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ABSTRACT Mega-constellations have the potential for providing 6G Internet owing to the unique advantage
of global coverage. However, current satellite technologies are not omnipotent. There are still many challeng-
ing problems that need to be solved for mega-constellations to support 6G, e.g., efficient resource allocation,
gratifying mobility management, and large-scale full-time TT&C (tracking, telemetry, and command). This
paper starts with a novel definition of LEO mega-constellations and a brief review regarding the current
typical mega-constellations, discussing the development direction of the mega-constellation air interface.
Then, the key technologies development status of satellite networks is illustrated and analyzed from five
aspects: network protocol, multiple access, satellite handover, TT&C, and interference mitigation, especially
their adaptability in mega-constellations for 6G global coverage. Finally, considering the features and
requirements of 6G, future challenges for mega-constellations and some potential solutions are proposed.

INDEX TERMS Mega-constellations, air interface, network protocol, multiple access, satellite handover,
TT&C, interference mitigation.

I. INTRODUCTION
To satisfy the requirements of mobile communications of the
future in 2030 and beyond, research on the critical technolo-
gies of sixth-generation (6G) have begun in full swing [1],
[2]. In the next-generation 6G wireless networks, the system
must simultaneously deliver more bits, more reliability, high
energy efficiency for heterogeneous devices, across uplink
and downlink. The performance requirements for various
types of 6G applications are depicted in Table 1, includ-
ing mobile broadband reliable low latency communication
(MBRLLC),massive URLLC (mURLLC), human-centric ser-
vices (HCS), and Multi-Purpose services (MPS). It is noted
that themain distinguishing feature of 6G is no longer a single
breakthrough in capacity and transmission rate but to achieve
ubiquitous and fair connectivity, reducing the digital divide.

For the vision of 6G, it is generally recognized that ter-
restrial cellular networks alone cannot achieve. For example,
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in remote rural and barren areas, traditional terrestrial net-
works are still incapable of deploying and maintaining owing
to their limitations of geographical location and operation
cost [3]–[6]. According to the report of Global System for
Mobile Communications assembly (GMSA), more than 40%
of the Earth’s area is still without network coverage, and
nearly 4.6 billion Internet users are looking forward to a
higher rate plus lower latency network [7]. Thanks to the
advantages of ubiquitous coverage, immune to disaster, and
low deployment complexity, satellite communication could
be considered as a complementary design for global cover-
age, playing essential roles in 6G.

Actually, since the United States launched the satellite
Synkom in 1963, people have shown intense interest in using
satellites to communicate. The first satellite communication
system is the geosynchronous mobile communication satel-
lite system, but it has many shortcomings. First, geosyn-
chronous satellites have high orbits plus long transmission
delays, so it is challenging to meet the interaction needs of
users. Besides, geosynchronous orbit resources are limited.
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TABLE 1. The performance requirements for various types of 6G
applications.

Therefore, the system cannot serve many users. Furthermore,
it is difficult for geosynchronous orbit satellites to achieve
global coverage veritably. Most importantly, the cost of satel-
lite manufacturing and launching is high. As a result, users
need to pay a costly fee.

In the 1990s, low-orbit mobile communication satellite
constellations emerged, such as Iridium, Globalstar, and
Teledesic. Although they have surmounted some problems
of geosynchronous satellites, e.g., the typical transmission
round trip time (RTT) is over 250∼350 ms in GEO satellite
but less than 30 ms RTT in LEO constellations, the cost of
service and maintenance is still high. Therefore, the low-orbit
mobile communication satellite constellation was unsuccess-
ful, and somewere even canceled before launch. From the late
1990s to 2012, satellite communication entered a relatively
uneventful period.

In recent years, with the rise of 6G, people have shown
intense interest in low-orbit satellite communication constel-
lations once again. Only in 2014 and 2016, 11 companies
were applying to the FCC for the deployment of low-orbit
mega-constellations, hoping to use them to provide global
broadband access services [8]. As the number of satellites
boom, an open question is where do the traditional satellite
communication technology should go from here, including
network protocol, multiple access, satellite handover, etc.

This paper focuses on the future development of key tech-
nologies and possible challenges for LEOmega-constellations
for 6G global coverage. The rest of this paper is orga-
nized as follows: Section II first reviews three well-known
mega-constellations: Telesat, OneWeb, and SpaceX, then
defines mega-constellations afresh and finally points out the
development trend of air interface technology for mega-
constellations. Section III illustrates and summarizes the
development status of key technologies of satellite networks
from five aspects: network protocol, multiple access, satellite
handover, TT&C, interference mitigation, and provides the
analysis of their adaptability in mega-constellations for 6G.

TABLE 2. Classification of LEO satellite constellations (1997).

In Section IV, according to the characteristics and require-
ments of mega-constellations and 6G, future challenges and
research directions plus preliminary solutions are given.
Section V summarizes the full paper.

II. THE CONCEPT AND DEVELOPMENT STATUS OF THE
MEGA CONSTELLATION
This section first defines mega-constellations and then briefly
reviews the three typical mega-constellations of SpaceX,
OneWeb, and Telesat. Finally, the development trend of the
LEO mega-constellations air interface is analyzed.

A. THE CONCEPT OF MEGA CONSTELLATION
Up to date, there is still no clear definition of mega-
constellations in academia. When the idea of mega-
constellations was first proposed, scholars classified LEO
satellite constellations in the light of Table 2 [9]. Recent
research is still discussing how many satellites should
be in mega-constellations [10]. Although the numbers of
mega-constellations defined in different papers vary due to
assuming different orbit altitudes, orbit types, satellite capa-
bilities, user requirements, etc., we can observe a general
trend in the definition of the number of mega-constellations
satellites is constantly increasing. However, how many LEO
satellites are needed to be called mega-constellations in the
end?

We believe that the definition of a mega constellation
should not be limited to satellite mass or the number of
satellites. Combined with the current universal knowledge on
mega-constellations in academia, the mega constellation can
be defined as a constellation that comprises a series of low-
cost, miniaturized low-orbit communication satellites; reach-
ing the capacity of more than Gbit/s plus a transmission delay
of less than 50 ms; and achieving global coverage by inter-
satellite links or on-board processing. Mega-constellations
are expected to aim at the following scenarios, including dead
zones of terrestrial networks, such as deserts and mountains;
disaster areas, such as earthquakes and typhoons; aerial plat-
forms, such as airliners and hot air balloons; and ocean areas,
such as liners, oil rigs, as well as and marine sensors.

B. THREE TYPICAL MEGA-CONSTELLATIONS PLAYERS
1) ONEWEB [11]–[14]
OneWeb’s goal is to provide seamless broadband Inter-
net access services worldwide. At the beginning of the
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TABLE 3. The orbit characteristics of Starlink Gen2.

project, the OneWeb constellation was designed to distribute
716 satellites among 12 and 8 circular orbital planes at
1,200 km, inclined at 87.9◦ and 55◦, respectively. Currently,
OneWeb has applied to the FCC, hoping to expand its constel-
lation by adding 5,656 satellites, aiming to extensively cover
the Earth populated regions.

In OneWeb, each satellite carries a bent-pipe payload with
16 identical, fixed, highly elliptical user beams (may form
up to 32 steerable user beams in the future) to ensure that any
user with an elevation angle greater than 55◦ will bewithin the
line-of-sight (LOS) of at least one satellite. Despite OneWeb
having the lowest satellite utilization among the three typical
constellations, it is estimated that the system has more than
50 gateway earth stations with antennas between 2.4 and
3.5m, and user terminals can achieve at a speed of 100Mbit/s.

2) SPACEX [15]–[18], [19], [20]
Initially, SpaceX prepared to use 4,409 satellites to deploy
the core constellation in the Ka and Ku bands (first stage) and
use 7,518 satellites to achieve global high-speed and low-cost
Internet services in the V band (second stage). Currently, due
to the data of the test satellite plus various factors, SpaceX
began to take 75 orbital planes at an altitude between 328 and
614 km as the target orbit and hope to add 30,000 satellites
plus E bands to obtain better performance, including nar-
rower beams, shorter delays, better reliability, as well as and
greater capacities - named ‘‘Starlink Generation 2 (Gen 2)’’.
The orbit characteristics of Starlink Gen2 are summarized in
Table 3.

SpaceX plans to deploy a vast number of gateways world-
wide with 1.5 m antennas, and one gateway can connect to
four satellites concurrently.

3) TELESAT [21], [22]
The satellites of the Telesat constellation are distributed in
two sets of orbits: the first set has six circular orbital planes
(polar orbits) with an altitude of 1,015 km and an inclination
of 98.98◦. Each plane has at least 13 satellites, which can
provide global coverage; the second set has 20 circular orbital
planes (inclined orbits), at 1,325 km, inclined at 50.88◦, with
at least 11 satellites per plane, focusing on populous areas.

Like OneWeb, most of Telesat’s capacity is concentrated in
populated regions.

Telesat is designed with several gateways worldwide, and
each gateway is equipped with multiple 3.5 m antennas.
Because of this, it has achieved a similar throughput to
SpaceX despite having the fewest satellites among the three
typical constellations.

