very suitable as a military
communication band. The military widely uses X-band satellite communications
for beyond-line-of-sight communications. Satellite communications widely use the
7.9–7.4/7.25–7.75 GHz band, referred to as the 8/7 GHz band.
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10.1.1.5 Ku-Band: 12–18 GHz

The Ku-band is widely used in the field of satellite communications. Since the Ku-
band was applied by the National Broadcasting Corporation (NBC) in the United
States in 1983, it has been a popular choice for direct broadcasting. The Ku-band
can also be used as a communication band between satellites, such as the Tracking
and Data Relay Satellite (TDRS) and SpaceX Starlink satellites for communications
between the International Space Station and the Space Shuttle. The Ku-band is also
used for other satellite communication applications, including data transmission,
voice communications, broadband internet access, and military communications.
Its high frequency allows for greater bandwidth, achieving faster data transmis-
sion rates and facilitating various multimedia services. Satellite communications are
divided into fixed satellite services (FSS) and broadcast satellite services (BSS). In
the Asia-Pacific region, fixed satellite services generally use the 14.0–14.25/12.25–
12.75 GHz band (abbreviated as 14/12 GHz band); fixed satellite services can use
extended bands with uplinks of 13.75–14 GHz and downlinks of 10.7–10.95 and
11.45–11.7 GHz. The Ku-band offers several advantages for satellite communi-
cations, including high data rates and relatively small antenna sizes. However,
compared with lower bands such as the C-band, the Ku-band is more susceptible
to signal attenuation caused by adverse weather conditions such as rain fade.

10.1.1.6 Ka-Band: 26.5–40 GHz

The Ka-band is mainly used for uplinks in the 27.5 and 31 GHz bands of com-
munication satellites and high-resolution, close-range targeting radars on military
aircraft. In satellite communications, the Ka-band allows communications with a
broader bandwidth. The Ka-band was first used in the experimental ACTS Giga-
bit Satellite Network. Currently, the Ka-band is used by Inmarsat [2] and Kacific
for internet access in geostationary high-throughput satellites. The SES O3b system
also uses it in medium orbit, the Space Starlink system, and Iridium Next [2] satel-
lites in low orbit. Satellite projects currently using or planning to use the Ka-band
include Amazon’s LEO Project Kuiper satellite internet constellation, SES’s GEO
SES-17 satellite multiorbit satellite internet system, and the MEO O3b mPOWER
[2] constellation. Compared with the Ku-band, the Ka-band is more susceptible to
rain attenuation.

With the development of satellite communication technology and the growth of
application demand, prominent satellite constellations such as Oneweb [3], Starlink
[4], and Telesat [5] have been deployed in Earth orbit. Satellite communication ser-
vices have also gradually diversified and scaled up, and the demand for spectrum
resources has steadily increased to support performance indicators such as high
speed, high capacity, and low latency. However, due to the physical characteristics
of electromagnetic waves and the constraints of international regulations, the fre-
quency bands and bandwidths available for satellite communication are limited. In
addition, different frequency bands have different propagation characteristics and
applicable scenarios and cannot be replaced at will. As a result, satellite communica-
tion spectrum resources are facing increasingly severe tension and competition. The
scarcity of satellite spectrum resources has become one of the main obstacles to the
development of satellite communication [6]. Due to the global coverage and spatial
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coexistence of satellite communication systems, satellite communication spectrum
resources are easily interfered with by other satellite systems, terrestrial systems, or
the natural environment, affecting the reliability and security of satellite communi-
cation systems [7]. At the same time, due to historical reasons and the complexity of
international coordination, satellite communication spectrum resources are unbal-
anced and underutilized among different countries, regions, and systems. This has
also caused resource waste and conflicts of interest, exacerbating the consumption
of spectrum resources.

To ease the tension and competition of satellite communication spectrum
resources at the spectrum management level, it is necessary to strengthen the plan-
ning, management, and protection of satellite communication spectrum resources,
avoid duplication and abuse, and prevent illegal occupation and malicious inter-
ference, promote international cooperation and coordination, establish fair, rea-
sonable, and transparent satellite communication spectrum resource allocation
mechanisms and rules, and strengthen information exchange and technical support.
At the technical level, innovate satellite communication technologies and meth-
ods, improve the utilization efficiency and optimization performance of satellite
communication spectrum resources, such as using cognitive radio, multiple access,
beamforming, dynamic allocation, and other technologies to achieve spectrum
sensing, sharing, reuse, and other functions, explore new satellite communication
frequency bands and space domains, develop higher frequency or lower orbit satel-
lite communication systems, expand the spatial and temporal dimensions of satellite
communication spectrum resources, and provide more diversified and personalized
satellite communication services.

10.1.2 Power Resources

There are three primary sources of energy for driving equipment on spacecraft in
space: solar energy, chemical batteries, and nuclear energy. Solar panels convert
solar energy into electrical energy and store it in photovoltaic cells. They are the
most common and widely used satellite energy source. For example, the Interna-
tional Space Station (ISS) has eight solar panels that can provide an average of
75 kw of power. Mars rovers can also use solar panels, such as the Mars Explo-
ration Rover (Spirit), Phoenix Lander, and InSight Lander, as well as some probes
far from the sun. However, they require a considerable area to collect enough light
energy. Chemical batteries are generally used as satellites’ secondary or backup
power resources, especially when solar panels are unavailable or insufficient. The
most common type of battery currently used in satellites is lithium-ion batteries,
which have high energy density and long cycle life [8]. However, nuclear power has
the advantages of being independent of external conditions, having high reliability,
and being high power compared to solar cell and chemical power. However, nuclear
power has intense radiation. Therefore, if nuclear power is used as the energy supply
of satellites, the on-satellite equipment must take corresponding shielding measures,
which increases the mass and design complexity of satellites. At the same time,
nuclear power costs are high, and there are safety hazards. Therefore, this power
supply is rarely used on satellites, mainly in deep-space probes, such as Voyager 1
and 2 probes and Galileo probes.
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As the primary energy source for Earth-orbiting satellites, the collection effi-
ciency of solar energy is not only related to the environment but also limited by
the satellite’s conditions. The satellite’s size determines the satellite’s surface area
and volume, which affects the power resources and payload capacity of the satel-
lite. Generally speaking, the larger the satellite, the larger the surface area, and the
more solar panels can be installed to obtain more power. At the same time, the
larger the volume, the more batteries, fuels, instruments, and other payloads can
be accommodated to provide more functions and performance. However, larger
satellites also mean higher manufacturing and launch costs. In recent years, the low-
Earth orbit satellite constellation system has developed rapidly, including OneWeb,
SpaceX, and Telesat systems. Their single LEO satellites run fast and have a small
coverage area. Therefore, many satellites need to be launched to provide broad-
band internet access services to the world. To control costs, the size of the launched
satellites will be reduced as much as possible, thereby increasing the number of
satellites carried by the rocket. However, a smaller size also means weaker solar
energy acquisition capabilities and fewer power resource reserves. Meteorological
satellites operating in geosynchronous orbits are about 36,000 km from the earth’s
surface and can provide a few hundred watts to a few kilowatts. Some examples
are, China’s Fengyun series of meteorological satellites, the United States’ GOES
series of meteorological satellites, and Europe’s Meteosat series of meteorological
satellites. Communication satellites operating in geosynchronous orbits or medium
orbits are about 20,000 to 36,000 km from the earth’s surface and can provide a few
kilowatts to tens of thousands of watts of power. Some examples are, China’s Dong-
fanghong series of communication satellites, the United States’ Intelsat series of
communication satellites, and Europe’s Eutelsat series of communication satellites.
Remote sensing satellites operating in low orbits about hundreds to thousands of
kilometers from the earth’s surface can generally provide tens of watts to hundreds
of watts of power. Some examples are, China’s Gaofen series of remote sensing
satellites, the United States’ Landsat series of remote sensing satellites, and Europe’s
Sentinel series of remote sensing satellites. In SpaceX’s Starlink low-orbit satellite
constellation, the average power requirement of each satellite is 0.8 kw, of which
the communication antenna accounts for 0.6 kw. However, this power require-
ment varies with factors such as the satellite’s operating mode, mission execution,
and orbital parameters. The power that each satellite can provide is approximately
between 0.5 and 1.5 kw. In summary, the power of a satellite is not only related to
factors such as the intensity of solar radiation and the type and efficiency of solar
panels but also to the type of work of the satellite. For example, although a mete-
orological satellite operates in a synchronous orbit, its power is less than that of a
communication satellite operating in a medium orbit. Therefore, satellite designers
need to comprehensively consider multiple factors, such as the satellite’s mission
objectives, quality constraints, and cost budgets to optimize the satellite’s power
resource allocation and utilization.

The limited power load on board brings a series of challenges to the design
and optimization of satellite communication systems: how to improve the spectral
efficiency and energy efficiency of satellite systems under limited power resources,
how to reasonably allocate satellite power resources while ensuring user service
quality and satisfaction, and how to achieve flexible adjustment of satellite power
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resources while considering satellite channel characteristics and user demand diver-
sity. A multibeam satellite [9] is a communication system with multiple beams.
Traditional satellite communication systems usually have only one or a few beams,
while multibeam satellites can provide services to various terrestrial stations or
users simultaneously. Multibeam satellites have multiple independent beam trans-
mission and reception systems, and each beam can be independently directed and
adjusted. This enables multibeam satellites to provide services to geographically dis-
persed users simultaneously, improving the communication system’s capacity and
efficiency. Multibeam satellites can provide higher communication capacity, better
coverage, and more flexible communication services by utilizing multiple beams.
However, in multibeam satellite systems, the radiation power between different
beams may interfere with each other. When the radiation directions between beams
are close or overlapping, the receiver may receive signals from multiple beams
simultaneously, resulting in signal quality degradation or data transmission errors.
Therefore, it is usually necessary to adopt an appropriate allocation method to rea-
sonably allocate limited on-satellite power resources to maximize the performance
and efficiency of the system while ensuring the service quality and satisfaction of
users.

The traditional power allocation method evenly distributes the total power
transmitted by the satellite to all beams or coverage areas or in a particular pro-
portion. Although this fixed power allocation strategy is simple and direct, it
cannot fully take into account the differences and demand changes between dif-
ferent users or regions. It cannot dynamically respond to the changing conditions
of the system. For example, when the number of users, channel quality, or inter-
ference level changes, the traditional method cannot adjust the power allocation
strategy in time to adapt to the new situation, which may lead to resource waste,
performance degradation, or failure to meet user needs. In response to these short-
comings, related research proposes new power allocation algorithms and strategies
to improve the performance and efficiency of satellite communication systems.
These new methods include intelligent power allocation, adaptive power control,
and optimization algorithms, aiming to provide more flexible, adaptive, and effi-
cient power allocation solutions. The following introduces some related research
on multibeam satellite power allocation.

10.1.2.1 Power Allocation Algorithm Based on Business Demand

According to the business demand of different spot beams, the power allocation
of spot beams is dynamically adjusted so that spot beams with high demand get
more power and spot beams with low demand get less energy, thereby improving
the capacity and efficiency of the system. In the literature, Ottersten proposed a
power allocation algorithm for multibeam satellite systems based on multiobjec-
tive optimization [10]. It is divided into two stages: the first stage minimizes the
unmet system capacity according to the business demand of users; the second stage
minimizes the total power consumption of the satellite while ensuring the results of
the first stage. A genetic algorithm and nondominated sorting genetic algorithm are
used to solve this multiobjective optimization problem, and the performance and
trade-off of the system are demonstrated through the Pareto frontier.



“Xiao” — 2025/1/20 — 10:42 — page 203 — #7

10.1 Overview of Multidimensional Resources 203

10.1.2.2 Power Allocation Algorithm Based on Channel State Information

This method dynamically adjusts the power allocation of spot beams according to
the channel state information of different spot beams so that spot beams with poor
channel conditions get more power and spot beams with good channel conditions
get less power, thereby improving the reliability and performance of the system.
Durand proposed a multibeam satellite communication power allocation method
based on heuristic particle swarm optimization (PSO) in [11], aiming to solve
the power allocation problem in multiple narrow beams to provide the minimum
signal-to-noise ratio (SINR) required for earth station users to establish reliable
communication, optimize power allocation, and improve the energy efficiency and
performance of the system.

10.1.2.3 Power Allocation Algorithm Based on Nonorthogonal Multiple Access
Technology

Nonorthogonal multiple access technology (NOMA) is used to realize spectrum
multiplexing of various users in the same spot beam. By reasonably allocating the
power ratio between users, the signal serial interference cancellation (SIC) between
users is realized, thereby improving the throughput and flexibility of the system. In
[12], the offered capacity to requested traffic ratio (OCTR) is used to measure the
matching of requested and offered data rates in multibeam satellite systems. NOMA
is used to alleviate intrabeam interference, while precoding is used to reduce inter-
beam interference. The power, decoding order, and terminal time slot allocation
are jointly optimized to improve the fairness of OCTR.

10.1.2.4 Beam Hopping

Beam hopping (BH) is a multibeam satellite-to-terrestrial communication technol-
ogy that can use satellite resources to provide services to specific locations or users.
It allocates resources in four dimensions: space, time, frequency, and power to
adapt to the dynamic changes and uneven distribution of terrestrial services [13].
This technology is based on time-slicing technology and uses fewer beams to achieve
traditional multibeam coverage, thereby reducing the number of antennas required
by the satellite [14]. By adjusting the duration and period of the beam lighting, the
satellite can provide different capacity values for other cells to balance the require-
ments of varying beam coverage areas. In addition, beam hopping can also place
the unlit beam position as an isolation area between cofrequency beams to reduce
cofrequency interference. Beam-hopping technology provides a basis for the flexible
allocation and efficient use of satellite resources. It is considered a key technology
for the new generation of high-throughput satellites. Beam-hopping technology will
be introduced in detail in the subsequent sections.

10.1.3 Time Slot Resources

In satellite communication systems, available bandwidth resources are divided into
two dimensions: frequency and time, and different time and frequency resources are
allocated to other users or services. Using TDMA, other users can send or receive
signals in various periods on the same frequency band, thereby realizing spectrum
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resource sharing among multiple users. In the beam-hopping system shown in
Figure 10.2, different beam-hopping illumination modes provide services to the
cells in its coverage area in a time-division multiplexing manner.

The advantages of TDMA are that it can avoid cochannel interference, sim-
plify signal processing, and improve spectrum utilization. Its disadvantages are that
it requires precise clock synchronization, has time slot gap loss, and is sensitive
to multipath fading. In satellite-to-terrestrial communication systems, reasonable
management and scheduling of time slot resources and reasonable allocation and
utilization of time slot resources according to the needs of different users or services
can improve system performance, efficiency, and reliability and reduce interference
and cost. According to the way time slots are divided, there are three types of time
slot resource management and scheduling methods:

1. Slot-based scheduling: Divide the two frequency and time dimensions and
allocate one or more fixed time slots to each user or service. This method is
simple and easy to implement, but it has low flexibility and may cause waste
or shortage of resources.

2. Nonslot-based scheduling: That is, the time granularity of resource allo-
cation is allowed to be less than one-time slot, and the starting point can
be at any OFDM position. This method can improve resource utilization
and adapt to delay-sensitive services, but the implementation complexity is
relatively high.

3. Scheduling based on minislot and slot aggregation: This combines the
scheduling methods based on time slots and nonslots and can be flexibly
allocated according to factors such as business volume, priority, and quality
of service (QoS). This method can balance resource utilization and imple-
mentation complexity and supports multiple access and frequency-hopping
technology.

Depending on the type of satellite communication system, there are also differ-
ent methods and strategies for time slot resource allocation. For example, in FSS,
time slot resource allocation mainly considers factors such as user traffic, prior-
ity, and QoS; in Mobile Satellite Service (MSS), time slot resource allocation also

Figure 10.2 Time slot resource allocation in the beam-hopping system.
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considers factors such as user mobility, location, and speed; in low Earth orbit
satellite network (LEOSN), time slot resource allocation also considers factors such
as satellite orbit dynamics, intersatellite links, and terrestrial gateways. Time slot
resource allocation is a complex optimization problem involving multiple objec-
tives and constraints. Generally speaking, the goal of time slot resource allocation
is to maximize system throughput, minimize transmission delay, optimize resource
utilization, and best meet user QoS; the constraints of time slot resource allocation
include spectrum resources, power resources, modulation and coding schemes, mul-
tiple access technologies, and interference restrictions. To solve the problem of time
slot resource allocation, scholars have proposed many algorithms and methods,
such as heuristic algorithms, genetic algorithms, particle swarm algorithms, and
neural network algorithms. These algorithms and techniques have advantages and
disadvantages and must be selected and designed according to specific application
scenarios and system requirements.