According to the FCC filing, Telesat intends to increase
from 6 polar planes to 27, and from 20 inclined planes to 40,
while trebling the number of satellites on the inclined planes.

4) BRIEF SUMMARY
Although the three typical mega-constellations have different
orbit altitudes, eccentricity, and inclinations, it is obviously
found that they all allocate some satellites in polar orbits;
that is, the three typical mega-constellations are capable of
realizing the vision of 6G. Meanwhile, The idea behind the
three typical mega-constellations is the same: use a minority
of satellites to cover the poles while focusing their capacity
on populated regions.

In addition to the aforementioned contents, we also
summarize the other characteristics of the three typical
mega-constellations in Table 4, including capacity, the num-
ber of users, peak data rate, frequency band, polarization
mode, etc.

C. THE AIR INTERFACE OF MEGA-CONSTELLATIONS
With the rapid growth of wireless communications, mega-
constellations require an excellent air interface to advance
spectral efficiency and energy efficiency, providing 6G
wireless communication networks worldwide. In this
section, we will first analyze the development trend of
mega-constellations air interface from frequency bands and
coded modulation scheme, followed by AI based on Inter-
satellite Links and On-board Processing.

1) HIGHER FREQUENCY BANDS
According to the frequency division of ‘‘Radio Regulations’’,
satellite communication services only are authorized in the
S-band, C-band, Ku-band, and Ka-band, as depicted in Fig-
ure 1. It is challenging to satisfy the stringent requirements
of near future 6G for 10Gbps ∼ 100Gbps on peak data rate
due to the limited frequency resources. Moving the spec-
trum of the mega constellation to a higher frequency band
is considered a promising solution, e.g., mmWave operating
between 30 GHz and 300 GHz, THz, as well as and laser.
Currently, three well-known LEO mega-constellations also
seem to have set this new trend. In March 2017, they all
submitted applications to the FCC, hoping to provide services
in the higher frequency band.

As the favorite of the intersatellite link (ISL), laser com-
munication has the advantages of low transmission loss, long
transmission distance, high communication quality, and large
capacity. mmWave can effectively alleviate many problems
of high-speed broad access, and thus it has been extensively
studied in short-distance wireless communication. THz is the
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TABLE 4. Summary of the other characteristics of OneWeb, Telesat, and SpaceX.

transition zone from electronics to photonics. Compared with
laser communication, THz communication is much easier
to track and align the beam, reducing the requirements for
the stability and accuracy of the equipment. In addition,
it is slightly affected by atmospheric conditions,1 including
rain, fog, snow, dust, and so on. In contrast with mmWave

1Atmospheric molecules such as oxygen, nitrogen, carbon dioxide, as well
as and water vapor will absorb light; atmospheric molecules such as dust,
smoke, ice crystals, salt particles, microorganisms as well as and tiny water
droplets will scatter light.

frequency bands, THz communication has more frequency
resources and is easier to achieve high-speed transmission.
In other words, the THz band can be regarded as a compro-
mise between mmWave and optical. From the perspective of
6G application scenarios, it is the most desirable frequency
band.

However, there are many new challenging problems for
THz to be employed in the LEO mega-constellations for
6G global coverage. First, wireless channels are the foun-
dation of any new communication system, but we are kept
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FIGURE 1. Diagram of satellite spectrum.

in the dark about the channel propagation characteristics
above 300 GHz. Second, the severe atmospheric propagation
losses of electromagnetic waves at THz frequencies need to
be overcome. Last but not least, it is challenging to achieve
high-power transceivers at THz frequencies based on the
existing technology.

2) ADVANCED CODED MODULATION SCHEME
There are two key ways to provide ultra-high capacity for
users in the 6G systems: utilizing larger frequency bandwidth
and improving spectral efficiency. Although we are able to
exploit much more spectrum resources in the higher fre-
quency bands, improving spectral efficiency is still essential
to achieve ultra-high capacity.

Currently, for channel coding, the principal methods are
low-density parity-check code (LDPC), polar code, and
Turbo code. Among them, LDPC and Turbo code have been
adopted by 3G and 4G communication standards and Wi-Fi
standards, respectively. Compared with the other two coding
schemes, LDPC is much easier to satisfy the delay require-
ment and has excellent performance among almost all chan-
nels. Most importantly, it has a lower error floor. Although
the error floor of the Turbo code is relatively high, it has
notable advantages in complexity, area efficiency, as well as
and energy efficiency. As a novel code, Polar code is the only
encoding method that can reach the Shannon limit, but it only
has excellent performance for short data due to its complexity.

As the decoding mechanism of Turbo code is iterative
decoding between two-component decoders, using Turbo
code in LEO mega-constellations may cause many problems
in meeting the targets of 6G. With the explosive growth of
short data traffic in wireless communication systems, Polar
code could be envisioned as a promising candidate code
scheme for signaling and burst data in the near future LEO

mega-constellations. Specifically, compared with the other
two coding schemes, Polar code has lower signal-to-noise
ratio requirements, that is, higher reliability and coding gain,
which immensely appealed to the application like Ultra-Low-
Power IoT (ULP-IoT). Thanks to the low complexity and
increased flexibility of LDPC, it could be envisioned as a
promising candidate code scheme for long data in the near
future LEO mega-constellations.

For modulation modes, APSK modulation combines
the advantages of both MPSK modulation and MQAM
modulation, realizing a constant envelope, high spectral
efficiency, and low complexity. Currently, well-knownmega-
constellations like SpaceX, OneWeb, and Telesat all exploit
APSK to balance peak-to-average ratio (PAPR) and BER.
Still, to ensure the excellent performance of 6G services
in LEO mega-constellations, data traffic characteristics also
should be considered. In contrast with APSK modulation,
GMSK modulation seems to be more suitable for burst com-
munication systems. Meanwhile, GMSKmodulation also has
good spectrum and power characteristics and performs well
in nonlinear, fading, and large Doppler channels. Therefore,
GMSK modulation can be envisioned as a promising can-
didate modulation scheme for the near future LEO mega-
constellations.

3) AI BASED ON ISL AND ON-BOARD PROCESSING
Generally speaking, the air interface in the LEO mega-
constellations system for 6G services will be more compli-
cated in the new era, which poses many new challenges. First,
wireless channels are the foundation of any communication
system, which tends to be built as an accurate mathematical
model before communication. However, as mentioned above,
it is hard to precisely describe an LEO mega-constellations
communication system because of its distinctive propagation
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properties, e.g., low-rank, time-variant, and nonlinear. Sec-
ond, to achieve the goal of 6G, Internet of everything,
the existing barriers between different facilities, systems,
and protocols must be removed through cooperation. Third,
global coverage will drastically increase environmental diver-
sity, and a dynamic air interface scheme is required to ensure
excellent transmission performance.

Currently, three well-known mega-constellations all have
benefited from the usage of ISL (intra- and cross-plane ISL)
plus on-satellite processing, forming a space network to real-
ize data exchange and data routing between satellites. There-
fore, some AI technologies applied to terrestrial networks
can be considered to solve the above challenges. The most
prominent benefit of AI over traditional methods is that it
can optimize complex and even unknown scenarios, unknown
frameworks, and unknown frequency bands communication
systems, building a universal signal processing framework to
achieve compatibility with various communication systems.

AI has two modes: model-driven and data-driven. Thanks
to the power of big data, both of them in terrestrial networks
have shown the potential of AI to air interface. For the data-
driven option, scholar Huang et al. were surprised to find
that some machine learning (ML) algorithms (e.g., ANN,
CNN, and GAN) can be applied to channel measurements
and modeling [23]; Scholar Xu et al. proposed to adopt
deep neural networks to realize channel estimation of MIMO
systems [24]. For the model-driven option, scholar Ye et al.
utilize deep neural networks to develop a low-complexity and
high-accuracy multi-user detection network framework [25];
Scholar Gao et al. combined deep neural networks with
expert knowledge to develop an OFDM receiver [26].

In the future, potential opportunities for AI can also be
utilized for LEO mega-constellations and some unnoticed
modules, such as encoding, decoding, and detection modules.
However, it’s worth noting that though AI can help address
some challenges, it will suffer from the satellite resource lim-
itations of computing and storage, especially for a large-scale
satellite internet. Therefore, developing an efficient hard-
ware implementation algorithm is essential to reduce the gap
between theory and practice. More importantly, we have to
pay attention to the balance between the training efforts and
performance.

III. ENABLING TECHNOLOGIES OF THE SATELLITE
CONSTELLATIONS
This section illustrates the development status of key tech-
nologies of satellite networks from five aspects: network pro-
tocol, multiple access, satellite handover, tracking, telemetry
and command (TT&C), and interference mitigation. For each
technology, different solutions were compared. Aiming at the
characteristics and requirements of 6G, relevant analyses of
their adaptability in mega-constellations are given.

A. NETWORK PROTOCOL
The early network protocols of satellite communication sys-
tems are generally based on ATMs. However, with the devel-

FIGURE 2. The current major satellite network protocols.

opment of technologies such as coding and interleaving,
ATM’s complex QoS mechanism no longer has obvious
advantages. As an important extension of the terrestrial net-
work, the current satellite network protocol mostly adopts
TCP/IP suites [28].

Taking into account the differences between satellite net-
works and terrestrial networks, traditional TCP/IP suites
generally need to be improved in satellite communications,
as depicted in Figure 2, mainly including the following
directions: (1). end-to-end modification; (2). introduction of
performance enhancement proxy (PEP); (3). application of
delay tolerant networks (DTN); (4). cross-layer design; and
(5). Addition of novel mechanisms to routers.

1) END-TO-END MODIFY
The simplest end-to-end modification is optimizing TCP
operating parameters, such as expanding the initial conges-
tion window [29], using a fine-grained timer [30], applying
the TCP timestamp [31], as well as and path MTU (Max
Transmission Unit) discovery [32]. However, optimizing
TCP operating parameters has limited performance improve-
ment, especially for RTT fairness and link asymmetry.

Except for optimizing TCP operating parameters, Modi-
fying the standard TCP is also an effective means. Here are
some typical improved protocols.

• TCP Reno (1990)
TCPReno includes three classic mechanisms of the TCP
Tahoe [33]: slow-start (SS), congestion avoidance (CA),
and fast retransmit algorithms (FSs), plus a new mech-
anism: fast recovery (FR). Since TCP Reno is currently
the most well-known TCP version, this paper uses it as
a traditional TCP [34].

• TCP Vegas (1994) / TCP Vegas+ (2016)
TCP Vegas utilizes the round-trip time to calculate
the difference between the expected throughput and the
actual throughput, then compares the difference with the
threshold to adjust the size of congestion window. It is
easy to find that the CA of TCPVegas is not based on the
loss of data segments but changes of surplus data in the
network. Therefore, TCP Vegas can predict congestion
and adjust the transmission rate in time [30].
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• TCP New Reno (1999)
TCP New Reno modifies the FS of TCP Reno, which
enables the terminal to distinguish between the situa-
tion of losing several packets at a time and congestions
many times. TCP New Reno considerably improves
TCP robustness and throughput [35].

• TCP Peach (2001) / TCP Peach+ (2002)
TCP Peach uses virtual segments to explore network
resource availability and then sets the appropriate con-
gestion window. Although TCP Peach does not recog-
nize the cause of packet loss, it can quickly increase the
transmission rate through virtual segments, solving the
impact of long delays plus high error rates in satellite
channels [36].
In TCP Peach+, virtual segments are not only used to
detect the availability of network resources but also carry
unconfirmed information [37].

• TCP WESTWOOD (2001) / TCP WESTWOOD+
(2002)
According to the ACK arrival rate, TCP West-
wood (TCPW) calculates the available network
resources, then uses it to determine packet loss reason,
avoiding overreacting to packet loss caused by ran-
dom errors [38]. In practice, a variant of TCPW, TCP
Westwood+, is usually used [39].

• MPTCP (2011)
MPTCP (multipath TCP) is an enhancement of tradi-
tional single-path TCP that runs between applications
and TCP sub-flows, utilizing multiple available com-
munication links to increase the reliability and through-
put [40]. For satellite channels, combining the MPTCP
and PBNC (network coding), the system can still have
good robustness when link interrupts or packet losses
occur [41].

Compared to modifying the standard TCP, a better way is
to design a novel TCP for satellite networks. Several novel
TCPs are outlined below.

• STP (1999)
The main difference between the STP and traditional
TCP is the data confirmation mechanism. In STP, the
sender only requests the receiver to periodically confirm
the received data, which is exceptionally suitable for
asymmetric links. Compared with the standard TCP,
when transferring large files, the bandwidth used by the
reverse path can be reduced by one to two orders of
magnitude [42].

• XFWA (2004)
XFWA is a novel TCP specially designed for multihop
satellite networks, which utilizes the ‘‘multihop’’ feature
to estimate the RTT and the bandwidth-delay product
of connections. Through explicit and fair control of the
congestion window, XFWA achieves high link utiliza-
tion plus low packet loss rates simultaneously. Most
importantly, XFWA maintains good fairness between

competing TCP streams and maintains excellent stabil-
ity when the load changes [28].

• TCP Hybla (2004)
The basic idea of TCP Hybla is to provide a long
RTT connection with the same transmission rate as the
reference connection (RTT = RTT0), ensuring fairness
between TCP streams with different RTTs. TCP Hybla
is particularly suitable for scenarios with high BDP and
high packet loss rates. Compared with most TCP vari-
ants, TCPHybla considerably improves the performance
of connections with long RTTs while achieving higher
throughput of the entire network [43].

• TCP Noordwijk (2009)
TCP Noordwijk (TCPN) replaces the traditional
‘‘window-based’’ transmission with ‘‘burst-based’’
transmission, aiming to specifically optimize the perfor-
mance of web traffic [44].

2) INTRODUCTION OF PERFORMANCE ENHANCEMENT
PROXY (PEP)
End-to-end solutions require modifying terminal equipment,
which is challenging to popularize and deploy on a large
scale. Using the TCP performance enhancement proxy (PEP)
is an alternative solution, which can be divided into the
following three categories [45]:

• TCP Spoofing: When PEP receives the data packet
from the sender, it acts as the receiver and sends ACK
to the sender at the appropriate time, which lets the
sender believe that the data packet has been successfully
received, thereby accelerating the growth of the conges-
tion window properly.

• Split TCP: PEP divides the satellite link into uplink and
downlink. The ground is only responsible for acting as a
transceiver while the satellite performs data forwarding.

• PETRA: PEP splits the end-to-end connection into a
satellite transmission part and a non-satellite transmis-
sion part: the non-satellite transmission part adopts the
standard TCP; the satellite transmission part adopts the
optimized TCP for the satellite network.

TCP Spoofing enables to accelerate the SS process in
the high BDP environment effectively, but it has higher
requirements on PEP’s storage capacity. Obviously, Split-
TCP also has higher requirements on satellite storage plus
processing capabilities. Although PETRA reduces the impact
of high BER and asymmetric links, the main problem of
large transmission delay in satellite networks has not been
solved. Most importantly, they all violate the end-to-end
semantics of TCP, causing some applications to be unusable.
In other words, Some specific services will plunge the perfor-
mance of the protocol. For example, when communication is
encrypted through High Assurance Internet Protocol Encryp-
tions (HAIPE), PEPs must be forbidden, and thus the trans-
mission performance will be reduced by 50% to 70% [46].
In addition, PEPs need to save all data for each connection
until receiving the ACK from the receiver. Most importantly,
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TABLE 5. Comparison of the major satellite network protocols and some TCP enhancement technologies.

once a PEP is out of the gear, all data packets routed through
the PEP will be lost. Therefore, research in this area has
attracted increasing attention in recent years [47], [48].

3) APPLICATION OF DELAY TOLERANT NETWORKS (DTN)
The basic idea of delay tolerant networks (DTNs) is to
divide a large, hybrid network into homogeneous areas and
to introduce a new layer between the application layer and
the transport layer: the bundle layer. In DTN, the end-to-end
transmission protocol is limited to use in homogeneous areas,
and the interoperability between different regions is realized
through the DTN gateway; that is, the bundle layer is respon-
sible for the true end-to-end reliability across heterogeneous
networks [49].

Compared with PEP, DTN has obvious superiority. First,
DTN can avoid violating the end-to-end semantics of TCP.
After that, since the sender can distinguish the confirmation
between the receiver and intermediate node, the reliability of
the system is greatly improved. Finally, DTN can implement
security mechanisms. However, due to the existence of the
bundle layer, DTN will bring additional overhead.

4) CROSS-LAYER DESIGN
Cross-layer design can sufficiently consider the interaction
between layers in the network and enable the upper layer
to acquire network status in real-time. Therefore, many
researchers have developed designs for this. In SaclTCP, the
physical layer feeds back the effective link bandwidth to the
transport layer so that the transport layer can accurately set
the threshold of the congestion window; the data link layer
notifies the transport layer of packet loss reason, avoiding

reduction of the congestion window due to packet loss caused
by random error [50]. SCPS-TP transmits link congestion
or interruption messages through ICMP; the sender can take
different measures in different situations (congestion, burst
error, link interruption) to avoid unnecessary window reduc-
tion [51].

However, unscheduled cross-layer interactions may
adversely affect the performance of the entire system. In addi-
tion, the cross-layer design makes it possible to redesign
and replace the whole protocol for each update. Therefore,
unlimited cross-layer design should be banned.

5) ADDITION OF NOVEL MECHANISMS TO ROUTERS
The most significant impact on TCP congestion control in
routers is the packet discard strategy. Traditional strategies
tend to make the discarding of packets more synchronized
between different window sizes so that congestion windows
with shorter RTTs always grow faster than with longer RTTs,
which exacerbates RTT unfairness. Suter et al. developed
a fair queue mechanism combined with a new buffer man-
agement scheme: FQ-LQD and FQ-RND [52]. By giving a
higher drop rate for connections with long queues, the new
mechanism provides RTT fairness plus nearly perfect TCP
isolation at the expense of extremely low complexity.