10.2 Resource Management Technology

10.2.1 Frequency Reuse Technology

A multibeam antenna system with multiple beams is used in applications such as
satellite communications, radar systems, and mobile communications. Compared
with traditional single-beam satellites, satellites equipped with multibeam antennas
can serve multiple users or regions simultaneously, provide higher communication
capacity and broader coverage, and have the following key features and advan-
tages. First, multibeam satellites can transmit and receive multiple independent
beams at the same time. Each beam can be independently pointed to different users,
regions, or directions to achieve parallel communication connections. In this way,
the capacity and efficiency of the communication system are greatly improved.
Second, different beams can transmit data simultaneously on the same spectrum
resources through multibeam technology. This realizes spatial and frequency mul-
tiplexing, increases the utilization efficiency of the spectrum, and provides more
communication capabilities. In addition, multibeam satellites can realize flexible
formation and beam adjustment by controlling the antenna array’s unit elements. By
changing the direction andwidth of the antenna beam, it can adapt to different com-
munication needs and coverage and provide directional transmission or broadcast
services. Multibeam satellites can also achieve interference suppression and isola-
tion by adjusting the angle and power distribution between different beams. This
reduces interference between users or regions and improves communication quality
and system performance. In addition, multibeam satellites allow dynamic resource
allocation, allocating the energy and bandwidth of the antenna to different beams
on demand. Resource allocation can be adjusted in real time according to user
needs and the environment, providing flexible communication services. Multibeam
satellite systems are widely used in satellite communications. They can provide
high-capacity and high-efficiency communication services, supporting a wide range
of application scenarios, including satellite broadcasting, internet access, mobile
communications, aviation, and maritime communications. The development of
multibeam satellite systems provides an essential solution for improving satellite
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communication capabilities and meeting the growing communication needs. Multi-
beam satellite systems have three main frequency reuse methods: multicolor fre-
quency reuse, soft frequency reuse, and nonorthogonal multiple access technology.

10.2.1.1 Multicolor Frequency Reuse Technology

Multibeam satellite frequency reuse technology aims to improve satellite commu-
nication systems’ spectrum utilization efficiency and capacity. This technology is
based on frequency division multiplexing (FDM), which enhances spectrum utiliza-
tion and communication capacity by dividing the available spectrum into multiple
nonoverlapping frequency bands and allocating each frequency band to different
beams for independent communication. The principle is that at the transmitting
end, a multibeam or array antenna is used to divide the same frequency band into
multiple subbands, which are allocated to beams covering specific areas or tar-
gets to form different colors. Taking three-color multiplexing as an example, the
available frequency band is divided into three mutually orthogonal subbands, and
then the subbands are allocated to different beams. All beams constitute three non-
intersecting sets, and the beams in the same set are given the same color. At the
same time, to reduce cochannel interference, adjacent beams need to use subbands
of different colors. In addition, to ensure that each beam’s transmission power in
its designated frequency band meets the communication requirements, appropriate
power allocation is required. Power allocation can be optimized based on the inter-
ference between beams and the balance of system performance to maximize the
communication quality. Common frequency band allocation strategies include uni-
form allocation based on user priority and data transmission volume, and dynamic
allocation at the receiving end based on real-time communication load and user
demand changes. At the receiving end, the corresponding multibeam antenna or
array antenna is used to separate and demodulate the signal according to the color
of the beam to obtain a helpful signal. Between different beams, spatial isolation,
polarization isolation, coding isolation, and other technologies are used to suppress
or eliminate cochannel interference. Multicolor frequency multiplexing technology
can simultaneously transmit multiple signals at the same frequency, improve the
spectrum efficiency and system capacity of the satellite coverage area, and realize the
interconnection between different beams. The fewer the number of colors in multi-
color multiplexing, the higher the efficiency of frequency multiplexing. Therefore,
three-color multiplexing is the most efficient frequency multiplexing method, but
the cochannel interference faced by three-color multiplexing is also the most seri-
ous. Standard multiplexing methods include three-color, four-color, and six-color
multiplexing, and their schematic diagrams are given in Figure 10.3.

Although spatial isolation between beams of the same color can effectively
reduce cochannel interference, the receiver will still receive signals from different
beams and satellites, causing interference to the receiver and decreasing commu-
nication quality, affecting communication efficiency and reliability. Therefore,
further solutions are needed to suppress co-channel interference. Commonly used
technologies are as follows:

1. Precoding technology: Precoding technology is a technology that uses CSI
to preprocess the transmitted signal. By using the satellite uplink to obtain
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Figure 10.3 Schematic diagram of (a) three-color, (b) four-color, and (c) six-color frequency mul-
tiplexing.

channel state information and preprocess the downlink signal, cochannel
interference can be effectively reduced, and the signal energy can be con-
centrated near the target user so that the receiving end can obtain a better
signal-to-noise ratio (SNR) and improve the system channel capacity [15].
The main problems precoding technology faces are the acquisition of CSI
and the design of the precoding matrix. With the application of large-scale
antennas, the dimensions of the channel matrix and the precoding matrix
will also increase, thereby increasing the complexity of the algorithm and
the difficulty of system hardware implementation.

2. Beamforming technology: Beamforming can divide the space into multiple
nonoverlapping logical channels, suppress interference signals in nontarget
directions, and enhance signals in the target direction. The exact frequency
can be used for communication within and between spot beams with spa-
tial isolation characteristics. Beamforming technology can be divided into
explicit beamforming and implicit beamforming. The former requires the
terminal to provide feedback channel information. At the same time, the
latter uses the interchange of the time division duplex system to calculate
the channel information in the sending direction.

3. Cell-splitting technology: The original larger cell is split into three or four
smaller cells, and the channel groups are rearranged according to a spe-
cific rule to reduce the cofrequency reuse distance and increase the number
of channels available in the same cell, thereby suppressing cofrequency
interference and improving system capacity.

10.2.1.2 Soft Frequency Reuse Technology

Soft frequency reuse (SFR) is an improvement and development of traditional fre-
quency reuse technology. Figure 10.4 is a schematic diagram of the principle of
SFR. A frequency is no longer determined as being used or not used in a cell, but
the transmission power threshold determines the use of the frequency in the cell.
The principle of soft frequency reuse is to divide the available frequency band into
N parts, and for each cell, one part is used as the primary carrier, and the other is
used as the subcarrier. The power threshold of the primary carrier is higher than
that of the subcarrier, the leading carriers of adjacent cells do not overlap, the pri-
mary carrier can be used in the entire cell and the subcarrier is only used inside
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Figure 10.4 SFR principle diagram.

the cell, and by adjusting the ratio of the power threshold of the subcarrier to the
primary carrier, the distribution of the load inside the cell and at the edge of the
cell can be adapted.

In [16], a frequency reuse method of vectorizing the cell using directional anten-
nas is proposed based on the SFR scheme. The basic principle is to use directional
antennas to divide the entire cell into several sector areas, divide the main frequency
band into an equal number of frequency bands, and assign them to each sector
area. The main frequency band can be used in the entire cell, and the secondary
frequency band is shared by multiple cells. A lower transmission power is used in
the cell center. This maintains the advantages of SFR and enables each cell to access
all frequency band resources, effectively improving spectrum utilization.

10.2.2 Beam Hopping Technology

In traditional multibeam satellite systems, onboard resources (such as power or
bandwidth) are evenly distributed, and all beams are permanently illuminated, mak-
ing it impossible to match the provided capacity with the heterogeneous service
allocation between beams. In this case, beams that cannot meet service needs will
have poor service quality problems, while beams with excess capacity will cause
resource waste. To solve the problem of the fixed beam allocation method not
being flexibly adapted to the dynamic changes in terrestrial service needs, result-
ing in low resource utilization and limited capacity, beam-hopping technology was
proposed [18]. It can dynamically adjust the illumination time and position of the
beam according to different traffic requirements, thereby improving the utilization
and flexibility of satellite resources. Beam-hopping technology can bring the fol-
lowing three benefits: First, in the BH system, beam scheduling is optimized based
on the requested traffic, which can effectively reduce unmet and unused capacity.
Second, when all beams are not illuminated simultaneously, the number of RF links
required is more minor, thereby reducing power consumption and payload qual-
ity. Third, by illuminating beams that are far apart, the adjacent beams of these
illuminated beams are inactive, which can significantly reduce cochannel interfer-
ence. Reference [19] shows that compared with satellite communication systems
without BH antenna payloads, satellite systems equipped with BH antennas can
significantly reduce energy consumption and increase system capacity.
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Figure 10.5 is a diagram of a BH satellite system. The BH satellite system con-
sists of four parts: a network control center (NCC), a gateway (GW), a satellite
equipped with a flexible payload, and a user terminal (UT). The NCC is respon-
sible for managing and controlling the satellite system, including generating and
distributing beam hopping patterns and routing and scheduling of data streams.
The GW is responsible for bidirectional communication with the satellite, forward-
ing the data stream of the terrestrial network to the satellite and receiving the data
stream forwarded by the satellite. The satellite is responsible for realizing beam hop-
ping and switching according to the instructions of the NCC and forwarding the
uplink carrier to the corresponding downlink carrier and beam. The UT is respon-
sible for bidirectional communication with the satellite, sending and receiving data
streams.

In a BH satellite system, K beams serve cells in a time-division manner. In each
time slot, the satellite’s multibeam antenna will adjust the beam and select K cells for
illumination. The illumination direction of the activated beam is different in each
time slot, which is called the BH pattern. The BH illumination pattern of all time
slots in a beam-hopping window constitutes the beam-hopping time plan (BHTP).

Figure 10.5 BH satellite system composition.
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The satellite will select the corresponding beam for illumination in each time slot
according to the BHTP. The BHTP diagram of a beam-hopping window is shown
in Figure 10.6.

To improve the performance of BHTP satellite systems, most research focuses
on how to design effective methods to determine BHTP [20]. The design of BHTP
needs to consider the following factors: beam capacity requirements and chan-
nel status to ensure service quality and resource utilization, interference between
beams and satellite power constraints to improve system performance and reliabil-
ity, and frequency and complexity of beam hopping to reduce system overhead
and complexity. The design methods of BHTP can be divided into two types:
static and dynamic. The static method generates a fixed BHTP based on preset
business requirements and channel status. In contrast, the dynamic method gener-
ates a variable BHTP based on real-time business requirements and channel status.
The dynamic method can better adapt to business requirements and channel sta-
tus changes, but it also requires more information transmission and processing.
The design method of BHTP can adopt different optimization algorithms, such
as genetic algorithm [19] and deep reinforcement learning algorithm [21]. A pri-
mary BHTP design method is as follows: (1) In each beam-hopping cycle, the
priority of each beam is calculated according to the capacity requirements and
channel status of each beam (i.e., the transmission power required for each beam
per unit time); (2) according to the priority, the beams are selected from high to
low and assigned to the corresponding time slots and frequency bands until all
time and frequency resources are used up; and (3) if there are multiple beams with
the same priority, they are randomly or sequentially selected according to specific
rules.

The above method can improve the system’s total throughput and resource
utilization while ensuring fairness. However, there are also some disadvantages:
the capacity requirements and channel status information of all beams need to be
obtained in real time, which will increase the complexity and overhead of the sys-
tem; some low-priority beams may not be served for a long time, thus affecting user
experience and service quality; and interference between beams and satellite power
constraints are not considered, which will reduce the performance and reliability of
the system.

Figure 10.6 BHTP schematic diagram.
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10.3 Intersatellite Resource Management

For satellite communication networks, satellites in different orbits have different
hardware designs, so satellite performance characteristics and adapted services dif-
fer. Effective resource allocation design should be combined with specific satellite
characteristics. LEO satellites have a low orbit altitude and the advantages of low
transmission delay and slight information transmission loss. This effectively ensures
the real-time and communication quality of transmission services. However, due
to the limited orbit altitude, the coverage of a single satellite is limited. To effec-
tively achieve seamless coverage, a large number of LEO satellites are required for
collaborative transmission. However, to achieve stable connection in high-mobility
multisatellite scenarios, the system operation cost will be significantly increased.
GEO satellites have the characteristics of extensive coverage and good stability
because of their high orbit altitude and relative stationary position concerning the
Earth’s surface. In theory, three geostationary orbit satellites are deployed to cover
the entireworld except the twopoles. At the same time, geostationary orbit satellites’
storage capacity and computing power are generally better than those of low-orbit
and medium-orbit satellites. The disadvantage is that the transmission delay and
transmission loss caused by the high orbit altitude are significant, which is unsuitable
for transmitting services with high real-time requirements such as video conferenc-
ing and remote assistance. The performance of MEO satellites is between GEO and
LEO satellites. Compared with LEO satellites, MEO satellites have a slower relative
motion speed, so the link switching caused is less frequent, the stability is better, the
satellite coverage is more extensive, and MEO satellites do not have as long a trans-
mission distance asGEO satellites. Therefore, mediumEarth orbit satellite networks
mainly provide global mobile communications and navigation services. The specific
performance comparison of satellites in different orbits is shown in Figure 10.7.

Resource allocation in satellite-to-terrestrial link scenarios has been widely
studied, but intersatellite links have not received much attention. The practical
resource allocation of intersatellite links is the key to supporting high-speed and
low-latency transmission of the system, and it is also an essential basis for routing
design. Limited intersatellite link resources, such as time slots and power, are used
to forward data from different satellites, achieving efficient resource utilization.

Figure 10.7 Performance comparison of satellites in different orbits.
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However, to date, most studies are based on the interconnection of satellite and ter-
restrial communications, and only a small number of studies onmicrowave resource
allocation in intersatellite communication scenarios have been conducted.

In fact, in microwave resource allocation, the challenges encountered in
satellite-to-terrestrial and intersatellite scenarios are similar: limited resources such
as power and time slots and performance requirements such as low latency. How-
ever, satellites at different orbital altitudes have different characteristics in the
intersatellite scenario. With the continuous development of satellite communica-
tions and the exponential growth of satellite constellations, satellites in a single
orbit will gradually fail to meet the growing performance requirements due to their
inherent design defects. Therefore, to meet the application requirements in dif-
ferent business scenarios, it is necessary to consider the intersatellite cross-layer
design between satellites at different orbital altitudes, weigh their advantages and
disadvantages through efficient design, and improve the satellite network architec-
ture. Based on this, this section mainly discusses the critical issues of intersatellite
resource management. It is worth noting that compared with single optimiza-
tion, multiresource joint optimization has become a standard optimization design
in wireless communications. Here, we mainly introduce the main problems each
resource faces in intersatellite resource allocation.

10.3.1 Limited On-Satellite Power

Satellite-limited power allocation is one of the keys to determining transmission per-
formance. The construction of Starlink often accompanies the power allocation of
intersatellite networks, and its design is more complex. The satellite access schedul-
ing design will directly affect the power allocation of other service terminals. At the
same time, affected by the severe attenuation of satellite channels, the effective allo-
cation of limited power among multiple satellite service terminals to achieve stable
and optimal transmission capacity is one of the difficulties in intersatellite scenar-
ios. Furthermore, the transmission of other satellites in the intersatellite link will be
regarded as interference, and the higher the power, the more serious the interfer-
ence. Although the interference from distant satellites can be ignored due to severe
free-space attenuation, and the interference from adjacent satellites can be allevi-
ated by frequency reuse and other technologies, the intersatellite spectrum resources
are also limited, which is not a long-term solution. How to effectively balance the
performance between SE and EE is one of the problems that urgently needs to be
solved. In addition, many existing power allocation methods are based on central-
ized methods [22], which are suitable for communication links with slow link state
changes. In contrast, distributed power allocation methods are more ideal for high-
mobility satellite transmission environments by optimizing the transmission power
of each mobile terminal. In addition, considering the substantial growth of traffic
in the future, multilayer satellite collaboration will replace the single-layer satellite
allocation design, and it is even more necessary to design an efficient distributed
link power allocation strategy.