In addition to new active queuemanagement (AQM)mech-
anisms, routers can also implement novel explicit congestion
notification (ECN) schemes, helping the sender determine the
cause of packet loss clearly [53]. The initial explicit conges-
tion notification is binary feedback, which allows the sender
to realize the current network status and adjust the conges-
tion window appropriately. However, although initial ECN
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can effectively reduce the packet loss rate, binary feedback
is not enough to reflect the degree of network congestion;
that is, fine-grained adjustments cannot be made. There-
fore, Gerla et al. proposed generalized window advertising
(GWA), aiming to achieve better congestion control through
more feedback [54]. Grazia et al. also developed passive
inverse feedback (PINK), which allows the network elements
between the TCP source and TCP destination to determine
the optimal transmission rate of the TCP source through the
number of active connections, RTTs, as well as and channel
bandwidth [55].

6) BRIEF SUMMARY
The different TCP enhancement technologies are summa-
rized in Table 5. In addition to taking the link characteristics
of mega-constellations and requirements of 6G as evalua-
tion criteria, considering different versions of the protocol
may coexist in the system during the evolution process of
6G, we also add TCP friendliness and TCP transparency.
TCP friendliness can ensure that different versions of the
protocol compete fairly for link capacity. TCP transparency
can be used to evaluate the feasibility of popularization and
deployment. In mega-constellations, we sharpen our focus
on the performance of different algorithms in the High BDP
scenario. In addition, because the TCP friendliness is crucial
to the heterogeneous devices, which directly determines the
holistic performance of the system, e.g., QoS and QoE, it is
also considered the primary indicator. We believe that regard-
less of how the network protocol of mega-constellations for
6G global coverage is designed in the future, the ideas of
recommended enhancement technologies in Table 5 are worth
adopting.

B. MULTIPLE ACCESS
Multiple access can be divided into random multiple
access (RA), Orthogonal multiple access (OMA), and
Non-orthogonal multiple access (NOMA), as depicted in
Figure 3. The development of OMA spanned five decades,
and its success in the last century is mainly owing to the
fact that it can be implemented in a low complexity way.
However, Shannon’s theoretical work pointed out that the
spectrum efficiency of OMA is sub-optimal [56]. NOMA is
a shift for the critical idea of multiple access, which encour-
ages spectrum sharing among users. Compared with OMA,
NOMA users can be served at the same time, frequency, and
spreading code. Thanks to the spectral efficiency of NOMA
is significantly superior to that of OMA, and it has been
extensively studied in recent 20 years.

For intermittent traffic, popular protocols mostly rely on
random access techniques, including synchronous RA proto-
cols, quasi-synchronous RA protocols, and asynchronous RA
protocols, as depicted in Figure 4. Currently, the Internet of
Things (IoT) has been a great success story via 5G terres-
trial networks and satellite constellations are envisioned as
a promising way to support dense IoT devices in 6G [57].
It is obvious that one of the challenging problems in LEO

FIGURE 3. Diagram of multiple access timeline.

FIGURE 4. Diagram of random access protocol development.

mega-constellations will be related to the massive multiple
access, especially for sporadic (brief) traffic [58].

1) SYNCHRONOUS RA PROTOCOL
If the pure ALOHA is not classified as an asynchronous
RA protocol, the synchronous RA was a pioneer in the field
of random multiple access. The solid foundation in syn-
chronous RA protocol is Slot ALOHA (SA) and Diversity
ALOHA (DSA). SA reduces the probability of data col-
lisions by dividing time into synchronous time slots [59].
The maximum normalized throughput increases from 0.18
(pure ALOHA) to 0.36. On the basis of SA, DSA realizes
time diversity gain by sending the same data packet twice
in different random time slots in a frame [60]. However,
although DSA can increase throughput and reduce transmis-
sion delay under low load, due to the existence of duplicates,
there are a large number of retransmissions under high load
conditions, which results in increased delay and packet loss
ratio (PLR).

In SA and DSA, the system considers that conflicting data
packets are unusable and thus directly discards them. With
the development of successive interference cancellation (SIC)
technology, scholars have begun to make use of conflict-
ing data packets. Contention Resolution Diversity Slotted
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ALOHA (CRDSA) solves the interference between data
packets by eliminating replicas of successfully decoded data
packets, whose maximum normalized throughput can reach
0.55 [61]. CRDSA++ is considered an enhanced version of
CRDSA, extending the CRDSA concept to more than two
replicas. By optimizing the number of replicas and exploiting
power fluctuations in the received signal, the system can
reduce the probability of the so-called ‘‘loop’’ phenomenon,2

and boost the performance of CRDSA remarkably. When
CRDSA++ adopts three replicas, the maximum normalized
throughput can reach 0.68 [62]. Irregular Repetition Slot-
ted ALOHA (IRSA) is also an extension of the concept of
CRDSA, which establishes a bridge by a bipartite graph
between SIC and the iterative erasure decoding of graph-
based codes. In IRSA, the number of each packet replica
follows a given probability distribution rather than the fixed
repetition rates in CRDSA. By optimizing the probability
distribution, the maximum normalized throughput of IRSA
can reach 0.97. It is noted that if PLR < 10−3 is required, its
throughput will slump. In addition, the complexity of IRSA
is many high [63].

Based on the considerations above, many scholars have
proposed a series of variants. G-IRSA jointly designed the
distribution of repetition rates for all users, which can not
only completely control the distribution of users’ degrees
but also determine the number of replicas and the connec-
tivity in each time slot. Compared to IRSA, the G-IRSA
packet loss rate is much lower [64]. Feedback-aided IRSA
(F-IRSA) uses feedback to cut the useless replicas, avoiding
the waste of transmission resources, reducing the energy
consumption of mobile terminals [65]. Intra-Slot Interfer-
ence Cancellation for Collision Resolution in IRSA(E-IRSA)
performs SIC at the slot level, named intra-slot SIC,
which can improve throughput and reduce average delay
remarkably [66].

Coded Slotted ALOHA (CSA) further extends IRSA and
CRDSA through channel coding. On the sender’s side, CSA
does not simply send replicas in different time slots but
divides each data packet into k sub-data packets before trans-
mission and performs linear block code encoding. Then are
transmitted in different slices in a slot, respectively. At the
receiver’s side, CSA uses SIC to decode data packets. Obvi-
ously, compared with IRSA and CRDSA, CSA has excellent
energy efficiency [67].

Please note that the aforementioned protocols all rely on
‘‘clean’’ replicas in a time slot. However, detecting ‘‘clean’’
replicas will make protocols challenging to work under high
load. Using forward error correction (FEC) and the capture
effect can alleviate the reliance on ‘‘clean’’ replicas [68].
In addition, the further development of synchronous ALOHA
includes a combination of ALOHA, reservation mechanisms
/ MIMO technology, which are compatible with different
CRDSA and IRSA schemes [69], [70].

2‘‘loop’’ phenomenon refers to all replicas of a set of packets being
unrecoverable.

2) QUASI-SYNCHRONOUS RA PROTOCOL
Although synchronous RA protocols have good performance,
they all rely on the synchronization of the whole network at
a slot level.

Paolini et al. proposed a quasi-synchronous RA proto-
col: Contention Resolution ALOHA (CRA), which can send
several replicas at any time within a frame and apply SIC
technology. Compared with CRDSA and IRSA, CRA relaxes
the timing requirements and removes the restriction on data
packet size. Most importantly, since partial interference is
more likely than complete interference, CRA can benefit
from FEC and power balance, which significantly improves
throughput [71].

Clazzer et al. further extend Contention Resolu-
tion ALOHA, Enhanced Contention Resolution ALOHA
(ECRA), which innovatively attempts to decode conflict-
ing replicas. Specifically, ECRA combines the conflict-free
parts of each replica to form a new data packet. If some
parts of the data packet interfere in all replicas, ECRA
selects several replicas with minor interference to create a
new data packet. Through decoding the higher SNR com-
bined data packet, ECRA can realize the recovery of con-
flicting data packet [72].

CRA and ECRA are still not genuinely asynchronous pro-
tocols, which need to be synchronized at the frame level.
Still, relative to slot-level synchronization, the requirements
for timing are immensely relaxed.

3) ASYNCHRONOUS RA PROTOCOL
In recent years, the asynchronous RA protocol has begun to
be proposed.

Asynchronous Contention Resolution Diversity ALOHA
(ACRDA) is a genuinely asynchronous version of CRDSA,
which deletes the frame structure that still exists in CRA.
Compared to CRDSA, ACRDA requires fewer replicas to
achieve the same ‘‘loop’’ probability. Although ACRDA only
realizes slightly better throughput and delay performance, it is
vital that it doesn’t have to need global time synchroniza-
tion [73].