10.3.2 Dynamic Time Slot Allocation

The high mobility of satellites lead to a shortage of time slot resources. In addition,
due to the long-distance transmission characteristics of intersatellite links, within a
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given time slot t, if a satellite access switch occurs, the propagation delay tp and link
establishment delay ts must be considered. The remaining delay (t-tp-ts) is the prac-
tical information transmission delay [23]. Therefore, based on the different practical
propagation delays caused by the unequal intersatellite link distances, improving
the overall information transmission volume is a complex problem that needs to be
considered in intersatellite time slot allocation. At the same time, the transmission
distance of the intersatellite link changes rapidly over time. Still, it is worth noting
that themovement of satellite networks is always regular so that the intersatellite dis-
tance can be predicted in advance. However, to maximize the effective transmission
delay, the number of access switching events needs to be reduced. Still, the increase
in the intersatellite distance under a given time slot requires an increase in time slot
allocation to complete information transmission. Therefore, solving the contradic-
tion between the effective transmission delay and the number of time slots (achieving
an efficient trade-off between the two) is also the key to intersatellite time slot alloca-
tion. In addition, time slot allocation is prone to transmission synchronization and
conflict problems, essentially caused by the unequal transmission distances in the
intersatellite links. Based on this, the literature [24] proposes that when a conflict
occurs, the time slices of the affected traffic requests are reallocatedwith lower band-
width if there are sufficient bandwidth resources in the relevant ISL. If the execution
fails, the subsequent conflicting traffic request is abandoned. This strategy cannot
adapt to the global transmission of the entire satellite constellation and cannot meet
the extensive transmission needs of satellite communications.

10.3.3 Channel Availability in Short Time Slots

The satellite clusters included in the satellite constellation require many channel
resources for information transmission. However, intersatellite communication
typically operates in the gigahertz frequency band. The high-frequency band leads
to profound free-space transmission loss. The extremely high satellite altitude and
long transmission distance also lead to severe channel attenuation. As a result,
the limited channel resources are even more strained. In addition, combined with
the analysis in the previous paragraph, the high-speed mobility of satellites makes
channel allocation only effective within a specific time slot. Although the satel-
lite position can be predicted based on the regularity of satellite movement, the
large number and high dynamics of satellites require a more efficient and low-
complexity scheme design. As a popular technology in current research, AI has
attracted much attention due to its advantages, such as predicting and mastering
environmental change trends to achieve active scheduling and its ability to effi-
ciently and intelligently process massive data. Reference [25] proposed an AI-based
learning task-oriented channel allocation design to improve the effectiveness and
efficiency of multiagent communication. The AI reward mechanism simplifies and
predicts the optimal allocation design, significantly reducing the computational
complexity, but satellite scenarios have not yet been considered.

10.3.4 Cross-Orbit Multilayer Cooperative Transmission

Generally speaking, the design of the LEO satellite combined with a higher orbit
(MEO/GEO) satellite can make up for the defects of the LEO satellite, such as
small transmission capacity, weak computing power, and poor stability. At the
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same time, by building intersatellite links with LEO, the transmission delay of
high-orbit satellites can be reduced. Although the existing routing scheme does not
consider the establishment of transmission links for satellites in different orbits, the
severe Doppler frequency shift caused by the high mobility rate between satellites
at different altitudes but in the same direction is an indispensable key factor that
needs to be considered in the design of cross-layer resource allocation. In addition,
multilayer satellite networks are more complex than single-layer networks. Single
resources must consider the interaction and switching between multiple layers of
satellites under multilayer satellites, and the access options for transmission services
are more diverse. Resource management issues are more complicated. Formulating
adaptive resource allocation schemes based on specific application scenarios is nec-
essary, analyzing capacity management issues under complex multilayer satellite
networks, and optimizing the long-term utility of three-layer heterogeneous satel-
lite systems [26]. At the same time, it is necessary to divide system resources that
meet the needs based on different business types and business resource requirements
to achieve the rational use of multilayer satellite network resources. Therefore, a
joint optimization design based on multiple limited resources is more necessary.

10.3.5 Intersatellite Transmission Based on OPA

In addition to resource management in the microwave frequency band, the optical
phased array (OPA) is a phase-adjustable optical antenna array. Its working prin-
ciple is similar to that of the microwave-phased array. It controls the phase of light
radiated by each optical antenna to perform beam control. It has a larger commu-
nication capacity and more concentrated energy than microwave communication.
Under the exact rate requirement, its size, weight, and power consumption are also
better, making it a strong candidate for ISL and cross-layer links [27]. In addition,
the existing intersatellite links mainly use the laser as the transmission medium.
Due to its strong directionality, research focuses on tracking and capture and does
not involve resource allocation. The application of OPA in intersatellite links will
effectively expand the transmission capacity of the intersatellite network. The mul-
tioptical beam control method will significantly enrich the design of intersatellite
routing and resource allocation. Routing will no longer be limited to a four-link
design. Satellites can establish connections with more adjacent satellites, expand-
ing the diversity of routing solutions as shown in Figure 10.8. However, it should be
noted that more transmission path options are also accompanied by beam scanning
and alignment problems. Correspondingly, the multibeam attribute also challenges
the design of intersatellite resource allocation. One of the promising research direc-
tions is how to allocate the number of beams between connected satellites and the
design of intersatellite limited resource allocation between different optical beams.

10.4 Interference Management

10.4.1 Natural Interference

10.4.1.1 Rain Fade Interference

In satellite communications, electrical signals must pass through the earth’s
atmosphere to achieve information transmission between terrestrial stations and
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Figure 10.8 Intersatellite transmission design based on OPA.

satellites. The atmospheric medium is complex in composition. When electrical sig-
nals are transmitted in this medium, they will inevitably suffer from much energy
reflection and absorption of ions and free electrons. In addition, electrical signals
will also be affected by a large amount of atmospheric particles such as water vapor
and carbon dioxide, as well as molecules such as clouds and rain in the troposphere,
resulting in signal energy loss.

Among the above losses, the content of raindrops in the air is higher when
it rains, which will absorb or refract a large amount of satellite communication
transmission signals, resulting in severe signal attenuation. The attenuation effect
of rainfall on signals is mainly reflected in the absorption and scattering of signals
by raindrops. When the signal passes through raindrops, the electrons inside and
outside the raindrops are affected by the electric field force to resonate, thereby
absorbing part of the signal energy, and the energy absorbed by the damping effect
evaporates in the form of heat. After evaporation, the signal repeats the above
process, resulting in cumulative signal attenuation.

To calculate the specific value of rain attenuation, it is necessary to consider the
rainfall rate and the annual probability percentage of actual rainfall. The rainfall
rate exceeds γR (in mm/h) for 0.01% of the time in a year, which can be recorded
as R0.01 = γ .

According to the classical Mir scattering theory, the relationship between unit
attenuation γR and rainfall rate R is

γR = k(R0.01)
a (10.1)

where R0.01 represents the rainfall rate obtained by taking any 0.01% in a particular
year, k and a are constant values related to the frequency, and the specific calculation
method of k and a has been introduced in the ITU-R standard.

ITU-R proposed a rain attenuation prediction model based on the equiva-
lent path length concept, which evens out nonuniform rainfall and introduces a
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shortening factor that can play an equivalent role. The shortened effective path
length LE (in km) multiplied by the unit path attenuation is the rainfall attenuation;
that is,

A0.01 = γRLE (10.2)

The formula for converting the rainfall attenuation with a time percentage of
0.01% to the rainfall attenuation with a time percentage of p% is

Ap = A0.01

( p

0.01

)−(0.655+0.033 lnA0.01−γ (1−p) sin θ)
(10.3)

where Ap is the attenuation expected to exceed the annual average probability of
p in decibels; p is the time percentage, θ is the antenna elevation angle, which is
determined by the longitude and latitude of the terrestrial station and the location
of the satellite, and γ is expressed as

γ =









0

−0.005 (|ϕ − 36|)
−0.005 (|ϕ − 36|) + 1.8 − 4.25 sin θ

p ≥ 1%, |ϕ| ≥ 36◦

p ≤ 1%, |ϕ| < 36◦, θ ≥ 25◦

others
(10.4)

where ϕ is the latitude of the earth station.
The effective rain attenuation path LE is equal to the product of the rainfall

geometric path LS and the path shortening factor rP:

LE = LS × rP (10.5)

As shown in Figure 10.9, the calculation formula for LS, rP is

LS =
hR − hS

sin θ
(10.6)

rP =
1

1 + LG/LO
(10.7)

LO = 35 exp (−0.015rp) (10.8)

Figure 10.9 Schematic diagram of satellite signal passing through rain layer.
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The specific manifestations of rain attenuation include level attenuation,
increased system noise, and reduced signal cross-polarization rate.

Signal Level Attenuation

Rainfall will seriously interfere with signal transmission. Although the impact on
low-frequency bands is small when the signal operating frequency is above 15 GHz,
the signal in the Ka-bandmay suffer from the cliff effect, completely interrupting the
signal transmission. The reasons for signal attenuation in this band include many
situations: macroscopically, it consists of the height, shape, and water content of
the rain cloud layer; microscopically, it consists of the size, shape, and wavelength
of the scattered radio waves of the raindrops themselves, which leads to signal level
attenuation and reduced signal transmission power.

Increase System Noise Temperature

∆T = (1 − 10
−A
10 ) · T (10.9)

where ∆T represents the noise temperature when it rains, A represents its atten-
uation, T represents the effective temperature of the rain medium, which can be
considered unchanged (when the rain falls for a long time), and ∆T changes in the
same direction as the rain attenuation. Through the transmission of the downlink-
terrestrial station, the increase of ∆T will cause the noise component of the total
system to increase and the downlink signal-to-noise ratio to decrease.

Reduce the Signal Cross-Polarization Discrimination Rate

To solve the problem of limited satellite communication frequency band, frequency
reuse technology can be used in the channel. In theory, two different signals can be
orthogonally polarized to achieve no interference between signals and a high isola-
tion level. However, in the actual signal transmission process, due to factors such
as rainfall, the theoretically strictly orthogonal signals are not entirely orthogonal,
causing cross-polarization interference and reducing the signal cross-polarization
rate; that is, signal depolarization. Specifically, the circular raindrops that have just
condensed from water vapor are affected by air resistance during free fall, and their
lower surface changes to an elliptical shape, resulting in a certain angle between
the polarization plane and the central axis of the raindrop when the signal passes
through the raindrop, thereby producing a depolarization effect.

Solar Eclipse Interference

In satellite communications, the terrestrial station is assumed to rotate syn-
chronously with the earth. When the sun, the earth, and the satellite move to a
straight trajectory, and the earth is on the same side of the sun and the terrestrial
station, the antenna parabola of the earth station is aimed at the satellite and the
sun at the same time (as shown in Figure 10.10). The electromagnetic waves gener-
ated by the sun are strongly projected directly into the antenna beam range of the
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Figure 10.10 Schematic diagram of satellite solar eclipse interference.

earth station, and the spectrum is broad. Compared with the earth station, solar
electromagnetic waves can be regarded as a considerable noise source, causing the
signal-to-noise ratio of the signal received by the earth station to decrease to varying
degrees. This is the solar eclipse interference phenomenon. When the communica-
tion quality deteriorates seriously, the performance quality of the communication
link drops sharply. In severe cases, the communication is even interrupted, which
is called solar eclipse interruption [28].

Next, we study the factors that affect the earth station by solar eclipse inter-
ference through the causes of solar eclipse interference. There are three main
aspects.

Geographical Location of the Earth Station

The longitude and latitude of the earth station determine the duration of the inter-
ference caused by solar eclipse on the station. Combining the positional relationship
between the earth, satellite, and sun, through the analysis of monitoring data over
the years, it can be seen that under the same conditions of the earth station antenna
aperture andworking frequency band in the same hemisphere, the lower the latitude
of the earth station, the earlier the first solar eclipse interference date; conversely,
the higher the latitude of the earth station (the closer to the poles), the later the
first solar eclipse interference date. At the same time, it was found that the intensity
of the interference caused by the solar eclipse in spring for earth stations located
in the northern hemisphere is less than that caused by the solar eclipse in autumn;
conversely, the intensity of the interference caused by the solar eclipse in spring
for earth stations located in the southern hemisphere is more significant than that
caused by the solar eclipse in autumn.

Half-Beam Width of the Earth Station

For an earth station, its solar eclipse duration starts when the sun enters its antenna’s
half-beam width (i.e., 3-dB beam) and ends when it leaves its half-beam width.
Therefore, the duration of the solar eclipse of the earth station is related to its
operating frequency band and the size of the antenna aperture. Specifically, the
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calculation formula for the half-beam width of the antenna is as follows:

θ1/2
= 70

λ

D
(10.10)

where λ is the wavelength of the electromagnetic wave corresponding to the work-
ing frequency band of the earth station, and D is the antenna aperture of the earth
station. From the above formula, it can be seen that when the antenna aperture is
constant, the higher the working frequency band, the narrower the antenna half-
beamwidth, and the shorter the solar eclipse duration. When theworking frequency
band is constant, the larger the antenna aperture, the narrower the half-beamwidth,
and the shorter the solar eclipse duration.

Other Interference

Other satellite communication interference losses include, antenna pointing loss,
atmospheric loss, and mainly free space transmission loss. Details are as follows:

Free-Space Transmission Loss

The received power flux density is known to be

W = PTGT
/

4πd2 (10.11)

where PT is the transmission power, GT is the antenna gain at the transmitting end,
and d is the transmission distance. If the effective receiving surface of the receiving
antenna is Aη, the received power PR is

PR = W Aη =
PTGTAη

4πd2
(10.12)

If the gain of the receiving antenna is represented by GR, then

PR = PTGTGR

(
λ

4πd

)2

=
PTGTGR

L f
(10.13)

where L f =
(
4πd
λ

)2
is the free-space loss, and λ is the wavelength:

[L f] = 20 lg
(
4πd

λ

)

= 92.45 + 20 lg (d · f ) (10.14)

where f is the operating frequency in gigahertz.

Pointing Loss

Due to the low accuracy of satellite attitude pointing control, beam pointing
swing caused by atmospheric refraction, and limited tracking accuracy of terres-
trial station antenna pointing, the antenna gain of the satellite-to-terrestrial link is
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not the maximum value, resulting in signal loss, which is defined as

LT =
G(0)

G(θ)
(10.15)

where G(0) is the gain value in the direction of maximum antenna gain, G(θ) is the
gain value corresponding to the antenna pattern function, and θ is the deviation
angle between the direction of maximum antenna gain and the satellite direction.
Usually, G(θ) can be approximately expressed as

G(θ) ≈ G(0) · e
−2.77×

(

θ
θ1/2

)2

(10.16)

where θ1/2 is the half-power width of the antenna. Therefore, the pointing loss can
generally be calculated by the following formula:

LT ≈ e
−2.77×

(

θ
θ1/2

)2

(10.17)

10.4.2 Space Interference

The complex space in which satellite communications are located is an electromag-
netic space environment composed of many electromagnetic signals distributed in
space, time, frequency, and energy. The satellite communication pattern is complex
and the satellite distribution is dense. It has the characteristics of extensiveness,
diversity, dynamics, and relativity. Its internal composition is intricate and com-
plicated to perceive and accurately describe directly. This complex electromagnetic
environment includes natural electromagnetic radiation, unintentional human radi-
ation, and intentional radiation. Natural electromagnetic radiation is generated by
nonhuman factors, including lightning, static electricity deposition, and planetary
and cosmic noise. Unintentional human radiation refers to unintentional radiation
generated when the satellite itself, surrounding satellites, or earth station electronic
equipment is working. Intentional radiation refers to targeted interference with the
uplink, downlink, intersatellite link, and transponder of satellite communications
through various deception and interference suppression artificial attack methods.
These different types of radiation sources lead to a complex electromagnetic envi-
ronment for satellite communications, which poses a severe test to the regular
operation of satellite communications [28].

In addition, with the continuous increase in the number of satellites, frequency
bands, as nonrenewable resources, seriously restrict the future development of satel-
lite networks [29]. Especially in LEO-GEO satellite systems, due to the scarcity of
frequency band resources, different satellite constellations will work in the same
frequency band and share spectrum resources. As the number of satellites and ter-
restrial terminals increases, it will become more common for multiple satellites in
different orbits to cover the same terrestrial area. Therefore, designing the opti-
mal resource allocation scheme under different satellite constellations, especially
between satellite constellations in different orbital planes, is an urgent problem that
needs to be solved in future satellite communications. There are four joint spectrum
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coexistence scenarios [30]:

1. Terrestrial systems reuse satellite spectrum resources;

2. Satellite systems use terrestrial spectrum resources;

3. Satellites serve as relays to expand terrestrial communication networks;

4. Two satellite systems share the same frequency band.

Due to the characteristics of the Ka-band, such as the wide available frequency
band, low interference, and small antenna size, broadband low-orbit satellite
systems and GEO satellites usually use the Ka-band, resulting in cofrequency inter-
ference between different satellite systems. Compared with GEO satellites, LEO
constellation communication satellites are more numerous and have a more exten-
sive coverage rate. Their positions relative to the earth change over time. When
the two use the same frequency band, non-geostationary orbit (NGSO) satellites
fly over the GEO satellite receiver, causing cofrequency interference to the GEO
satellite and its receiver. The interference changes quickly and is of high intensity.
Especially when the NGSO satellite is on the line connecting the GEO satellite and
the GEO satellite terrestrial station, the interference of the NGSO satellite to the
GEO satellite is the greatest (i.e., inline interference) [31].

If the spectrum-sharing problem between satellites cannot be adequately solved,
their mutual interference will seriously affect the transmission stability, thereby
affecting the availability of the entire space network. Existing communication satel-
lites are used for communication services, measurement and control links, and
feeder links. The operating frequencies cover UHF, L, S, C, X, Ku, Ka, and Q/V
bands. The orbit altitude covers low, medium, and high orbits. They have the
characteristics of multifrequency services, wide frequency range, and total space
spectrum support. They are exposed in space, and the channels are open, making
satellite transponders, uplinks, and down-links extremely susceptible to interfer-
ence. Therefore, this section introduces the common space interference satellites
encounter during signal transmission.

10.4.2.1 Frequency Band Interference

The explosive development of NGSO satellite constellations has led to a shortage
of satellite frequency and orbit resources [32]. It is foreseeable that the continuous
development of the global space information network and the large-scale deploy-
ment of NGSO satellite systems will not only cause interference to GEO satellites
in orbit but also cause cofrequency severe interference between different NGSO
systems. On the one hand, NGSO constellations often have global coverage char-
acteristics, and the communication links of different systems usually cannot meet
the requirements of angular isolation, resulting in collisions in the space domain;
on the other hand, the leading frequency bands of typical NGSO constellations cur-
rently under construction are all located in the Ku/Ka bands, and all have applied
for Q/V/E band reserve resources. It is difficult to avoid situations where multiple
systems share the same frequency, resulting in potential cofrequency interference
risks for various NGSO satellite systems. Therefore, during the constellation design
stage and before deployment, it is necessary to conduct interference analysis and
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interference avoidance technology research based on relevant ITU regulations and
frequency divisions.

In addition, the rapid development of large-scale NGSO communication con-
stellations has also brought new challenges to frequency-orbit resource coordi-
nation technology [33]. On the one hand, as the number of satellites increases,
the mutual interference between these constellation systems containing thousands
or even tens of thousands of satellites becomes more severe and complex. The
increase in the number of satellites not only makes the total interference signal
power received by the receiver stronger but also dramatically increases the prob-
ability of inline interference. On the other hand, most of the existing interference
avoidance methods are often based on traditional, relatively static interference sce-
narios. For highly dynamic NGSO satellite constellations, traditional interference
avoidance methods have significant limitations in dealing with frequent changes in
the relative positions of satellites and severe interference.

Current interference management solutions include interference coordination,
elimination, and mitigation to solve the problem of satellite cofrequency inter-
ference. Interference coordination involves coordinating and managing system
resources in space, time, frequency, and other dimensions. Specific technologies
include frequency reuse technology and space protection zone technology. Inter-
ference elimination refers to eliminating or reducing interference between users
through mathematical theory, precoding user signals according to CSI, and sup-
pressing interference from other user information. Specific technologies include
beamforming and intelligent antenna technology, which can reduce useless or harm-
ful directional interference in dense networks but require complex communication
equipment and interfering terminal location information. Interference mitigation
technology generally adopts interference power control methods to reduce the
transmission power of the interfering transmitter to within the tolerable range of
the receiver. The power control problem is to maximize the network throughput
while meeting the SINR requirements of the satellite and terrestrial link signals.

The above technologies are all based on interference between the same commu-
nication systems. Commonly used methods for suppressing interference between
satellite systems are primarily based on geographical factors, such as setting up ter-
restrial station protection restricted areas [34]. Still, this method is not suitable for
the scenario of satellite resource shortage in the future. It is necessary to consider
how the interfering party and the interfered party can reduce interference at the
network layer and physical layer, which requires the application of technologies to
suppress cofrequency interference, such as power control technology.

With the establishment of broadband low-orbit satellite constellations, inter-
ference between GEO satellite systems and NGSO satellite systems is inevitable.
Analysis of interference scenarios and interference avoidance between satellite
systems are urgent issues that must be addressed. Here is a simple scenario example:

The basic architecture of a multibeam satellite system is shown in Figure 10.11,
where N spot beams of a GEO satellite serve the coverage area. A TDM transmis-
sion strategy is adopted, assuming that each beam forms a forward link with a
single user terminal at a given time [35]. For simplicity, it is assumed that there is
an ideal feeder link between the terrestrial gateway station and the satellite, and the
system adopts a conventional frequency reuse factor of 4, so when multiple beams
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Figure 10.11 Multibeam satellite communication system.

communicate with all users operating in the same frequency band at the same time,
there is a certain amount of cochannel interference. θ represents the elevation angle
of the desired user terminal, ϕi i represents the off-axis angle of the ith desired beam,
and ϕi j represents the off-axis angle from the ith desired beam to the center of the
jth interference beam.

The equivalent total channel gain between the jth beam and the ith user can
be expressed as

hi j = ĥ j G(ϕi j )
1
2 , i, j = 1, · · · , N (10.18)

where G(ϕi i) is the antenna gain between the ith beam and the ith user calcu-
lated according to ϕi i . G(ϕi j ) is the observed leakage antenna gain between the
jth interfering beam and the ith user calculated according to ϕi j . According to the
radiation pattern of [35], the antenna beam gain observed by the desired user can
be expressed as

G (ϕ) = Gmax

(
J1 (u)

2u
+ 36

J3 (u)

u3

)2

(10.19)

where u = 2.07123 sinϕ
sin ϕ3d B

, ϕ3d B represents the angle corresponding to half power
loss, J1 and J3 are the first-order and third-order Bessel functions of the first kind,
respectively, and Gmax =

(
λ
4π

)2 1
d2
0
represents the maximum antenna gain, where λ

is the wavelength and d0 ≈ 35,786 km is the satellite height. Assuming that Pi is
the transmit power of the ith beam, xi is the transmit symbol from the ith beam,
then the received signal of the ith user can be expressed as

yi = hi i

√

Pi xk +
∑

j∈Φi

hi j

√

Pj x j + ni (10.20)

where Φi represents the cochannel interference beam set for the ith beam, and ni

is the Gaussian noise at the ith beam. Subsequent chapters will further analyze
satellite interference in different scenarios.
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10.4.2.2 Inline Interference

Due to the high demand for ultralow latency and broadband massive data in real-
time systems, the deployment of LEO/MEO satellite systems in several frequency
bands has increased significantly. As the number of available NGSO satellites
(i.e., LEO/MEO in space) increases, frequency coexistence between NGSO satellite
systems and GEO satellite networks is inevitable.

In the case of the coexistence of GEO and NGSO networks, inline interference
can become a severe problem. Whenever an NGSO satellite passes through the
line-of-sight path between an ES and a GEO satellite, inline interference will occur,
as shown in Figure 10.12. Earth stations aligned with GEO and NGSO satellites
may receive and cause interference through their main beams. Considering the case
of O3b satellites, inline interference will cause potential transmission interference
problems for GEO networks operating near the equator [36].

Figure 10.13 shows a GEO-NGSO ES downlink transmission model, taking the
GEO ES receiver as an example, where dGG and dNG represent the spatial distances
from the GEO satellite and NGSO satellite to the GEO ES, respectively, and θ tNG
and θ rNG represent the off-axis angles of the NGSO satellite facing the GEO ES at
the transmitting and receiving ends, respectively. Similarly, dGN and dNN represent
the spatial distances from the GEO satellite and NGSO satellite to the NGSO ES,
respectively, and θ tGN and θ rGN represent the off-axis angles of the GEO satellite
facing the NGSO ES at the transmitting and receiving ends, respectively. Assuming
that the GEO ES and NGSO ES are very close, the transmission interference caused
by satellites in different orbits should be considered simultaneously.

Taking GEO ES as an example, it receives useful signals from GEO satel-
lites and interference signals from NGSO satellites simultaneously. Therefore, the

Figure 10.12 Inline interference satellite scenario.
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Figure 10.13 Satellite link inline scenario.

interference power received by GEO ES from NGSO satellites is

Pr
NG = P t

NGSO (dNG)Gt
N(θ

t
NG)G

r
GE(θ

r
NG)

(
λ

4πdNG

)2

(10.21)

where P t
NGSO represents the NGSO satellite transmission power and Gt

N and Gr
GE

represent the transmission and receiving antenna gains of the NGSO satellite and
GEO ES, respectively; λ represents the wavelength. Similarly, the power received
by the GEO ES from the GEO satellite is

Pr
GG = P t

GEO (dGG)Gt
G(0)G

r
GE(0)

(
λ

4πdGG

)2

(10.22)

where P t
GEO and Gt

G represent the transmission power and antenna gain of the GEO
satellite, respectively.

Therefore, the expressions of carrier-to-noise ratio and interference-to-noise
ratio at GEO ES are

(C/N)GEO =
Pr
GG

K T r
GEB

=
P t
GEO (dGG)Gt

G(0)G
r
GE(0)

(
λ

4πdGG

)2

K T r
GEB

(10.23)

(I/N)GEO =
Pr
NG

K T r
GEB

=
P t
NGSO (dNG)Gt

N(θ
t
NG)G

r
GE(θ

r
NG)

(
λ

4πdNG

)2

K T r
GEB

(10.24)

where K = 1.38 × 10−23W/(Hz · K) represents the Boltzmann constant, T r
GE rep-

resents the noise temperature at the receiving end GEO ES, and B represents the
bandwidth.
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Similarly, the NGSO ES will receive signals from the NGSO satellite and inter-
ference signals from the GEO satellite. Similarly, the carrier-to-noise ratio and
interference-to-noise ratio expressions at the NGSO ES can be expressed as

(C/N)NGSO =
Pr
NN

K T r
NEB

=
P t
NGSO (dNN)Gt

N(0)G
r
NE(0)

(
λ

4πdNN

)2

K T r
NEB

(10.25)

(I/N)NGSO =
Pr
GN

K T r
NEB

=
P t
GEO (dGN)Gt

N(θ
t
GN)G

r
NE(θ

r
GN)

(
λ

4πdGN

)2

K T r
NEB

(10.26)

To alleviate the transmission interference caused by the inline transmission of
satellites in different orbits during operation, taking GEO ES as an example, a cor-
responding optimization problem is formulated to ensure the normal transmission
of NGSO satellite-NGSO ES link while minimizing the interference power of the
GEO satellite-GEO ES link:

min Pr
NG

s.t.
P t
GEO(dGG)G

t
G(0)G

r
GE(0)

(
λ

4πdGG

)2

K T r
GEB

≥ (C/N)th

P t
NGSO(dNG)G

t
N(θ tNG)G

r
GE(θ

r
NG)

(
λ

4πdNG

)2

K T r
GEB

≤ (I/N)th

(10.27)

That is, the optimization goal of the problem is to minimize the interference power,
where (C/N)th and (I/N)th are the tolerable thresholds of the carrier-to-noise ratio
and the interference-to-noise ratio, respectively.

10.4.2.3 Cross-Polarization Interference

Polarization refers to the orientation of the electric field vector in the plane of the
radiated waveform. In most cases, the polarization of an antenna can be determined
through detection. For instance, a vertical whip antenna generates and receives
vertically polarized waves. Similarly, a horizontal antenna element produces hori-
zontally polarized waves. Both vertical and horizontal polarizations are classified
as linear polarizations. Another type of polarization is circular or elliptical polar-
ization. Unlike linear polarization, the polarization vector in circular or elliptical
polarization rotates either clockwise or counterclockwise. This rotation results in
right-hand circular polarization (RHCP) or left-hand circular polarization (LHCP),
respectively. Circular polarization is a special case of elliptical polarization where
the vertical and horizontal components of the polarization vector have equal mag-
nitudes. Aperture antennas are generally capable of supporting vertical, horizontal,
or elliptical polarizations, making them versatile for various communication needs.

According to the relationship between the amplitude and phase difference of
the orthogonal electric field components, the polarization of electromagnetic waves
can be divided into three categories:

1. Completely polarized wave: The electric field intensity of the electromag-
netic wave is decomposed into orthogonal vectors. If the amplitude of these
two components and their phase difference are constant, the polarization
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state can be called constant. At this time, the projection of the electric
field vector trajectory is a continuous ellipse. As the propagation direc-
tion of the electromagnetic wave changes, its propagation trajectory is a
straight line, a circle, and an ellipse, corresponding to linear polarization,
circular polarization, and elliptical polarization (as shown in Figure 10.14),
and the elliptical polarization wave can be regarded as the superposition
of two orthogonal circular polarization waves or linear polarization waves,
the linear polarization wave is the superposition of two orthogonal circular
polarization waves, and the circular polarization wave is the superposition
of two orthogonal linear polarization waves.

2. Partially polarized wave: This has a specific bandwidth and can be regarded
as the sum of a wholly polarized and nonpolarized wave. It exists frequently
in life, and the projection of its electric field vector trajectory is a time-
varying ellipse.

3. Completely unpolarized wave: There is no determined polarization param-
eter, and the electric field vector trajectory projection is an irregularly
changing graph, such as sunlight.

In recent years, polarization reuse technology has become a research hotspot
for improving satellite remote-sensing transmission systems [37]. The remote sens-
ing satellite uses polarization reuse technology transmission data to increase the
information transmission rate on the star [38]. Polarization reuse technology uses
the same star to receive antennas with the same terrestrial and, at the same
time, the transmitting frequency of the transmission and different polarization

Figure 10.14 Schematic diagram of electric field vector propagation trajectory.
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directions. When using the circular polarization carrier, the left rotary round polar-
ization wave and the suitable rotary round polarization wave transmit information
simultaneously [39].

Due to the design and transmission of the antenna itself, polarization has
always been an interference between polarization and reusing signals. To transmit
star data by polarization reuse, the problem of polarization interference must be
solved. Regardless of weather reasons, polarization interference is mainly affected
by three aspects [40]:

1. Star antenna polarization isolation;

2. Terrestrial receiving antenna polarization isolation;

3. Satellite polarization partial angle.

Theoretically, the two orthodontic polarization waves are entirely isolated.
One antenna can be equipped with two receiving or sending ports. Each port
only matches one polarized wave and is orthogonal with the other. In the satel-
lite communication system, the characteristic of polarization wave orthogonal is
used as an additional isolation when sending and receiving in the adjacent chan-
nel. However, due to the actual sending and receiving equipment error and the
rainwater exfoliating during the radio wave transmission, the digitization direction
of the receiving end has a mistake, resulting in the following two results: (1) the
helpful signal transmission of the positive polarization mode will leak in the cross-
polarization direction, and cross-polarization interference is formed, and (2) the
valuable signals received in the direction of positive polarization will be weakened
due to leakage and interference. The polarization isolation index does not meet the
standard, which not only causes the transmission signal to polarize attenuation in
the direction of the positive polarization but also causes the leakage signal interfer-
ence frequency band business in the reflux direction, affecting the communication
quality. The polarized corner angle of the star floor refers to the difference between
the position of the terrestrial station and the dialogue between the base station and
the satellite, as well as an antenna feed telephoto ports caused by the earth’s curva-
ture. Therefore, the perfect corner enables the receiving antenna to match satellite
polarization better and efficiently receive weak satellite signals.