Zheng et al. proposed an asynchronous RA protocol that
is different from the existing diversity transmission method:
Asynchronous Flipped Diversity ALOHA (AFDA). Each
AFDA data packet and copy are transmitted back-to-back
using Zigzag decoding technology to recover conflicting data
packets. In the absence of time synchronization or handshake,
the performance of AFDA is not affected by changes in
propagation delay. Compared with the existing asynchronous
RA protocol, AFDA achieves better throughput and PLR
performance. In addition, AFDA can transmit data pack-
ets of different sizes without segmentation, which is more
attractive for burst traffic with various sizes and ACMs [74].
However, the Zigzag decoding algorithm is easy to suffer
from error propagation under noisy conditions. Especially
when the data packet is large, the performance of AFDA
will slump. Fortunately, Shahriar Rahman et al. developed
an iterative Zigzag decoding algorithm, which effectively
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overcomes error propagation and further improves system
performance in the presence of collisions [75], [76].

In contrast to the aforementioned protocol evolution
process, spread-spectrum access (SSA) applies spectrum
spreading technology to RA, which is similar to the CDMA
system in terrestrial cellular networks [77]. To overcome
the problem that SSA is sensitive to signal power imbalance,
Herrero et al. combined SSA and SIC, proposing enhanced
spread-spectrum access (E-SSA). Comparedwith the existing
RA protocol based on the time slot, E-SSA can achieve better
delay performance and service more users with bursty traffic
(such as M2M data packets), while reducing peak power and
synchronization overhead [78]. ME-SSA exploits an approx-
imately linear minimummean square error (MMSE) detector
instead of the single-user matched filter (SUMF) detector
used in E-SSA. In most typical scenarios, the spectrum effi-
ciency of ME-SSA is 50% higher than that of E-SSA [79].

4) BRIEF SUMMARY
The different random access protocols are compared in six
indicators, as depicted in Table 6. Among the above six indi-
cators, throughput and delay aim to evaluate the maximum
service capacity of the protocol; the critical load point is
used to characterize the difficulty of load control in satel-
lite networks and the stability of the capacity when the 6G
traffic load increases rapidly in coming years. In the future,
with densely deployed Internet of Things (IoT) devices, the
challenging problem is related to the life of battery-powered
equipment and adaptability of the protocol in a heterogeneous
environment. Thus, both energy consumption and adaptabil-
ity serve an essential role in appraising protocol performance.
It should be noted that: 1) to compare different protocols,
limit the normalized load to be between 0 and 1; 2) the
energy consumption in Table 6 is the energy consumption of
user terminal; and 3) +/− only represents relative superior-
ity/inferiority.

C. SATELLITE HANDOVER
There are various types of mobility introduced in the satel-
lite Internet by vehicular devices, marine devices, and aerial
devices, especially the high-speed LEO satellites. Generally,
there are three reasons for satellite handover: 1) For seamless
mobility services. Since themaximum service time of a single
satellite to users is limited, to maintain communication, it is
necessary to switch to the next servicing satellite horizontally
within the homogeneous segment or vertically between het-
erogeneous network segments. 2) For link interference miti-
gation. Due to link loss, link interference, and other factors,
users need to automatically switch to the next servicing satel-
lite when normal communication is impossible. 3) For load
balancing. Owing to the randomness of user arrival and the
inhomogeneity of traffic distribution, some users connecting
to congested satellites need to be switched to idle satellites.

Handovers in satellite networks can be divided into beam
handovers and intersatellite handovers. User terminal switch-
ing from one spot beam of a satellite to another spot beam

is called beam handover, and switching from one satellite to
another is called intersatellite handover. Since the coverage
area of spot beams is relatively tiny to satellites, beam han-
dover is more frequent than intersatellite handover.

1) SPOTBEAM HANDOVER
In beam handover, all spot beams are provided by the same
satellite. Therefore, the selection of satellites is not involved
in the switching process, and the critical issue is the allocation
of channel resources [80]. With limited satellite network
resources, the beam handover strategy requires a degree of
compromise between call blocking probability (CBP) and
forced termination probability (FTP).3

The nonpriority handover strategy treats handover users
and new call users indiscriminately. However, since forced
termination caused by handover failure is more intolerable
than new call blocking, the nonpriority handover strategy is
not commonly used in reality.

The adaptive dynamic channel allocation strategy uses the
protection channel during the switching process, and thus,
it must timely track the changes in traffic. According to user
location information, ADCA dynamically adjusts the num-
ber of protection channels, achieving a compromise between
protection channels and normal channels [82].

The queue handover strategy initially determines the pri-
ority of various types of requests and then classifies them
into different queues, waiting for network services. Cur-
rently, there are three typical queuing mechanisms: first
in first out (FIFO), last useful instant (LUI), as well as
and measurement-based prioritization scheme (MBPS) [83].
FIFO services users in the order of arrival time; LUI queues
according to each handover request’s maximum remaining
waiting time and prioritizes themost urgent handover request;
MBPS queues according to the received signal power and
prioritizes the requests with the fastest decline in terms of link
quality.

The channel reservation strategy utilizes the orbit informa-
tion of the satellite network to reserve channels in advance
for handover users. Its pioneering research is the guaranteed
handover (GH) strategy proposed by Maral et al., which is
capable of eliminating service interruption due to handover
failure [84]. However, in the GH scheme, the system allo-
cates channels for new calls only when there are surplus
channels; that is, the GH scheme does not make full use of
precious network resources. As the number of users gradually
increases, most new calls will be rejected, and thus CBP will
rise sharply.

Based on the considerations above, scholars have pro-
posed some improved GH schemes: elastic channel lock-
ing (ECL) [85], time-based channel reservation algorithm
(TCRA) [86], as well as and dynamic Doppler-based

3There are two classic indicators for evaluating the performance of a
handover strategy: call blocking probability (CBP) and forced termination
probability (FTP). CBP refers to the probability of a new call service being
blocked due to a lack of channel resources. FTP refers to the probability of
service interruption due to handover failure [81].
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TABLE 6. Comparison of different random access protocols.

handover prioritization (DDBHP) [87]. They are all based
on the prediction of handover requests. The main differ-
ence is how to determine the timing of channel reservation,
thereby reducing the idle time of channel resources. In ECL,
new calls will not send channel lock requests to the next
servicing unit at the beginning but delay the request for
a while. By adjusting the delay time of the request, ECL
can balance between CBP and FTP, thereby satisfying the
quality of service (QoS). The delay time of TCRA is not
determined by FTP but is based on user status and certain
satellite orbits. Different from ECL and TCRA, DDBHP
eliminates the dependence of GPS, exploiting the Doppler
effect to calculate the remaining service time and trades of the
share of precious channel resources between handover users
and new calls by defining the threshold. However, when all
channels in networks are busy, there is still a waste of channel
resources in reserved time. Chen et al. developed an adaptive
probabilistic reservation strategy (APRS), lending reserved
channel resources to new connection requests under certain
probability, throughwhich the system can serve asmany users
as possible, utilizing channel resources efficiently [88].

2) INTERSATELLITE HANDOVER
The intersatellite handover also involves channel resource
allocation, but compared to beam handover, satellite selection
strategies need to be considered more. Common satellite
selection strategies are mainly divided into the following four
types:

• Maximum service time [89]: Under the condition of sat-
isfying the lowest elevation angle, the user preferentially
chooses the satellite that can provide the longest service
time. To a certain extent, this strategy can significantly

reduce the number of user handovers and FTP. The
minimum hop strategy is equivalent to the maximum
service time strategy in effect. Both of them can min-
imize the number of handovers. The difference is that
theminimum hop strategy generally knows the handover
path beforehand. Therefore, it is possible for a minimum
hop strategy to reserve channel resources in advance for
handover users, through which the system can achieve
lower FTP [90].

• Maximum number of available channels [91]: The user
preferentially selects the satellite with theminimum load
among all visible satellites as the target satellite for
handover. This strategy makes the satellite network traf-
fic tend to be balanced, avoiding affecting the system’s
performance due to the overload of a satellite node,
through which the system can remarkably reduce both
CBP and FTP.

• Maximum elevation [92]: The user preferentially selects
the satellite with the most prominent elevation to switch.
This strategy can satisfy the better quality of ser-
vice (QoS) but increase the number of handovers. Most
papers use elevation to reflect the communication link
quality between users and satellites. Still, some papers
point out that elevation does not truly reflect the quality
of the wireless link yet. For example, Yang et al. pro-
posed exploiting the received signal strength RSS) to
judge the link quality exactly [93]. However, regardless
of whether the link quality is judged by elevation or RSS,
the maximum elevation strategy signifies an emphasis
on channel quality.

Due to different objective functions, different strategies
have their emphasis. Users will often choose the standard

164234 VOLUME 9, 2021



H. Xie et al.: LEO Mega-Constellations for 6G Global Coverage: Challenges and Opportunities

according to actual scenarios in reality. For example, dur-
ing emergency communications such as earthquakes and
typhoons, themaximum service time strategy is preferentially
used to reduce the number of handovers and delays [94].
However, if only a single standard is used for switching,
it will make users shortsighted. In addition, the random-
ness of user terminal access and the unbalanced distribution
of satellite network traffic will also make a single strategy
unable to satisfy the quality of service (QoS) requirements.
Thus, people have shown interest in using a different set
of satellite selection criteria to access the next satellite. For
example, Zhao et al. developed a handover strategy with the
linear weighting of various indicators, and simulation results
show that this strategy realizes relatively low FTP. Compared
to simple linear weighting, Miao et al. adopted a multiple
attribute decision algorithm to make handover decisions,
comprehensively considering the received signal strength,
remaining service time, as well as and satellite idle chan-
nels [95]. To avoid the influence of artificial prior information
and improve the flexibility of the strategy, Xu et al. exploit AI
to overcome multicriteria optimization problems [96].

With the increasing popularity of GPS, users can effec-
tively predict the visible satellites and their service time.
Wu et al. proposed a graph-based satellite handover frame-
work and modeled the satellite handover process as finding
a path in the directed graph [97]. Although the conventional
strategy is used in that paper, the graph-based satellite han-
dover framework can support different handover strategies;
that is, different link weights can be set according to different
handover strategies, which has good flexibility. Based on
the weighted bipartite graph, Feng et al. adopted the Kuhn-
Munkres (KM) algorithm to achieve multi-order maximum
weight matching, which can balance a load of satellite net-
works effectively [98]. Different from scholarWu and scholar
Feng, who performed satellite handover prediction in a static
and stable satellite link, Hu et al. extended the handover to
dynamic scenarios, alleviating the failure of handover predic-
tion [99].

The aforementioned handover strategies are mainly from
the perspective of a single user instead of the system. In fact,
game theory is an excellent tool for calculating both users’
behavior and strategic interactions among users. Yang et al.
proposed a satellite handover strategy based on the potential
game, in which users choose the best strategy by maximiz-
ing their utility function through multiple rounds of games.
Finally, the system will reach the Nash equilibrium [100].

3) BRIEF SUMMARY
At present, the scale of the communication satellite con-
stellation is still relatively small, and most users are only
covered by double stars. When users perform handover, the
system only needs a good channel allocation strategy. For
satellite selection strategies, most of them are determined
based on the designer’s ideas, and their weight factors are also
set based on experience. Mega-constellations for 6G global
coverage bring unprecedented challenges to traditional satel-

lite handover. First, mega-constellations have multi-satellite
coverage, short LOS time, and large elevation, making it
difficult for designers to choose the best handover strategy
according to traditional methods. In addition, frequent han-
dover is required to satisfy the stringent requirements of
6G for 10Gbps ∼ 100Gbps on peak data rate. However,
the existing handover algorithms do not pay attention to the
algorithm complexity, which may bring a severe computa-
tional burden to the system. In the future, it is urgent to
design suitable satellite handover strategies and algorithms
for mega-constellations according to their characteristics.

D. TRACKING, TELEMETRY AND COMMAND
Tracking, telemetry and command (TT&C) systems mainly
include mission control centers (MCCs), terrestrial stations,
ocean TT&C ships, relay satellite systems, global satellite
navigation systems, as well as and corresponding commu-
nication support systems. The following tasks need to be
completed:

• Orbit determination
Through long-term tracking and measurement, the satel-
lite TT&C system obtains satellite parameters such as
distance, azimuth, as well as and elevation; determines
the instantaneous position of the satellite; extrapolates
orbit; uploads the orbit information to satellites regu-
larly.

• Transmission and monitoring of telemetry data
The satellite TT&C system receives the operational sta-
tus of each satellite subsystem and external space envi-
ronment parameters; monitors the operating and health
status of the satellite; warns when the value of the param-
eter exceeds the specified threshold.

• Command
The satellite TT&C system uploads remote commands
to the satellite, controlling satellite movement plus
working status. When a satellite works abnormally or
fails, the TT&C system uploads emergency schemes or
self-destruction commands.

• Clock synchronization
The satellite TT&C system compares satellite time with
the standard time and sends the difference to the satel-
lite system, ensuring the time synchronization between
satellite and terrestrial stations.

Over the last four decades, the TT&C system has evolved
from a ground-based TT&C system to a space-based TT&C
system. Currently, the concept of networked TT&C systems
has begun to be proposed, aiming to mitigate the status of
insufficient TT&C resources.

1) GROUND-BASED TT&C SYSTEM
Considering the cost of construction and maintenance, the
earliest satellite TT&C system was built on the ground plat-
form [101]. The ground-based TT&C system consists of
satellites and terrestrial TT&C stations, as well as and a
mission center, as depicted in Figure 5. When the satellite
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FIGURE 5. Diagram of the ground-based TT&C system.

is visible to the terrestrial TT&C station, it transmits teleme-
try data through the space-ground TT&C link. The mission
center is connected to the terrestrial TT&C station through a
private network, analyzing the received telemetry data and
uploading remote commands when necessary. The broadly
defined ground-based TT&C system also includes ocean
TT&C ships and terrestrial TT&C mobile stations, which
can increase the TT&C coverage of some critical arcs in the
satellite launch process, such as separation of satellites and
rockets, the establishment of injection attitudes, and deploy-
ment of solar panels.

It is worth noting that the United States has established
massive terrestrial TT&C stations worldwide to receive
telemetry data from satellite constellations at all times. How-
ever, it is unrealistic to deploy terrestrial TT&C stations in
most regions of the world for other countries; that is, most
countries still havemany TT&C blind areas, and it is impossi-
ble to achieve full-time TT&C. Although renting other coun-
tries’ TT&C stations can rapidly solve this problem, their
safety needs further consideration. Still, the ground-based
TT&C system has been the primary way to perform satellite
and spacecraft TT&C tasks for a long time.

2) SPACE-BASED TT&C SYSTEM
Since 1980, TDRS satellites have become an important part
of the TT&C system, effectively improving the real-time
performance and reliability of TT&C [102]. The space-based
TT&C system as depicted in Figure 6. In this mode, TDRS
acts as a repeater, through its higher orbit(geostationary Earth
orbits) and stronger data transmission ability(equipped with
high-gain trackable intersatellite antennas), allowing the mis-
sion center to communicate with satellites that are invisible to
terrestrial TT&C stations, realizing full-time TT&C.

Although three TDRSs with intersatellite links can already
provide full-time TT&C support for the entire satellite con-
stellation in theory. Still, it should be noted that relay is a
point-to-point process. With the increase in active elements

FIGURE 6. Diagram of the space-based TT&C system.

in orbit and the limitation of multiple access, the number of
TDRSs needs to continue to increase to meet the needs of
TT&C. However, the available position of the relay satellite
is running out. Meanwhile, owing to different launch times,
the TT&C conditions by TDRS for different satellites are
also different, which aggravates the difficulty of space-based
TT&C. In addition, because the TDRS system works in
the geostationary Earth orbit, the real-time performance of
TT&C will be hard to guarantee; that is, abnormal situations
may not be dealt with in time. Most importantly, once a relay
satellite cannot operate reliably, the entire satellite system
may incur irreparable losses.

3) NETWORKED TT&C SYSTEM
With the development of on-board processing technology,
satellites can already transmit information through intersatel-
lite links and complete various complex tasks, such as rang-
ing, timing, and coordinated control. Gradually, the concept
of a networked TT&C system began to propose, as depicted
in Figure 7 [103]. The key idea of networked TT&C is to inte-
grate the traditional TT&C architecture with the communica-
tion satellite network and treat TT&C as a communication
service. Unlike conventional satellites that complete TT&C
alone, networked TT&C places more emphasis on coordina-
tion and dependence. The satellite network exchanges TT&C
information through intersatellite links and exploits intelli-
gent plus automated cooperation to realize self-management,
self-monitoring, self-diagnosis, and exception handling.

In the networked TT&C system, TT&C not only can be
implemented to the satellite constellation itself through the
intersatellite link but can also be performed through the
medium/high orbit communication satellite network. Regard-
less of the TT&C mode, we call the satellites that TT&C
other satellites as TT&C satellites. Moreover, TT&C core
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FIGURE 7. Diagram of the networked TT&C system.

network functions will further sink to the edge of the network.
As a ‘‘central logic controller’’, the terrestrial TT&C station
collects the TT&C information of the entire network, uploads
remote commands from the mission center, and transmits
accurate time plus space references. TT&C satellites will be
an ‘‘edge core’’ for networked TT&C systems, leveraging
edge computing to form a multi-center architecture and mak-
ing lightweight decisions in orbit. With the decision control
sinking to the edge, the constraints of system ‘‘centraliza-
tion’’ will be cast off, network management flexibility will
be improved, and the delay will be reduced.