According to the Jones vector expression, the transmission signal can be
expressed as

E(t) =

[

Eh(t)

Ev(t)

]

=

[

cos ε
sin εe− jθ

]

Ee− jωt (10.28)

where ω represents the carrier frequency, ε and θ represents the signal polarization
state, specifically:

1. When θ = 0 or θ = π , the signal is a linearly polarized wave;

2. When ε = π/4 , the signal is LHCP wave ((θ = π/2)) or RHCP
wave((θ = −π/2));

3. When ε, θ ∈ (0, 90◦), the signal is a left-handed elliptically polarized wave,
and when ε, θ ∈ (0,−90◦), the signal is a right-handed elliptically polarized
wave.
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Next, we analyze the downlink satellite MIMO scenario in detail, as shown
in Figure 10.15. Assume that the satellite transmits polarized signals to two earth
stations through the downlink satellite-to-terrestrial link, where the satellite trans-
mits sound signals to ES 1 through LHCP and to ES 2 through RHCP. The
transceiver is configured with M and N dual-polarized antennas to match the polar-
ized signal transmission scenario. Therefore, the channel includes spatial fading and
polarization fading and can be modeled as follows:

H=

[

HLL HLR

HRL HRR

]

= (D ⊗ 1N×M)
︸ ︷︷ ︸

polarizationfading

⊙
[

H̄LL H̄LR

H̄RL H̄RR

]

︸ ︷︷ ︸

spatialfading

(10.29)

where ⊗ represents the Kronecker product, ⊙ represents the inner product, HLL is
the useful signal channel matrix between the satellite and ES 1 through LHCP,
HLR is the interference signal channel matrix between the satellite and ES 2,
and the matrix D represents the polarization leakage ratio between polarization
components, and has

D =

[ √
1 − r

√
r

√
r

√
1 − r

]

(10.30)

where r represents the polarization leakage ratio, and r = 0 represents that
there is no leakage between polarization components and vice versa, which means
cross-polarization interference exists. Cross-polarization rate (CPD) can be used to
evaluate the degree of cross polarization. Next, since the signal includes two differ-
ent polarization components xL and xR, correspondingly, considering the allocation
of different transmission powers PL and PR to different polarization components,

Figure 10.15 Schematic diagram of satellite dual-polarization transmission scenario.
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the satellite transmission signal expression can be expressed as

x =

[

PLxL

PRxR

]

=

[

PL cos ε
PR sin εe− jθ

]

s · e− jωt (10.31)

therefore, the receiving end signal is

y = H x + n

⇒
[

yL

yR

]

=

[

HLL HLR

HRL HRR

][

PLxL

PRxR

]

+

[

nL

nR

]

(10.32)

where nL and nR represent the noise vectors corresponding to different channels,
and the transmission rates of different polarization components are, respectively,

RL = log(1 + SINRL) = log

(

1 +
PL|HLL|2

PR|HLR|2 + σ 2
L

)

(10.33)

RR = log(1 + SINRR) = log

(

1 +
PR|HRR|2

PL|HRL|2 + σ 2
R

)

(10.34)

where PR + PL ≤ Pmax; Ptotal represents the maximum transmission power of the
satellite; σ 2

L and σ 2
R represents the noise power in different polarization directions.

10.5 Interference Management Technology

10.5.1 Adaptive Antenna Anti-Interference Technology

Satellites are widely distributed and subject to various interferences. Therefore,
antenna anti-interference technology must be applied to expand coverage and
ensure that signals can be received promptly. At the same time, interference signals
can be weakened and eliminated to improve the quality of satellite communica-
tions. Among them, adaptive zeroing measures are widely used to close radio
beams promptly, reduce interference, and achieve deep zeroing. With the continu-
ous development of contemporary technology, the application of intelligent wires
is becoming more and more common. The directional pattern can be adaptively
changed according to specific environmental conditions to ensure the regular oper-
ation of the antenna, effectively suppress interference signals, and improve the
signal-to-interference ratio. The intelligent antenna architecture mainly includes
channels, antenna arrays, and adaptive signal processing units. The processing
unit ensures the operation of the antenna adaptive function, accelerates positioning
speed, improves frequency measurement efficiency, strengthens the confidentiality
of satellite communications, and has excellent electromagnetic compatibility so that
it can meet the needs of various devices.

Adaptive antenna anti-interference technology is a spatial domain signal pro-
cessing method. Its principle is based on the specific signal transmission environ-
ment. It uses an adaptive anti-interference algorithm to automatically adjust the
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weight coefficients of each array element, optimize the maximum gain direction of
the antenna pattern, align with the main lobe direction of the transmitted signal,
and form a null in the direction of useless signals (interference, etc.). It improves
the reception effect of valuable signals in the spatial domain, reduces transmission
interference, and optimizes the antenna’s anti-interference level.

As shown in Figure 10.16, the adaptive antenna system consists of an antenna
array, a radio frequency chain, an analog/digital (A/D) conversion module, and an
adaptive signal processing module. The adaptive signal processing module is the key
to the antenna system. Its working process is as follows: themixed (including proper
signals and useless signals) received signal is processed by the radio frequency chain,
converted into a digital intermediate frequency signal by a high-speed A/D conver-
sion module, and then weighted by the digital signal processing module to reduce
useless signal interference adaptively.

Adaptive antennas can be divided into adaptive nulling antennas and equal
sidelobe needle beam antennas based on different principles. Both are based on
adaptive antenna technology. The adaptive nulling antenna forms the antenna pat-
tern through an adaptive algorithm, and the weighting coefficient of the array
element in the antenna is related to the signal transmission environment; the equal
sidelobe needle beam antenna pattern forms an equal sidelobe pattern based on
the weights calculated in advance. However, due to the difficulty in predicting the
direction of arrival of satellite signals, the minimal power reaching the navigation
receiver, and the easy masking by noise, the equal sidelobe needle beam antenna
technology is not suitable for satellite navigation anti-interference receivers [41].

10.5.2 On-Satellite Processing Technology

On-satellite processing technology adjusts the uplink and downlink transmission
processes through decoupling processing, alleviates transmission interference, and
improves the link transmission environment. Many types of existing on-satellite
processing technologies exist, such as decoding/encoding technology, multibeam
switching technology, despreading/respreading technology, and intelligent auto-
matic gain control technology. Fast frequency modulation and TDMA can be
applied to the downlink, and full-band frequency modulation and FDMA can be
used to the uplink, effectively increasing power while controlling the antenna size,

Figure 10.16 Adaptive antenna system block diagram.



“Xiao” — 2025/1/20 — 10:42 — page 232 — #36

232 Resource Management for Satellite-Terrestrial Integrated Communication

thereby reducing the performance requirements of terrestrial equipment and playing
an excellent anti-interference role.

On-satellite processing can be divided into two types: regenerative processing
and nonregenerative processing. Specifically, the working principle of regenerative
on-satellite processing is: after the satellite receives the signal, it demodulates and
decodes it in the baseband, performs on-satellite processing, and then encodes and
modulates the signal to the carrier frequency; nonregenerative on-satellite process-
ing is different from the former and does not need to demodulate and decode the
received signal, but directly performs signal processing. In early satellite communi-
cation systems, satellites forwarded signals without any processing, which severely
limited the performance of satellite systems in terms of spectrum utilization, link
performance, communication capacity, and networking flexibility. Satellite systems
with on-satellite processing and on-satellite switching capabilities usually have the
following advantages [42]:

1. Flexible networking: Users can use single-hop transmission within the satel-
lite coverage area to achieve point-to-point or even point-to-multipoint
communication between users.

2. High spectrum utilization: Information transmission is completed through
single-hop transmission through satellite nodes, greatly reducing system
transmission delay and significantly improving spectrum utilization.

3. On-satellite regenerative processing is adopted to design specific signal mod-
ulation and coding methods: According to the actual channel environment
of the uplink and downlink, overcome the cumulative impact of uplink and
downlink noise, and minimize the link bit error rate.

4. It has the potential to achieve satellite-terrestrial integration: It can realize
satellite support for IP services and promote the development of satellite
internet in the future.

10.5.3 Spread Spectrum Technology

Spread spectrum technology uses specific codes to broaden the signal spectrum so
the system has good concealment and strong antinoise and anti-interference capabil-
ities. Therefore, it is widely used in military and civilian communications, especially
in satellite remote control and telemetry.

Spreadspectrumtechnologyusesa spreadspectrumsignalat the transmittingend
to broaden the spectrum of the signal to be transmitted into a signal with a broader
bandwidth and then transmits it to the channel for transmission; at the receiving
end, the original data information is restored from the wideband received signal
according to the corresponding rules. The robustness against external narrowband
interference is enhanced by transmitting data over a larger bandwidth. Thewider the
bandwidth of any transmitted signal, the smaller the relative impact of interference
ona small partof thebandwidth. Spread spectrumcommunication systemsovercome
the defects of traditional communication transmission technology with this unique
signal transmission method. Therefore, they occupy an essential position in modern
wireless communications. Their characteristics are as follows:

1. Strong antinarrowband interference capability: The spread spectrum com-
munication systems have strong anti-interference capabilities because spread
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spectrum signals are unpredictable. During the transmission process, the
original information is spread, and its spectrum is expanded; that is,
the bandwidth of the signal increases after the spread, which means that
the bandwidth ratio of the signal before and after the spread increases, the
system processing gain increases, and the anti-interference ability is corre-
spondingly intense. The direct sequence spread spectrum system is good
at resisting continuous time narrowband interference, while the frequency
hopping spread spectrum system can resist pulse interference. Table 10.1
compares the advantages and disadvantages of the two systems.

2. Good concealment and low interception rate: Spread spectrum communica-
tion has good concealment and a low interception rate. The reason is that
the signal to be transmitted is spread spectrum modulated, and its spec-
trum is broadened to a wide band. The signal power per unit bandwidth
and the signal power spectrum density are reduced. Therefore, the signal
will be integrated into the noise environment for transmission and will not
be easily detected by the enemy. In addition, in the direct sequence spread
spectrum system, the spread spectrum principle is that the transmitter mul-
tiplies the original data information by a pseudorandom code to achieve a
spread spectrum and then modulates and sends it. The receiving end must
use the pseudorandom code the same as the transmitting end information
to despread the received signal to restore the original data information.
However, it is difficult for the enemy or the interference party to obtain
the complete spread spectrum code sequence, so it is almost impossible to
crack the spread spectrum received signal, and it is impossible to intercept
it, ensuring the high reliability of spread spectrum communication.

3. Good antimultipath interference performance: Multipath interference refers
to the phenomenon in which the signal encounters various reflectors, such
as mountains, ionosphere, and buildings, during the transmission process,
generating scattering or reflection. At the receiving end, these scattered
or reflected signals interfere with the direct signal, thus forming multi-
path interference. The spread spectrum communication system uses spread
spectrum modulation to transmit information at the transmitting end, and
there is a corresponding despreading process at the receiving end. The

Table 10.1 Comparison of the Advantages and Disadvantages of Direct Sequence
Spread Spectrum and Frequency Hopping Spread Spectrum

System Advantages Shortcomings

Direct
sequence
spread
spectrum

• Low power spectrum density,
signal concealment

• Resistant to multipath interference
• Resistant to selective fading
• With ranging capability
• With multiaddress capability

• Severe near-far effect
• Long capture time
• Limited processing gain

Frequency
hopping
spread
spectrum

• Faster capture
• No near-far effect
• Antimultipath interference
• Antifrequency selective fading

• Limited ability to resist
multifrequency interference

• Inconvenient to use coherent
demodulation technology

• Limited fast frequency hopper
• Poor concealment
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received signal is correlated with the local spread spectrum code to find the
valuable signal with the best correlation from the multipath signal to achieve
antimultipath interference.

4. Easy to implement frequency division multiplexing and code division mul-
tiple access [43].

Based on the characteristics of solid autocorrelation of pseudonoise (PN) codes
and the close-to-zero correlation of different PN codes, different PN codes are
assigned to different users. All users only need to use their PN codes to commu-
nicate simultaneously on the same frequency band without interfering with each
other, realizing frequency division multiplexing and significantly improving spec-
trum utilization. In addition, the sender and receiver can also perform multiaddress
communication. The sender uses different PN codes to spread different data and
send them to different receivers. The receivers use their PN codes to spread the
received signals and recover the data from different senders. Different senders and
receivers will not interfere with each other, realizing CDMA.

10.5.4 Adaptive Modulation and Coding Technology

Adaptive modulation and coding (AMC) technology is based on channel estima-
tion, sends state information through the return channel, and adjusts and optimizes
the specific AMC mode according to the real-time signal-to-noise ratio informa-
tion. It is one of the most commonly used anti-interference technologies in satellite
communications. However, the performance of AMC technology is also limited
by many reasons, such as the link state estimation algorithm and the delay of the
adaptive loop, which may be detrimental to the system’s normal operation. The
system adopted non-AMC mode in the past, and the power gain improvement was
limited. However, AMC technology can improve the power gain by about 20 dB,
increase the frequency band utilization rate, and increase the functional efficiency.
Therefore, it is widely used in specific practice to optimize system performance.
Commonly used AMC technologies in current practice include turbo code adaptive
modulation and coding technology, adaptive grid modulation and coding technol-
ogy, and adaptive bit interleaving modulation and coding technology. Compared
with fixed coding modulation, AMC technology significantly improves spectrum
efficiency, reduces the reserved link margin, and then selects a high-order optimal
coding modulation mode (modulation and coding (MODCOD)), which can further
improve the link spectrum efficiency.

The basic framework of AMC is shown in Figure 10.17. Information is sent
from the transmitter and reaches the receiver via a satellite relay. According to
the signal-to-noise ratio during the transmission process, the optimal modulation
and coding scheme are matched, and the scheme signal is sent back to the gate-
way via the return channel. Finally, the gateway implements a specific scheme for
the next information moment based on the received signal and transmits it. The
advantage of AMC technology is that it allows the satellite communication system
to match the optimal modulation method and coding rate according to the channel
status of a certain period, reduce the link design reserve, make full use of limited
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Figure 10.17 ACM basic framework diagram.

resources, and effectively improve the performance of the satellite communication
system.

10.5.5 Digital Predistortion Technology

As one of the components with the highest power consumption in the RF link,
the power amplifier (PA) seriously affects the energy efficiency performance of the
transmitter, and the PA will cause amplitude and phase distortion to the system;
that is, after passing through the PA, the phase offset between the input and output
signals is not a simple linear relationship. Still, it is affected by the input signal
power. As shown in Figure 10.18, the input and output power of a simple linear
communication system changes linearly. However, general communication systems
all contain nonlinear devices such as PA. As the input power continues to increase to
the saturation region, affected by the gain compression effect, the input and output

Figure 10.18 PA input and output power characteristics.
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Figure 10.19 Digital predistortion schematic.

power of the saturation region PA is nonlinear, causing nonlinear distortion of the
output signal, and the degree of distortion continues to increase with the input
power, resulting in out-of-band spectrum leakage, causing interference in adjacent
frequency bands, and reducing the system transmission performance.

The predistortion characteristics of digital predistortion (DPD) technology can
be entirely complementary to the PA distortion under ideal conditions, so it is widely
used in the front end of the system transmitter, and the key to the DPD system is to
solve the predistortion function of the PA and do compensation work in advance.
In theory, the DPD predistortion characteristic (i.e., distortion compensation) com-
plements the PA distortion, as shown in Figure 10.19. The final theoretical output
signal will be a linearly varying signal.
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Mobility Management for
Satellite-Terrestrial Integrated
Communication

Wireless communication networks are currently experiencing an unprecedented
transformation to address the global deployment demands of the Internet of Every-
thing. The future network is expected to deliver not only communication and
computing services but also security for a vast array of devices in a ubiquitous
manner. This evolution has necessitated the provision of broadband internet con-
nectivity across all regions of the planet. Despite significant advancements in terres-
trial communication networks, coverage remains incomplete, particularly in rural
and hard-to-reach areas such as oceans, deserts, polar regions, and high-altitude
locations. The extensive reach of satellite networks can substantially enhance com-
munication capabilities for users situated in remote areas. Furthermore, satellite
networks play a crucial role in delivering essential and emergency services during
and after natural disasters.

In recent years, various industrial groups and standardization organizations
including the 3GPP have proposed integrating satellite networks with 5G technol-
ogy and beyond to facilitate seamless broadband coverage [1]. Satellite networks
have witnessed rapid development over the past decade; this is especially true for
LEO satellite systems like SpaceX’s Starlink constellation. Such satellite networks
can be regarded as either an extension of terrestrial IP networks or as independent
entities within their own right.

LEO satellites are positioned in low-altitude orbits, typically ranging from 160
to 2,000 km above the earth’s surface. In comparison to MEO and GEO satellites,
LEO satellites exhibit lower propagation delays and reduced signal attenuation.
These characteristics enable LEO satellites to facilitate low-latency communica-
tion while also minimizing energy consumption requirements. Additionally, LEO
satellites contribute significantly to lowering production costs.

However, the high velocity associated with low Earth orbit results in frequent
handovers. For instance, a satellite operating at an altitude of 500 km travels
at a speed of approximately 7.6 km per second, completing an orbit around the
earth in about 95 minutes and necessitating handover roughly every 5 minutes.
Consequently, there is an urgent need for effective mobile management strategies.

Efficient handover management constitutes a critical component of satellite net-
work systems. Mobility management encompasses both handover management and
location management.