4) BRIEF SUMMARY
It is clear that neither the ground-based TT&C system
nor the space-based TT&C system can undertake the huge
TT&C tasks of mega-constellations for 6G global cover-
age. Compared with the ground-based TT&C system and
space-based TT&C system, the networked TT&C system
has the following superiorities: 1) Surmount the shortage
of TT&C resources. Using existing TT&C equipment, the
system does not have to build additional terrestrial TT&C
stations or launch more TDRSs; 2) Realize full-time TT&C;
3) The intersatellite link delay is relatively low, ensuring
the real-time performance of TT&C information, especially
important in an emergency; 4) Cooperative control brings
considerable autonomy to the satellite; 5) With numerous
satellite network nodes, there are several transmission paths
for TT&C information, remarkably improving the robustness.
Based on the considerations above, we believe that the net-
worked TT&C system is more attractive for TT&C tasks
of hundreds and thousands of satellites. Table 7 shows the
comparison of the ground-based TT&C system, space-based
TT&C system, and networked TT&C system.

E. INTERFERENCE MITIGATION
In the near future, the 6G network will be an integrated
network that the satellites and terrestrial wireless networks

TABLE 7. Comparison of different TT&C systems.

simultaneously access tens of thousands of connections.
When higher frequency bands and more satellites are needed
to satisfy the 6G needs, mega-constellations face severe chal-
lenges in improving coverage and reducing interference. The
following frequency interference needs to be overcome.
• Interference within the satellite constellation

Multibeam satellites have been widely adopted in satel-
lite communication systems as they can generate multi-
ple isolated beams within the coverage area to increase
wireless data rates [104]. Although a more aggres-
sive full frequency reuse scheme has been adopted to
improve the system capacity of satellite communications
further, they also cause serious co-channel inter-beam
interference.4 The closer orbital positions of two adja-
cent satellites are, the greater the possibility of intersatel-
lite interference.

• Interference between the satellite constellation and
geosynchronous orbit(GEO) satellites
Most satellites and GEO satellites are in different orbital
planes. A vital issue to be considered is collinear inter-
ference and quasi-collinear interference, which occur
whenever non-geosynchronous orbit (NGEO) satellites,
GEO satellites, and terrestrial users are in a straight line.
Since this interference tends to affect the normal com-
munication of the GEO system severely, it is essential to
find an appropriate spectrum sharing method between
the NGEO satellite and the GEO system [105].

• Interference between the satellite constellation and the
terrestrial network
The terrestrial network and the satellite network form
an enormous communication system together, but the
actual occupancy of the satellite spectrum is much lower
than 100% in general. Therefore, in the United States,
Europe, and other places, spectrum legality has autho-
rized terrestrial networks to use satellite spectra. China
has also authorized some satellite C-band frequencies
for 5G signals [106]. The 17∼30 GHz frequency band
that has been partially licensed to satellites is even one

4Co-channel interference refers to beams separated by a restricted physical
distance using carriers of the same frequency that will interfere with each
other.
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of the candidate frequencies bands for next-generation
cellular networks (6G) [107]. It is clear that reusing
satellite frequencies in terrestrial networks is an effective
way to optimize precious spectrum resources. However,
this frequency reuse will inevitably lead to co-frequency
interference between satellite users and ground users.

Since the emergence of radio communications, significant
effort has been devoted to spectrum sharing. There are the
following interference mitigation methods:

• Larger antenna aperture: Adopting a larger aperture
antenna, the system will significantly reduce the trans-
mit power and obtain a smaller equivalent isotropically
radiated power (EIRP) without loss of SNR, which is
beneficial to alleviate interference to other satellites.

• Geographical isolation: The definition of the protected
area guarantees the performance of the primary receiver,
and thus many papers point out the necessity of estab-
lishing protected areas [108]. Currently, determining the
scope of protected areas is still an open issue.

• Adaptive power control: When frequency interference
occurs between the terrestrial network and the satel-
lite network, the system can comprehensively consider
the channel estimation error, channel resource con-
straints, the maximum transmission power of satellite
users, and the interference threshold of the base station.
Through adaptive power control and channel allocation,
the capacity of the terrestrial network can be optimized
while satisfying the specified outage probability of the
satellite link.

• Cognitive Radio: Cognitive Radio (CR) is a promising
solution to alleviate interference caused by spectrum
sharing [109], [110]. By perceiving the surrounding
spectrum environment, it dynamically alters the trans-
mission power, modulation mode, communication pro-
tocol, as well as and other parameters of the wireless
communication system to realize intelligent spectrum
sharing and accessing in both licensed and unlicensed
bands [111], [112]. Currently, AI is becoming an effec-
tive enabler to support Cognitive Radio to tackle interfer-
ence caused by spectrum sharing. For example, through
learning WiFi traffic by deep reinforcement learning
(DRL), LTE networks can coexist fairly with WiFi in
unlicensed frequency bands.

• MIMO: Under the same data rate, adopting MIMO
technology, the system can work with lower transmit
power. In other words, under the same data rate, the
potential interference from the MIMO system to the
SISO systemwill bemuch lower than that from the SISO
system to the SISO system. Therefore, taking advantage
of MIMO technology, the communication constellation
can achieve higher data rates with minor interference
or work with smaller satellite spacing/ground terminal
antenna aperture.

• Smart antenna: Smart antenna enables multiple users to
use the same frequency resources in the same geographic

area simultaneously. Specifically, beamforming technol-
ogy can be used to operate the output of the antenna array
to form the required pattern, alleviating interference to
adjacent receivers. The adaptive antenna can point the
zero point of the antenna lobe toward the unintended
transmitter all along, reducing the degree of interference.

• Beam hopping: Adopting beam-hopping technology, the
system can rapidly switch beams over time. It is worth
noting that only a tiny part of the beams will be activated
at the same time according to actual needs, and the
remaining beams will be in an idle state. Therefore,
compared to traditional satellite systems, beam-hopping
satellite systems can make better use of frequency
resources.

• Database: Generally, the database contains carrier fre-
quency, channel bandwidth, policies, polarization mode,
antenna gain, antenna radiation pattern, transmission
power, etc., information of each region [113]. Using
the database, different systems can access other spectra
beyond their own. If it is connected to the network man-
agement unit, the overall frequency resource allocation
can also be optimized. Tang et al. proved that using
the database plus CR in the UK, which has the densest
BSS network, more than 98% of the area can add an
additional 400 MHz bandwidth [114].

The different interference mitigation solutions mentioned
above are compared in Table 8. For the trend of miniatur-
ization and the low cost of mega-constellations, it is chal-
lenging to increase satellite antenna aperture. Of course, it is
also difficult to equip users with a larger antenna aperture.
For satellites with special missions, geographic isolation is
appropriate. However, for commercial satellite constellations
such as mega-constellations for 6G global coverage, geo-
graphic isolation will remarkably affect its goal of provid-
ing high-speed Internet services to worldwide users. For the
integrated satellite and terrestrial networks, if we believe
that in areas with developed terrestrial networks, the first
choice for users accessing the network is still terrestrial net-
works, then adaptive power control and cognitive radio are all
worth recommending. With the explosive growth of mega-
constellations, smaller satellite spacing will further exacer-
bate the interference between satellites. Through MIMO and
smart antenna, it can effectively suppress interference in the
spatial domain. To date, more than ten mega-constellation
plans have been proposed. It is conceivable that there will
be several mega-constellations to serve users simultane-
ously in the future. If different mega-constellations can
exploit databases and beam hopping technology to share fre-
quency resources by friendly consultation, this will substan-
tially improve the service capabilities of the global satellite
Internet.

Based on the considerations above, the recommended
interference mitigation solutions include the following: adap-
tive power control, cognitive radio, MIMO, smart antenna,
beam hopping, as well as and databases.
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TABLE 8. Comparison of different interference mitigation solutions.

IV. SUGGESTIONS AND FUTURE RESEARCH DIRECTIONS
OF MEGA-CONSTELLATIONS
Considering the characteristics and requirements of mega-
constellations and 6G, combined with some emerging
technologies proposed in recent years, appropriate recom-
mendations and future research directions are given for the
aforementioned technologies.

A. NETWORK PROTOCOL
Over the last four decades, significant effort has been devoted
to researching network protocol of satellite Internet in differ-
ent directions. Still, as the TCP/IP protocol suite was initially
designed to support the terrestrial networks, it still has some
limitations when applying to the future satellite Internet for
6G. First, network protocols based on TCP/IP are appropriate
for random topologies on the Internet essentially, but LEO
mega-constellations for 6G global coverage in the near future
will have dynamic but deterministic topologies. As a result,
taking advantage of the preliminary topological information
to design a more effective network protocol is necessary.
In addition, LEOmega-constellations for 6G global coverage
will be confronted with the datasets generated by extremely
diverse communication scenarios, heterogeneous networks,
and new service requirements, which will deviate even more
from the Internet. Further research needs to consider how to
exploit an intelligent network protocol with the aid of artifi-
cial intelligence (AI) and ML technologies. Finally, with the
emerging network virtualization technology such as network
slice, the future satellite Internet may support private net-
works to ensure QoS requirements such as bandwidth, delay,
jitter, etc. Under the network slicing framework, mobile oper-

ators need to consider a new pricing pattern, and game theory
is an excellent tool for calculating both users’ behavior and
strategic interactions among users. In the future, significant
research effort is needed to resolve the following issues to
make them viable for 6G.