241
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11.1 Overview of Mobility Management

Handover management refers to the process by which a mobile node (MN)
transitions from one access point (AP) to another while maintaining an active
connection.

In traditional terrestrial cellular networks, user mobility (i.e., MN movement)
results in continuous fluctuations in received signal strength levels. When the
received signal strength at any given location falls below an acceptable threshold,
the handover process is initiated, facilitating a transition from the current service
area (i.e., AP) to a target area.

Regarding location management, most research on cellular networks empha-
sizes tracking and paging, as illustrated in Figure 11.1. Tracking within cellular
networks involves identifying the specific cell where the MN is located based on
signal strength received by base stations. Paging serves to indicate a user’s loca-
tion within a cellular network for establishing connections with other users. The
tracking area (or location area) utilized in 4G and 5G typically encompasses mul-
tiple cells. The objective of location management is to strike a balance between
partitioning tracking areas and minimizing costs associated with location updates
and paging. To facilitate communication with other devices within the mobile net-
work, MNs must establish end-to-end user plane paths through mobile operators.
Idle MNs perform position updates upon crossing boundaries of their tracking
areas; these updates are recorded in databases that can be queried to ascertain
their locations. To determine the current position of idle MNs, cells within the
designated location area are contacted via paging mechanisms. With impending
densification in 5G networks, it is anticipated that signaling costs related to loca-
tion management will rise significantly due to increased frequency of location
updates.

In IP-based networks, location management is conducted in a somewhat dif-
ferent manner; the TCP/IP connection of the MN must be maintained while
transforming from one access router to another. The introduction of the IP protocol

Figure 11.1 Mobility management of traditional terrestrial cellular networks.
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in the 1970s marked a significant advancement as an Internet Protocol for trans-
mitting data packets within wired networks, utilizing IP addresses for identification
and packet routing. With the evolution of mobile wireless communication devices,
it has become imperative to support mobility within IP-based networks. Conse-
quently, the Internet Engineering Task Force (IETF) developed protocols such as
MIPv4, followed by MIPv6, PMIPv6, FMIPv6, and HMIPv6. Among these pro-
tocols, location management primarily encompasses two key functions: location
updates and data transmission.

Location update refers to the process of identifying and updating the logical
position of MN within a network. Data transmission specifically routing involves
forwarding packets directed towards MN to their new locations. Figure 11.2
illustrates mobility management in IP-based networks.

The network protocol stack can be categorized into five layers: the physical
layer, link layer, network layer, transport layer, and application layer, arranged from
bottom to top. With the exception of the physical layer, all other protocol layers
incorporate mobility management technologies. In LEO satellite networks, research
on mobility management primarily concentrates on the link layer, network layer,
and transport layer. Each protocol layer employs distinct handover and location
management techniques, as illustrated in Figure 11.3.

Figure 11.2 Mobility management of IP-based networks.

Figure 11.3 Mobility management of LEO satellite networks.
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In terms of the role played by satellites, they can act as routers or MNs. When
a satellite serves as an MN, the onboard equipment generates and transmits data to
the ground gateway, and the satellite is a network user. When satellites act as mobile
routers, they can forward data and provide services to other terminals. Satellites are
network access points.

This chapter first introduces the link layer management technology and then
separately introduces the mobility management technology of the network layer
and the transport layer. Finally, the potential mobility technology of satellites will
be introduced.

11.2 Link Layer Management Technology

The management of handover processes in link-layer mobility for 5G technology
has reached a relatively advanced stage. In satellite networks, handover manage-
ment primarily encompasses intrasatellite and intersatellite handovers. The terminal
establishes a communication link with the nearest satellite node. When there are
changes in the coverage area of the satellite hosting the user’s terminal device or
alterations in beam patterns, effective handover management becomes necessary.

11.2.1 5G Handover Management

In 5G networks, distinct mobility management principles are employed based on the
states of user terminals, namely idle, inactive, or connected. In the connected state,
handover management is implemented; here, the terminal measures and reports the
signal quality of neighboring candidate cells while the network determines when
to execute a handover to another cell. Conversely, for inactive and idle states, cell
reselection is utilized to manage mobility.

During the connected state, a connection between the terminal and network
has already been established. The primary objective of handover management in
this context is to ensure that the terminal maintains connectivity while traversing
through the network without experiencing communication interruptions or signif-
icant degradation in communication quality. Initially, the mobile terminal employs
a cell search mechanism to identify potential candidate cells. Upon locating a candi-
date cell, it proceeds to measure either the reference signal reception power (RSRP)
or reference signal reception quality (RSRQ) of that cell. Typically, filtering tech-
niques are applied during these measurements; for instance, averaging values over
several hundred milliseconds may be used. Without such average filtering processes
in place, measurement report results can exhibit considerable fluctuations that may
lead to erroneous handover decisions or result in repetitive transitions between two
cells phenomenon known as ping-pong handover.

Measurement events refer to the conditions that terminals must satisfy prior to
reporting measurement results to the network. In 5G, six distinct triggering con-
ditions or events can be configured, including A3 events. The A3 event involves
comparing the filtered measurement values (RSRP or RSRQ) of candidate cells
with those of the currently serving cells for the terminal. When there is a discrep-
ancy in transmission power between the current service cell and a candidate cell, a
cell-specific offset may be established to influence the triggering conditions of the
measurement event. Furthermore, it is essential to configure a threshold to prevent
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unnecessary triggering of measurement events when differences in measurement
results between two cells are minimal.

If the measurement value from a candidate cell significantly exceeds that of the
current serving cell by more than the sum of both the cell-specific offset and thresh-
old, an A3 measurement event will be triggered, prompting a corresponding report
to be sent to the network. Additional measurement events can also be configured
for terminals; however, both type selection and parameter configuration depend on
mobility implementation strategies tailored for specific network deployments.

The utilization of configurable measurement events aims to minimize the
transmission of unnecessary measurement reports to the network. An alterna-
tive approach for event-driven reporting is periodic reporting; however, in most
instances, the costs associated with periodic reports are considerably higher. This
is due to the necessity for frequent measurements that accurately reflect terminal
movements within the network. From a cost perspective, infrequent periodic reports
may be more favorable; nevertheless, they also heighten the risk of overlooking
critical handover opportunities. By configuring measurement events, it becomes
feasible to transmit measurement reports solely when situational changes occur,
which represents a clearly superior option.

Upon receiving a measurement report, the network can determine whether to
execute a handover. Handover decisions may also incorporate additional informa-
tion beyond just measurement reports much as assessing whether there is adequate
capacity in the prospective target cell to facilitate handover operations. Even in
scenarios where no measurement report has been received, the network retains the
capability to initiate a handover for reasons such as load balancing considerations.
The signaling interaction is illustrated in Figure 11.4; GNB refers to a base sta-
tion within 5G networks and oversees all wireless-related functions across one or
multiple cells.

The source cell initiates a handover request to the target cell. If both the source
and target cells are part of the same gNB, this message is unnecessary, as the gNB is
already aware of the status of the target cell. Should the target gNB accept the
handover request-keeping in mind that it may refuse due to excessive load the
source gNB will instruct the terminal to proceed with handing over to the target
cell. This process involves sending RRC reconfiguration messages to the terminal,
which contain essential information for accessing the target cell.

To establish a connection with this new area, synchronization is required from
the terminal. Consequently, terminals are typically directed to initiate random
access procedures toward the target cell. Once synchronization has been success-
fully achieved, a handover completion message is sent by the terminal to indicate
its successful connection with the new cell. Simultaneously, all data cached by the
terminal within the source gNB is transferred to its counterpart in the target gNB;
furthermore, any new downlink data will be rerouted accordingly to designate it as
now serving cell.

11.2.2 Beam Handover

Beam handover, also referred to as intrasatellite handover, occurs within multibeam
satellites, as illustrated in Figure 11.5. In this context, the position of user termi-
nal equipment transitions from one point beam of a satellite node to another. The
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Figure 11.4 Handover process.

ground trajectory movement speed of LEO satellites significantly exceeds that of the
terminal’s movement speed. Consequently, the visible time for a satellite can extend
up to 10 minutes; however, the user’s residence time within a single beam may be
limited to just 1 minute. This results in a high frequency of handovers between
beams.

Research on beam handover primarily concentrates on channel allocation
strategies, where each point beam functions as a small cell. When users transition
from one beamforming cell to another, they must relinquish previously occupied
channel resources and secure new ones. If the subsequent beam cell is unable to pro-
vide adequate available channel resources, the handover process will be impeded
and user service transmission may be disrupted. Given the diversity of services
and varying requirements for QoS, devising effective channel allocation strate-
gies for different QoS demands presents a complex challenge. Existing research
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Figure 11.5 Beam handover (intrasatellite handover).

predominantly categorizes into three main schemes: fixed channel allocation (FCA),
dynamic channel allocation (DCA), and hybrid channel allocation (HCA) [2].

11.2.2.1 Beam Handover Based on FCA

FCA temporarily allocates all available channels to any requesting cell and can
modulate the number of allocated channels in response to fluctuations in business
load. The earliest form of FCA was guarantee handover (GH); this strategy [3] pre-
allocates the channel resources necessary for handover when initiating new calls,
thereby ensuring successful handover. However, this approach results in a signif-
icant amount of channel resources being locked prematurely, which may prevent
new calls from accessing these resources later on. While it guarantees a 100% suc-
cess rate for handovers, it is associated with an extremely high call-blocking rate
and low utilization of channel resources.

Another typical FCA implementation involves beam handover, which intro-
duces the concept of channel protection. In this framework, each protected channel
within the cell is specifically designated to accommodate handover requests; fur-
thermore, the number of such channels can be adaptively and dynamically adjusted
based on forecasts regarding future handovers. When a new call request arrives
within the community, the algorithm leverages predictable topological information
about the satellite constellation to estimate the user’s residence time in that area.
Simultaneously, it assesses potential handover requests that may arise during this
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dwell time as well as their expected demand for channels denoted by m. A request
will only be accepted if the number of available channels exceeds m. For handover
requests, provided there is at least one available channel in the target cell, successful
completion of the call transfer is assured.

11.2.2.2 Beam Handover Based on DCA

In a typical DCA beam handover method, when receiving a handover request, if
the next cell has no available channel, it will queue and wait in the queue. Due
to the higher cost of handover failure compared to blocking new calls, handover
requests in the queue have higher priority. Newly arrived call requests are only
accepted if there are available channels in both the current beam and the next beam.
Otherwise, they will be rejected. This method can ensure a lower call drop rate and
simultaneously increase the call loss rate.

Another channel state-based reservation strategy [4] divides the traffic provided
by LEO into real-time multimedia traffic and non-real-time data. According to the
state of the beam cell, the reservation time for different users is adaptively set,
the probability of successful handover P is introduced, and channel resources for
users are reserved after successful handover based on the set reservation time. This
strategy can reduce the probability of dropped calls and new call blocking, but the
adaptive method is not friendly to certain specific services, which, to some extent,
reduces the user service experience. To address this issue, an improved adaptive
handover strategy has been developed [5]. This strategy takes into account the con-
stantly changing characteristics of wireless channels. In addition, bymaintaining the
probability of connection blocking and connection disconnection at an acceptable
level, a higher QoS is provided to users.

11.2.2.3 Beam Handover Based on HCA

Both fixed channel allocation and dynamic channel allocation have their own short-
comings. With the changing business load of LEO satellites, it is difficult to achieve
dynamic channel allocation. In practical satellite communication systems, chan-
nel allocation schemes are usually designed by combining the advantages of fixed
channel allocation strategies and dynamic channel allocation strategies. Reference
[6] proposes a new channel allocation strategy for low Earth orbit mobile satellite
systems aimed at reducing the average handover time of calls. This strategy is based
on a queuing strategy with a limited queue size, and an algorithm is designed to han-
dle the computational complexity of QoS metrics. This strategy assumes that new
calls are evenly distributed in the mobile business area, but in reality, new calls are
unevenly distributed in the mobile satellite system service area, and the accuracy
is not high enough. Another strategy [7] considers both fixed channel allocation
techniques and dynamic channel allocation techniques. By comparing the first in,
first out queuing rule, maximum remaining processing time queuing rule, and a
measurement-based priority scheme, handover requests between beams that have
not been immediately delivered are queued to reduce the handover failure rate.

11.2.3 Interstellar Handover

Interstellar handover refers to the process in which a terminal handovers between
two or more satellites. As shown in the Figure 11.6, User 1 and User 2 initially
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Figure 11.6 Intersatellite handover. (a) User 1 is served by Satellite A, while User 2 is served by
Satellite C. (b) User 2 performs handover from Satellite C to Satellite B.

communicate through satellites A and B. After User 2 is handed over to satellite C,
they communicate through satellite A B. C communicates. Although intersatellite
handover does not occur as frequently as beam handover, it is crucial for satellite
diversity systems. Satellite diversity refers to the ability of satellite terminals to estab-
lish communication links with multiple satellites at any time, which includes two
types: exchangediversityandmergediversity.Whenthe terminal selectsa satelliteand
establishes a communication link with it, this satellite diversity method is exchange
diversity. Thewayinwhichthegroundterminalcommunicateswithmultiplesatellites
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simultaneously is called merging diversity. The use of satellite diversity technology
can combat signal fading caused by ground buildings or terrain factors, improve
communication quality, and provide redundant backup for satellites.

Common intersatellite handover strategies includemaximum idle channel quan-
tity strategy, maximumservice time strategy, minimumdistance strategy, service time
and idle channel weighting strategy, and comprehensive weighting strategy:

1. Maximum number of idle channels strategy: Priority is given to select-
ing satellites with the maximum number of available channels, which can
achieve a uniform distribution of business loads within the satellite constel-
lation. However, its handover request arrival rate and service quality are
relatively low.

2. Maximum service time strategy: Prioritize selecting satellites that can pro-
vide users with the longest service time, which can reduce the number of
handover times during call duration and reduce signaling overhead. How-
ever, this strategy did not take into account the fact of uneven business
distribution, which can easily lead to satellite overload and increase the
handover failure rate.

3. Minimum distance (maximum elevation) strategy: Prioritize selecting the
closest satellite (i.e., the satellite visible at maximum elevation), which can
improve communication quality. However, this strategy does not take into
account channel effects and does not fully utilize satellite prior knowledge,
so it is generally not used in practical systems

In addition, the weighted strategy of maximum service time and maximum
number of idle channels can minimize the number of handovers and play a certain
role in load balancing. The comprehensive weighting strategy is to weigh the ele-
vation angle, service time, and number of idle channels, but there is no scientific
definition of how to set weighting factors to achieve better handover performance.

11.3 Network Layer Management Technology

With the development of all IP technology, supporting IP mobility management will
become a common feature of future integrated networks between sky and earth [8].
The user terminal has a unique IP address in the network. IP address is a means of
network identification for user terminals, as well as a means of terminal localization
and routing. The most typical network layer management technology is Mobile
IPv4 (MIPv4) [9] and Mobile IPv6 (MIPv6) [10], which were designed by the IETF.

11.3.1 MIPv6 Technology

The Mobile Internet Protocol (MIP) comprises three fundamental components: the
Home Agent (HA), the Foreign Agent (FA), and the Mobility Node (MN). The HA
is responsible for tunneling datagrams and maintaining up-to-date location infor-
mation for the MN. The FA acts as a router that enables the MN to access the
network, providing routing services when the MN is away from its home network.
It facilitates communication by sending datagrams to the MN through established
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tunnels. Additionally, for datagrams transmitted by the MN, the FA can function
as the default router for registered mobility nodes.

MIPv6 effectively solves the triangle routing problem [11]. The MIPv6 mech-
anism is outlined as follows. The MN acquires a permanent address known as the
hometown address, which is registered with the HA within the home network for
identification and routing purposes. Figure 11.7 illustrates the network architecture
and message exchange that occur during the MIPv6 mobility management process.

As a host-based mobility management protocol, MIPv6 enables MN to detect
its movement from home networks (previously connected networks) to out-of-town
networks through the IPv6 neighbor discovery mechanism. An out-of-town net-
work refers to any network accessible by MN after it has exited its local coverage
area. According to the MIPv6 location management process, when MN transitions
from its home network into an out-of-town network, it undertakes several steps:

Step 1: Utilize either IPv6 neighbor discovery or automatic address configu-
ration mechanisms to obtain temporary IP addresses from foreign networks,
referred to as care-of addresses (CoA).

Figure 11.7 MIPV6 management process.
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Step 2: The MN informs HA of its current location by dispatching a Binding
Update (BU) message; in response, HA sends a Binding Acknowledgment (BA)
back to MN.

Step 3: Following completion of this binding update with HA, both HA and
Foreign Access Router (FAR) establish a bidirectional tunnel for transferring
data packets between Correspondent Node (CN) and MN. In this scenario,
packets must traverse through HA, which may not represent the most optimal
route.

Step 4: To enhance data forwarding efficiency, MN can optimize routing by
sending BU messages directly to CN. Until CN begins utilizing MN’s CoA,
packets will continue being routed through HA.

Steps 5 and 6: Prior to employing MN’s CoA, CN transmits test messages
directed at both HA and MN. These messages are forwarded by HA to MN;
subsequently, MN must respond via two distinct paths, one through HA and
another directly toward CN. Upon receiving responses from both routes, CN
can commence communication using NM’s CoA; thereafter communication
between CN and NM can proceed via FAR without necessitating passage
through HA.

When implementing MIPv6 in satellite networks, it is posited that the satellite
functions as the MN, while the ground station operates as a straightforward router,
and the control center serves as the CN. Each time a satellite establishes contact with
a ground station, it acquires a CoA and sets up a virtual tunnel between itself and
its HA, which may be another ground station. When the control center transmits
a datagram to the satellite, standard routing procedures are employed to direct the
packet toward the HA. Upon recognizing an active tunnel leading to the satellite,
the HA forwards the data packet through this established tunnel directly to the
satellite.

In contrast, when data packets are transmitted from satellites to control centers,
reverse tunneling can be employed. Given that bidirectional packets consistently
traverse through the HA, this mode of communication necessitates additional net-
work resources. In comparison to direct communication between satellites and
control centers, this approach introduces latency. To mitigate such delays, satel-
lites can implement routing optimization by dispatching BUmessages to the control
center. Subsequently, the control center updates its binding cache and directs data
packets straight to the satellite’s CoA, bypassing the use of the home address
entirely. The ground station functions solely as a default router for the satellites.

11.3.2 PMIPv6 Technology

IETF introduces the PMIPv6 mobile management solution based on MIPV6.
PMIPv6 reduces the requirements for terminals on the network side [12, 13].

PMIPv6 introduces two new network entities: the Mobile Access Gateway
(MAG) and the Local Mobility Anchor (LMA). The LMA is connected to multiple
MAGs, allowing several LMAs to manage the mobility of different MNs within a
PMIPv6 domain. When an MN moves within this domain, the MAG facilitates
signaling interactions between the MN and LMA to ensure session continuity.
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Upon joining the network for the first time, an MN sends a routing request to
its first reachable MAG, which subsequently issues a proxy binding update (PBU)
to its associated LMA. The LMA responds with Proxy Binding Acknowledgments
(PBAs). Additionally, it creates a Binding Cache Entry (BCE) and establishes a
bidirectional tunnel with the MAG.

Figure 11.8 illustrates the PMIPv6 management process. When an MN transi-
tions from one MAG’s coverage area to another within the same PMIPv6 domain,
only local location updates are necessary. Data flow can be adjusted directly in the
LMA following these steps:

Step 1: Send a PBU to the LMA, if the MAG1 detects that an MN is moving
away from its coverage area.

Step 2: Send a PBA back to MAG1 for LMA to respond.

Step 3: Meanwhile, MAG2 detects that an MN is approaching and sends its
own PBU to the LMA.

Step 4: LMA sends a PBA back to MAG2.

Step 5: Throughout this process, it is important that each MN retains its IP
address when transforming between different MAGs within the same PMIPv6
domain.

Figure 11.8 PMIPV6 management process.
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The example presented in Figure 11.8 demonstrates how PMIPv6 operates. If
an MN moves outside of this domain, it must engage in MIPv6’s location man-
agement processes; herein lies where home network LMAs assume their role as
HAs. This framework enables networks to represent mobile nodes effectively during
mobility management processes while minimizing signaling interactions between
mobile nodes and access routers.

PMIPv6 demonstrates superior performance compared to MIPv6 in terms of
handover latency. The network-based mobile services facilitated by the LMA and
MAG contribute to a reduction in both handover blocking probability and packet
loss, thereby streamlining control signals and handover procedures. Consequently,
network-basedmobility management protocols can enhance the efficacy of mobility
management within low Earth orbit satellite networks.

11.3.3 HiMIPv6 Technology

HiMIPv6 is a hierarchical location management scheme for MIPv6 based on Satel-
lite Moving Anchors (MAP) [14, 15]. By introducing MAP, when a MN roams
within the local domain, it sends binding updates to the local MAP instead of its
HA and CN, resulting in a decrease in the semaphore outside the local domain.
HiMIPv6 defines the satellite handover threshold N for MN to distinguish between
global and local updates.

Define N as the threshold for the number of times MN handovers. When MN
handovers to a new satellite in the same orbit and the number of times MN han-
dovers does not exceed N,MN updates MAP with an IP address containing the new
satellite ID. When a satellite receives a data packet with a target satellite ID equal
to its own ID, check if the target MN is in service. If not, then the satellite is the
MAP of the target MN. MAP changes the destination satellite ID in the message to
the current MN’s access satellite ID and forwards the message.

When MN handovers more than N times, or MN handovers to a new satellite
in a different orbit, MN in the new access satellite creates a new MAP on NAS
and updates its position on HA and CN. Subsequently, MN sends a MAP deletion
message to the old MAP satellite, notifying the old satellite MAP to delete MN
information. Then, CN redirects the message to MN’s new MAP.

11.3.4 VMIPv6 Technology

VMIPv6 is a virtual mobility management solution [16], which is an enhanced ver-
sion of the MIPv6 protocol. VMIPv6 proposes virtual agent cluster (VAC), virtual
agent domain (VAD), and mobile agent anchor (MAA). VAC is a node-set that
includes all LEO satellites at the top of a specific LA. The entire coverage area of
all nodes in VAC is called VAD. MAA is an onboard router in each LEO satellite
that can provide routing services for registered MNs. MAA is similar to the access
router in IPv6, but it is mobile. VMIPv6 divides the global ground area into multi-
ple LAs, which can be covered and managed by multiple VACs. All MAAs in VAC
can share mobility information of a specific MN to jointly manage that node.

As the network topology changes, satellite nodes in a specific LA may undergo
changes. Once the network topology changes, VAC can be reconstructed through
two operations: adding new satellites that slide into LA and deleting satellites that
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slide out of LA. For a given LA, the new satellite and the departing satellite will
quickly obtain and forget the binding information of that LA, respectively. The
update cost of the new VAC is very low, which means that MAA’s information
update can be achieved through minimal signal interaction.

To mitigate the challenges associated with mobile management, VMIPv6 delin-
eates two distinct types of MAAs, specifically home MAA and local MAA. The
home MAA is responsible for maintaining the connection between the VAC and the
HA, while the MN registers its subnet IP address with the home MAA on the HA.
Conversely, the local MAA oversees the connection link between MN and VAC;
in this context, MN binds its IP address to each relevant local MAA associated
with VAC.

11.4 Transport Layer Management Technology

11.4.1 SIGMA Technology

MIP protocols, such as MIPv6, exhibit several performance challenges, including
prolonged handover delays, elevated packet loss rates, and reduced throughput.
Researchers developed an end-to-end mobility management solution based on the
transport layer as an alternative toMIP. This solution is referred to as the Transport
Layer Seamless Handoff Scheme for Space Networks (TraSH-SN), also known as
SIGMA [17].

As an end-to-end mobility management framework, signaling for internet
mobility architecture (SIGMA) does not necessitate any modifications to the exist-
ing internet infrastructure [18]. It is applicable to both terrestrial and satellite net-
works, thereby streamlining the mobility management process in satellite-ground
convergence scenarios.

The fundamental concept of SIGMA is to decouple location management from
data transmission, thereby achieving seamless handover by utilizing IP diversity.
This allows for the retention of the old path during the establishment of a new path
throughout the handover process. SIGMA can be integrated with other transport
layer protocols that support multihoming and is compatible with both IPv4 and
IPv6 infrastructures without requiring mobile IP support.

SIGMA serves as an end-to-end mobility management solution, eliminating the
need for HAs or FAs. When a MN communicates data with a CN while nearing the
overlapping coverage area of two access routers, it acquires a new IP address from
the new access router. During this acquisition process, the old IP address functions
as the primary IP address to maintain valid data communication with the CN. Once
signals received from the old access router fall below a specified threshold, the MN
designates its new IP address as its primary one. The old IP address remains in use
to keep connections open while transitioning to this new address.

SIGMA exhibits an exceptionally low packet loss rate during handovers and
minimal latency within satellite-ground converged communication networks. For
effective location management, SIGMA employs a location manager (LM), which
maintains a database correlating MN identities with their current primary IP
addresses. Whenever an MN obtains a new address and updates it as its primary
one, this change is automatically reflected in the LM’s records.
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When a CN seeks to initiate communication with an MN, it queries the LM
using identifiers such as home addresses, domain names, or public keys associated
with that MN. In response, the LM provides information regarding the MN’s cur-
rent primary IP address retrieved from its database. Subsequently, communication
between CN and MN proceeds using this updated address.

As previously noted, SIGMA can effectively manage mobility within satellite
networks; consider two illustrative scenarios.

Scenario 1: Satellite as a router. A satellite equipped with an onboard IP routing
device can function as a router within a satellite network. When a MN connected
to one satellite is handed over to another, the high mobility of LEO satellites neces-
sitates frequent handovers for the MN. During these transitions between satellites,
it is essential for the MN to maintain a continuous transport layer connection with
its CN. In this context, the MN utilizes the satellite as a router to sustain this
uninterrupted transport layer connection.

Different satellites and even distinct spot beams within a single satellite may
be assigned unique IP subnet addresses. Figure 11.9 illustrates the application of
SIGMA in managing mobility within satellite networks when the satellite operates
as a router. In this scenario, the MN initially acquires an IP address from Satellite A
and communicates through it. As both Satellites A and B move, there comes a point
where the MN falls under their overlapping coverage and subsequently obtains an
IP address from Satellite B.

Figure 11.9 SIGMA when a satellite acts as a router.
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The MN can accurately predict the trajectories of Satellites A and B; such prior
knowledge informs decisions regarding when to configure its primary address with
the new IP address while simultaneously removing its old one. This process proves
significantly more straightforward than in wireless cellular networks, where user
mobility tends to be less predictable.

Scenario 2: In this scenario, the satellite functions as a primary MN. When
there are IP devices onboard the satellite capable of generating and transmitting
data to earth, such as earth and space observation equipment, or when the satellite
receives control signals from terrestrial sources, the communication node on the
satellite operates as an MN. As illustrated in Figure 11.10, a CN on earth sends
control signals to the MN located on the satellite; subsequently, upon receiving
these signals, the MN transmits data back to the CN. Given that ground sta-
tions belong to different IP subnets, nodes aboard the satellite must change their
IP addresses during handovers between ground stations. This necessitates effective
mobility management to ensure uninterrupted connectivity between the satellite and
ground nodes.

In this context, both the satellite and access router A correspond respectively
to an MN and an access router. Notably, when implementing SIGMA, there are
no specific requirements imposed on access routers; thus, modifications to exist-
ing internet infrastructure are not necessary, facilitating a more straightforward
deployment of SIGMA.

11.4.2 Predictive SIGMA Technology

In order to further reduce the packet loss rate and latency of SIGMA, a prediction
mechanism can be introduced [19]; the next access satellite is predicted based on
the known satellite orbit information and MN location data.

Figure 11.10 SIGMA when satellite acts as a mobile node.
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Utilizing the SCTP protocol, the handover process of the prediction-based
enhanced SIGMA can be delineated in four steps:

Step 1: Acquire a new IP address and ephemeris information from the new
satellite. When the MN enters the overlapping area between two satellites, the
handover preparation process commences. Upon receiving an announcement
from the new satellite (Satellite B), it should initiate obtaining a new IP address.
Concurrently, ephemeris information for this new satellite designated as MN’s
next router is transmitted via signaling. The FMIPv6 protocol may also be
employed here. Given that automatic address configuration ensures uniqueness
for each new IP address, rapid address binding can occur between MN and its
newly assigned satellite during this step.

Step 2: Calculate handover time t and incorporate the new IP address into the
association. After acquiring both a new IP address and ephemeris details from
Satellite B, precise link handover time can be computed. Subsequently, CN is
informed about both availability of this new IP address and link forwarding
time t through SCTPs dynamic reconfiguration option for addresses. At time t ,
both MN and CN will set their primary addresses to MN’s newly assigned
IP address; additionally, CN may redirect data traffic toward this updated
IP to enhance successful delivery probabilities to MN. The clock synchro-
nization functionality provided by GPS modules within terminals will ensure
that both MN and CN execute link-forwarding processes simultaneously with
precision.

Step 3: Update location information. Following the delivery of the link, the
MN updates its new IP address with the location manager to ensure that sub-
sequent traffic data packets are accurately directed to this new address. Similar
to the SIGMA scheme, this approach decouples location management from
data traffic forwarding functions, thereby expediting the handover process and
minimizing handover delays.

Step 4: Remove obsolete IP address from CN’s available destination list. When
the MN exits the coverage area of its previous satellite, no further traffic data
packets should be transmitted to the old address. The MN informs the CN that
it will no longer use this old IP address for data transmission; consequently,
CN removes it from its available destination IP list. Given the high mobility
characteristics inherent in satellite networks, it is challenging for an MN to
oscillate between two adjacent satellites. Therefore, there is no necessity to
retain an obsolete IP address for potential reuse by deactivating it. This action
also enhances overall security within the framework.

The prediction-based SIGMA scheme consistently allows for packet reception
while signaling exchanges occur prior to deleting any old IP addresses on CNs
end. In comparison with standard SIGMA schemes, this predictive mechanism
reduces signaling exchanges between MN and CN, thus shortening overall han-
dover duration an essential factor in satellite networks that demand rapid and
frequent transitions.
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11.5 Potential Mobility Management Technology

11.5.1 SDN-Based Mobility Management

The number of satellites in satellite networks continues to grow, and more effi-
cient mobility management technologies need to be developed to reduce system
management overhead. The emergence of new network technologies, such as
software-defined networking (SDN) and network function virtualization (NFV),
has brought new solutions to the mobility management problem of such multi-
source heterogeneous networks.

Introducing the concept of SDN into satellite communication networks can
separate the data plane and control plane of satellite communication networks.
The control plane performs complex routing calculations, resource management,
and other operations, and the remaining satellite nodes only need to perform
simple hardware configuration and datagram forwarding, reducing the cost of
satellite construction and the requirements for onboard computing and process-
ing capabilities. Due to the centralized management mode of the control plane,
it is possible to achieve real-time updates of network status, deployment of
fine-grained management strategies, flexible network deployment, and resource
scheduling. At the same time, the control plane can coordinate network resources
across domains, thereby shielding the differences in the underlying heterogeneous
networks [20].

Li et al. [21] proposed a satellite architecture based on SDN and NFV, which
includes three planes: data layer, control layer, and management layer, to achieve
flexible satellite communication network traffic engineering and fine-grained QoS
guarantee. The management layer deploys the satellite network management center
(SNMC) on the ground, which is responsible for collecting resources and issuing
policies for the entire network. The control layer is deployed on GEO satellites,
satellite gateways, and ground networks and is centrally managed by SNMC. The
SDN architecture can manage the entire network. Combining SDN technology with
the mobility of complex satellite networks and multilayer satellite communication
networks is one of the potential research directions.

Service function chains (SFC) is an emerging technology under the SDN/NFV
architecture that combines multiple virtual network functions (VNFs) to manage
the network. The combination of VNFs needs to refer to the needs of business logic
and can be dynamically reconstructed as the business logic changes. For exam-
ple, when the ground network is congested, the communication link between two
ground terminals can automatically handover from the ground network to the satel-
lite network to achieve communication, thereby significantly improving network
performance. How to consider and achieve efficient mobility management in this
dynamic orchestration of SFC is a direction worthy of future research.

11.5.2 Mobility Management Based on O-RAN

5G wireless systems have begun to see widespread deployment across the globe
[22]. Both academia and industry are concentrating on the development and stan-
dardization of the next generation of mobile networks, specifically beyond 5G and
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6G networks. Beyond 5G is poised to fundamentally transform communication
systems by providing seamless connectivity in both time and space, thereby creat-
ing a unique ecosystem that integrates digital, physical, and human domains. In
this context, nonterrestrial networks comprising satellites, drones, and other enti-
ties will be fully integrated into terrestrial networks. This integration aims to deliver
services to users that are accessible anytime and anywhere.

Satellite networks play a crucial role in 5G as well as subsequent network
generations. However, integrating nonterrestrial networks such as satellites with
terrestrial infrastructures presents several challenges. Achieving interoperability
between nodes is essential for successful integration; however, satellite networks
operate as closed systems with strictly defined architectures. The nodes within these
satellite networks may be supplied by various operators, which results in limited
flexibility regarding optimization and interface management factors that impede
effective interoperability.

Open Access Network (O-RAN) is predicated on decomposed and virtual-
ization components interconnected by open interfaces, facilitating interoperability
among different vendors. O-RAN encompasses four fundamental concepts: decom-
position, virtualization, RAN Intelligent Controller (RIC), and open interfaces [23].

The principle of decomposition extends the functional separation proposed by
3GPP for 5G base stations, effectively partitioning the base station into distinct
functional units. The virtualization principle asserts that all components of the
O-RAN architecture can be deployed on a cloud computing platform. To manage
the RAN, O-RAN introduces the RIC, which collects data from users and base sta-
tions via the E2 interface. By processing this data through AI and ML algorithms,
the RIC can optimize and implement control policies for the RAN.

O-RAN delineates two types of RICs: non-real-time RICs and near-real-time
RICs, each differing in their respective roles and time scales within the context of the
RAN. Lastly, O-RAN specifies technical standards for open interfaces that connect
various components; these interfaces are essential for enabling the RIC to gather
network data and apply control policies effectively across the RAN.

Mobility management technology based on O-RAN represents a promising
avenue for future research. Satellite networks are inherently dynamic systems due
to the rapid movement of satellites along their orbits, which leads to temporal
variations in user channel parameters. Consequently, it is imperative that mobil-
ity management be executed swiftly to prevent decisions from being made based
on outdated information. In this context, AI and ML emerge as the most effective
tools for expedited and data-driven decision-making processes.

However, current AI/ML-based methodologies face intrinsic limitations as
they have been tailored to existing satellite architectures that were not originally
designed with AI/ML considerations in mind [24]. The implementation of an
O-RAN-based satellite network architecture will facilitate dynamic mobility man-
agement: essential near-real-time data will be gathered from all network nodes
particularly the E2 nodes through open interfaces; subsequently, the AI/ML model
will be trained using this collected data. Ultimately, the trained AI/MLmodel will be
deployed within the RIC, utilizing KPI data as input to execute fine-grained control
over both centralized unit (CU) and distributed unit (DU) nodes within the RAN
for optimized mobility management.



“Xiao” — 2025/1/20 — 9:05 — page 261 — #21

11.5 Potential Mobility Management Technology 261

Specifically, the near-real-time RIC must aggregate information regarding traf-
fic demand and user locations in high-density areas alongside satellite ephemeris
data to ascertain optimal mobility management strategies informed by auxiliary
information. Given that the RIC is situated on terrestrial infrastructure, this
RIC-centric approach to mobility may introduce increased latency in schedul-
ing calculations compared to onboard satellite AI solutions; however, it permits
comprehensive resource optimization.
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1G First Generation Mobile Communication
2G Second Generation Mobile Communication
3G Third Generation Mobile Communication
3GPP 3rd Generation Partnership Project
4G Fourth Generation Mobile Communication
5G Fifth Generation Mobile Communication
6G Sixth-Generation Mobile Communication
ACeS Asia Cellular Satellite
ACM Adaptive coding and modulation
A/D Analog/digital
AFDM Affine frequency division multiplexing
AGC Automatic gain control
AMC Adaptive modulation and coding
AMPS Advanced Mobile Phone System
AoP Argument of perigee
AP Access point
ARQ Automatic repeat-request
ATSC Advanced Television Systems Committee
BCDMA Broadband code division multiple access
BCE Binding cache entry
BDS BeiDou Navigation Satellite System
BER Bit error rate
BFN Beamforming network
BH Beam hopping
BHTP Beam-hopping time plan
BP Belief propagation
BPL Belief propagation list
BPSK Binary phase shift keying
BSS Broadcast Satellite Services
CASC China Aerospace Science and Technology Corporation
CCSDS Consultative Committee for Space Data Systems
CDMA Code division multiple access
CN Correspondent node
CNAV Civil navigation
CNN Convolutional neural networks
COA Care-of-address
CP Cyclic prefix
CPD Cross-polarization discrimination
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CP-OFDM Cyclic prefix OFDM
CSI Channel state information
CSIT Channel state information at transmitter
CU Centralized unit
D2D Device-to-device
DAFT Discrete affine Fourier transform
DCA Dynamic channel allocation
DFnT Discrete Fresnel transform
DFT Discrete Fourier transform
DFT-S-OFDM Discrete Fourier transform spread orthogonal frequency

division multiplexing
DPD Digital predistortion
DPPM Differential pulse position modulation
DPSK Differential phase-shift keying
DRX Discontinuous reception
DSSS Direct sequence spread spectrum
DU Distributed unit
DVB Digital video broadcasting
DVB-RCS Digital video broadcasting-return channel by satellite
DVB-S Digital video broadcasting-satellite
DVB-S2 Digital video broadcasting-satellite-second generation
DVB-SH Digital video broadcasting-satellite services to handheld
ECEF Earth-centered earth-fixed
ECI Earth-centered inertial
eMBB Enhanced mobile broadband
ERS Empirical roadside shadowing
ES Earth station
ESA European Space Agency
ETSI European Telecommunications Standards Institute
FA Foreign agent
FAR Foreign access router
FBMC Filter bank multicarrier
FC Fully connected
FCA Fixed channel allocation
FCC Federal Communications Commission
FDD Frequency division duplex
FDM Frequency division multiplexing
FDMA Frequency division multiple access
FFO Fractional frequency offset
FFT Fast Fourier transform
FH Frequency hopping
FM Frequency modulation
FOU Field of uncertainty
FSM Fast steering mirror
FSS Fixed satellite services
GBBF Ground-based beamforming
GEO Geostationary orbit
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GFDM Generalized frequency division multiplexing
GH Guaranteed handover
gNB 5G base stations
GNSS Global Navigation Satellite System
GMSK Gaussian minimum frequency-shift keying
GPS Global Positioning System
GSM Global System for Mobile Communications
GW Gateway
HA Home agent
HARQ Hybrid Automatic Repeat Request
HAPS High altitude platform station
HCA Hybrid channel allocation
HM Handover management
HPA High power amplifier
HTS High throughput satellite
IBI Interband interference
IDAFT Inverse discrete affine Fourier transform
IDFT Inverse discrete Fourier transform
IDFnT Inverse discrete Fresnel transform
IEEE Institute of Electrical and Electronics Engineers
IETF Internet Engineering Task Force
IF Intermediate frequency
IFDMA Interleaved FDMA
IFO Integer frequency offset
IFFT Inverse fast Fourier transform
INC Inclination
INMARSAT International Maritime Satellite Organization
IM Intermodulation
IMTS International Mobile Telecom System
IOT Internet of things
IS-95 Interim Standard-95
ISDB-S Integrated Services Digital Broadcasting-Satellite
ISL Intersatellite links
ISS International Space Station
ISFFT Inverse symplectic finite Fourier transform
ITU International Telecommunication Union
ITU-R ITU-Radio Communications Sector
LA Location area
LEO Low Earth orbit
LEOSN Low Earth orbit satellite network
LFDMA Localized FDMA
LHCP Left-hand circular polarization
LLA Longitude latitude altitude
LLR Log-likelihood ratio
LM Location management
LMA Local mobility anchor
LOS Line of sight
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LSTM Long short-term memory
LTE-A Long Term Evolution-Advanced
MA Multiple access
MAA Mobile agent anchor
MAC Medium Access Control
MAG Mobile access gateway
MAP Mobility anchor point
MBAs Multibeam antennas
MEO Middle Earth orbit
MFB Multiple feed per beam
MF-TDMA Multifrequency TDMA
MIMO Multiple input multiple output
MN Mobility node
MMSE Minimum mean square error
mMTC Massive machine type of communication
MODCOD Modulation and coding
MPSK Multiple phase shift keying
MSS Mobile satellite service
MU-MIMO Multiple user-MIMO
MUSA Multiuser shared access
MZM Mach-Zehnder modulator
NAS New access satellite
NASA National Aeronautics and Space Administration
NBC National Broadcasting Corporation
NCC Network control center
NGAT Next-generation access technologies
NG-RAN Next Generation Radio Access Network
NGSO Non-geostationary orbit
NLOS Non-line of sight
NMT Nordic Mobile Telephony
NOMA Nonorthogonal multiple access
NR New Radio
NTN Nonterrestrial network
O2I Outdoor-to-indoor
OCDM Orthogonal chirp division multiplexing
OCTR Offered capacity to requested traffic ratio
OFDM Orthogonal frequency division multiplexing
OFDMA Orthogonal frequency division multiple access
OMA Orthogonal multiple access
OOK On-off keying
OPA Optical phased array
OQPSK Offset-QPSK
O-RAN Open-RAN
Orbcomm Orbit Communications
OTFS Orthogonal time frequency space
PA Power amplifier
PAPR Peak-to-average power ratio
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PBA Proxy Binding Acknowledgement
PBU Proxy binding update
PCCC Parallel concatenated convolutional code
PCHIP Piecewise cubic hermite interpolating polynomial
PDCP Packet Data Convergence Protocol
PD-NOMA Power domain NOMA
PDMA Pattern division multiple access
PN Pseudonoise
PPM Pulse position modification
PSK Phase shift keying
PSO Particle swarm optimization
QAM Quadrature amplitude modulation
QoS Quality of service
QPSK Quadrature phase shift keying
RAAN Right ascension of ascending node
RF Radio frequency
RFHO Receiver FH only
RHCP Right-hand circular polarization
RIC RAN intelligent controller
RLC Radio Link Control
RNN Recurrent neural networks
RSRP Reference signal receiving power
RSRQ Reference signal receiving quality
RTN Radial, tangential, normal
RTT Round-trip time
RU Resource unit
SBA Service-based architecture
SBBF Space-based beamforming technology
SC Successive cancellation
SC-FDE Single carrier-frequency domain equalization
SC-FDMA Single carrier-frequency division multiple access
SCL Serial cancellation list
SCMA Sparse code multiple access
SDAP Service Data Adaptation Protocol
SDN Software-defined networking
SFB Single feed per beam
SFC Service function chains
SFFT Symplectic finite Fourier transform
SFR Soft frequency reuse
SIC Serial interference cancellation
SINR Signal-to-noise ratio
SISO Single-input single-output
SNMC Satellite network management center
SNR Signal-to-noise ratio
SMA Semimajor axis
SMS Short Message Service
ST Sidereal Time
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SU-MIMO Single user-MIMO
TA True anomaly
TACS Total Access Communication System
TAI International Atomic Time
TBCC Tail-biting convolutional code
TC8PSK Trellis-coded eight PSK
TDL Tapped delay line
TDM Time division multiplexing
TDMA Time division multiple access
TDRS Tracking and Data Relay Satellite
TD-SCDMA Time division-synchronous code division multiple access
TFHO Transmitter FH only
TN Terrestrial networks
TMCC Transmission and multiplexing configuration control
T/R Transmit/receive
TRFH Transmitter-receiver FH
TT Terrestrial Time
UAV Unmanned aerial vehicle
UE User equipment
UFMC Universal filtered multicarrier
UP User plane
UPF User plane functions
URLLC Ultra-reliable low latency communication
UT Universal Time
UTC Coordinated Universal Time
UW Unique word
VAC Virtual agent cluster
VAD Virtual agent domain
VSAT Very small aperture terminal
VLEO Very low Earth orbit
WCDMA Wideband code division multiple access
Wireless Wireless metropolitan area network-advanced
MAN-Advanced

WLAN Wireless local area network
ZF Zero forcing
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scanning and acquisition, 53, 55–56
signal modulation technique, 56–59
signal processing, 66
system components diagram, 52
system flowchart, 53
tracking, 53, 56
transmission environment, 65–66
United States, 63–64

Free-space transmission loss, 219
Frequency band interference, 221–23
Frequency division multiple access (FDMA),

173–74
Frequency modulation (FM), 119
Frequency reuse technology

about, 205–6
multicolor, 206–7
soft, 207–8

Full-digital beamforming, 158

G
Galileo satellite navigation system, 100
Gaofen series satellites, 201
Gaussian minimum frequency-shift keying

(GMSK), 119
Generalized frequency division multiplexing

(GFDM) modulation
about, 128, 136
advantages, 138
disadvantages, 139
fragmented spectrum, 137
principle, illustrated, 138
subcarriers, 137
system block diagram, 137
time slots, 136–37

Geostationary orbit (GEO) satellites, 6–7, 72
Global Navigation Satellite System (GNSS),

99–100
Global Positioning System (GPS), 99–100
Globalstar, 9, 11, 35
GOES satellites, 201
Golden amplitude modulation (GAM), 127,

128, 146
Ground-based beamforming (GBBF), 170

H
Hamming distance, 84
Handover, 29
High-orbit broadband systems, 8
High-orbit narrowband systems, 7–8
High power amplifiers (HPAs), 173–74
HiMIPv6 technology, 254



“Xiao” — 2025/1/20 — 9:16 — page 274 — #4

274 Index

Hongyan, 35
Hybrid Automatic Repeat Response

(HARQ), 27
Hybrid beamforming

about, 159
fully connected architecture, 159–60
lens antenna architecture, 161–62
partially connected architecture, 160
switch network-based architecture, 161
See also Beamforming

Hybrid channel allocation (HCA), 247, 248
Hybrid TDMA/CDMA, 189–90, 191

I
IMT-2000, 120
Initial pointing, 52–53, 54–55
Inline interference, 224–26
Inmarsat, 7–8
Integer frequency offset (IFO), 74
Integrated coding, 148
Integrated Services Digital

Broadcasting-Satellite (ISDB-S)
standard, 126–27

Integration models
about, 19–20
networking models, 21–23
service models, 20–21
terminal development models, 23

Integration security, 30
Intensity modulation/direct detection (IMDD)

approach, 56–57
Interface design, 29
Interference

cross-polarization, 226–30
free-space transmission loss, 219
frequency band, 221–23
inline, 224–26
natural, 214–20
pointing loss, 219–20
rain fade, 214–17
solar eclipse, 217–19
space, 220–30

Interference management
adaptive antenna anti-interference

technology, 230–31
adaptive modulation and coding (AMC)

technology, 234–35
digital predistortion technology, 235–36
interference types and, 214–30
natural interference, 214–20
on-satellite processing technology, 231–32
spread spectrum technology, 232–34
technology, 230–36

Interleaved FDMA (IFDMA), 179–80

Interleave division multiple access (IDMA),
193–94

International Atomic Time (TAI), 44
International standards, 23–28
Intersatellite resource management

about, 211–12
channel availability in short time slots, 213
cross-orbit multilayer cooperative

transmission, 213–14
dynamic time slot allocation, 212–13
limited on-satellite power, 212
optical phased array (OPA), 214, 215
performance comparison, 211–12

Interstellar handover, 248–50
Intrasatellite handover. See Beam handover
Inverse discrete Fourier transform (IDFT), 115
Inverse fast Fourier transform (IFFT), 115
Ionospheric scintillation, 71
IoT intelligent connectivity, 18
IPSTAR, 8, 11
Iridium, 8–9, 11, 35
Iridium Next Generation (Iridium-NEXT), 9
Irregular baseband modulation, 128
Irregular constellation configuration

design, 148

J
Japanese Data Relay Satellite System

(JDRS), 64

K
Ka-band, 6, 199–200
Kronecker product, 86, 89, 166, 229
Ku-band, 6, 199

L
Lagrange multiplier, 166–68
Laser antenna technology, 59–61
Laser Communications Relay Demonstration

(LCRD), 63
Lattice partition multiple access (LPMA),

194–95
L-band, 6, 7, 197
LDPC codes, 87–88, 98, 102
Left-hand circular polarization (LHCP), 226
Linear block codes

about, 84
cyclic code, 86–87
LDPC code, 87–88, 98, 102
polar code, 88–89, 104–5, 106–8
RM code, 84–86
See also Channel coding

Link layer management technology
about, 244



“Xiao” — 2025/1/20 — 9:16 — page 275 — #5

Index 275

beam handover, 245–48
5G handover management, 244–45
interstellar handover, 248–50
See also Mobility management

Localized FDMA (LFDMA), 179–80
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