• Inaccurate RTO estimation
In mega-constellations for 6G global coverage, the high
mobility of LEO satellites may cause inaccurate RTO
estimation. More importantly, an unsatisfactory satellite
handover algorithm may exacerbate this phenomenon.
The significant variations of RTT will trigger timeout
retransmissions erroneously (retransmit earlier or wait
longer), degrading the TCP performance tremendously.

• Low channel utilization
Mega-constellations for 6G global coverage are domi-
nated by burst traffic.When the length of the TCP stream
is much shorter than the time required for the TCP
congestion window to extend to saturation, it is difficult
for the system to fill the entire network, leading to poor
channel utilization. More importantly, the transmission
rate asymmetry in satellite Internet uplink and downlink
channels will reduce the increase of the TCP sending rate
further, degrading the channel utilization.

• RTT fairness and TCP friendliness
Faced with heterogeneous networks, different propa-
gation delays, and diverse communication scenarios,
mega-constellations for 6G global coverage need a net-
work protocol with excellent TCP friendliness and RTT
fairness to ensure different protocol versions and con-
nections with varying communication delays compete
fairly for link capacity. However, the existing network
protocols are limited in their performance to satisfy
fairness and friendliness.

B. MULTIPLE ACCESS
The massive connections, large dynamic channels, and spo-
radic data of satellite Internet for 6G service bring the
characteristics of random and time-frequency asynchronous
non-orthogonal access. On that account, the widely used syn-
chronous RA protocol does not appear to be more attractive
on the satellite Internet in the future. First, synchronous RA
protocols generally require global time synchronization and
precise location of the sender, which is almost unrealistic for
a significant number of low-cost devices. After that, using
a synchronous RA protocol, a large amount of signaling
overhead will remarkably shorten the life of battery-powered
equipment. More importantly, it is a heterogeneous network
that the satellite Internet faces in the future, which has dif-
ferent and varying propagation delays, making it difficult for
synchronous RA to work effectively. We believe that asyn-
chronous RA protocol will be more appropriate for mega-
constellation. However, significant research effort is needed
to resolve the following issue to make it viable for 6G.

• Asynchronous protocol performance
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Although the asynchronous RA protocol can better
meet the needs of mega constellation users, compared
to the synchronous RA protocol, even if interference
cancellation technology is used, its throughput is still
unsatisfactory. Fortunately, Massey et al. studied the
capacity boundary of an asynchronous RA protocol
without feedback [115]. He pointed out that with an
unlimited number of users, the capacity of the asyn-
chronous RA protocol is the same as that of the
synchronous RA protocol, implying that an effec-
tive asynchronous RA protocol also has outstand-
ing throughput, which provides theoretical indicators
and motivation for the design of future asynchronous
protocols.

C. SATELLITE HANDOVER
As mentioned in section III, mega-constellations for 6G
global coverage bring many new challenges to satellite han-
dover. For satellite handover in mega-constellations, here are
some suggestions.

• Satellite selection criteria
Compared with traditional satellite constellations, there
are more satellites and smaller spacings in mega-
constellations, so the RSS and elevation of adjacent
satellites may be the same. In addition, the mega constel-
lation has a low orbit and short LOS time. In other words,
selecting a star based on the maximum service time
may result in a high probability of handover failure and
extended access waiting time. Therefore, considering
the number of users and frequent handovers in mega-
constellations, channel resources and signaling overhead
should become crucial in satellite handover.

• AI-assisted satellite handover
Considering the diversified objectives, changeable ser-
vice scenarios, and personalized user requirements
in mega-constellations, satellite handover is not only
required to have a low call blocking probability and
forced termination probability but also the ability
to self-decide. In fact, some AI technologies have
been successfully applied to the global optimiza-
tion of ground network handover in recent years,
such as Q-learning [116], recurrent neural networks
(RNNs) [117], as well as and convolutional neural net-
works (CNNs) [118]. For mega-constellations handover,
users also seem incapable of selecting the next servicing
satellite well through a model in most cases. The results
of machine learning may be a good reference. In addi-
tion, a critical task of satellite handover is to perceive
and predict the variations of service requests, mobility,
network traffic, resource utilization in systems.AI has
great potential in these areas.

D. TRACKING, TELEMETRY AND COMMAND
Based on the analysis in section III, the networked TT&C
system is more attractive for mega-constellations. To achieve

real networked TT&C, some suggestions are given. First,
embedded a rapid self-cure mechanism for fault satellites
and a fast self-reconstruction mechanism for new satellites.
Currently, the operation control center (OCC) is responsi-
ble for analyzing and maintaining the status of all satel-
lites in satellite networks, but achieving troubleshooting in
seconds by OCC in mega-constellations is immensely chal-
lenging. Joint decision-making in orbit with prior infor-
mation of fault diagnosis and associated topology can be
envisioned as a promising candidate scheme for intelligent
TT&C in mega-constellations, including fault early warning,
fault source tracing, fault location, and fault cure. Second,
design a fine-grained and multi-dimensional TT&C resource
allocation mechanism under multiple constraints. It is noted
that resource allocation poses one key challenge in satellite
TT&C systems, especially for mega-constellations. To begin
with, when resources are limited, such as available spectrum,
computing power, energy, communications channels, etc.,
resource allocation is a typical multi-objective performance
optimization problem, and multi-objective performance opti-
mization is usually a non-deterministic polynomial NP-hard
problem. Besides, satellites would be divided into differ-
ent clusters changeably with different functions in mega-
constellations; that is, there are numerous different and
time-varying TT&C requirements in the satellite Internet.
Regarding the above problems, with the development of ML,
especially Deep Learning (DL), the system could model
resource allocation as a Markov decision process and carry
out relevant learnings to allocate resources efficiently to
achieve performance close to the optimum in any status.
To satisfy the requirements of future 6G, many key technolo-
gies still need to be broken through, including the following
aspects.

• Transmission security
In addition to real-time, the system’s accuracy and reli-
ability of TT&C information are also critical factors.
There is almost no relay link between satellites and
the mission center in the ground-based TT&C system
and the space-based TT&C system. However, for the
networked TT&C system, the communication between
satellites and the mission center requires multihop inter-
satellite TT&C links and single-hop satellite-to-ground
TT&C links, making it easier for malicious entities to
interfere or attack. At the same time, the open mega
constellation makes it possible to interconnect satellites
in different countries and institutions, which also brings
unprecedented challenges to traditional security strate-
gies. Therefore, it is necessary to carry out extensive
research into transmission security, such as authentica-
tion, data encryption, etc.

• Data compression
In actual engineering applications, most of the valuable
telemetry data only account for less than 10% of the
total; that is, existing satellite TT&C data are redundant.
In the future, with the increasing diversity and scale of

164240 VOLUME 9, 2021



H. Xie et al.: LEO Mega-Constellations for 6G Global Coverage: Challenges and Opportunities

information, it is necessary to reduce the redundancy
of mega-constellations telemetry data through practical
data compression algorithms.

E. INTERFERENCE MITIGATION
Currently, the existing satellite constellations have not been
troubled excessively by frequency interference only because
they are not massive enough yet. However, it is usually not
straightforward to extend somewidely used interferencemiti-
gation approaches to the near future LEOmega-constellations
for 6G global coverage due to the obviously different chan-
nel properties and the satellite payload limitations. To this
end, it is necessary to batten down the hatches, and here
are some suggestions. First, establish interference protection
standards and interference evaluation methods suitable for
mega-constellations. Until now, there are no mature ITU
standards, and the applicability of traditional interference
assessment methods, protection standards, and simulation
methods still need to be further studied. Second, adopt the
SDN architecture in mega-constellations for 6G global cov-
erage. In the future 6G system, with programmable, agile,
and cost-effective, the hybrid SDN5 can be envisioned as
a promising candidate means for alleviating the frequency
interference, which is capable of transforming heterogeneous
satellite networks and terrestrial networks into integrated net-
workswith reconfigurability and interoperability and thus can
configure, control, change, and manage frequency resources
together to different degrees for avoiding frequency collision
in mega-constellations. For more details on SDN, please refer
to the literature [119] and literature [120]. In the future,
significant research effort is needed to resolve the following
issues to make them viable for 6G.

• Inherent contradictions between high-speed Internet ser-
vices and interference mitigation
Traditional interference mitigation measures such as
adjusting the antenna direction and limiting the trans-
mission power will become challenging to implement
for mega-constellations. In many cases, the above
method means reducing the data transmission rate
remarkably, that is, running counter to its goal of pro-
viding high-speed Internet services to users around the
world, which is unacceptable for commercial satellite
constellations, e.g., mega-constellations.

• The deployment of MIMO in mega-constellations
As mentioned in section III, with high spectral and
energy efficiency, MIMO is promising for a core ingre-
dient of mega-constellations to alleviate the frequency
interference effectively. However, The deployment of
massive MIMO in mega-constellations is immensely
challenging due to, e.g., weight, size, power consump-
tion restrictions, etc.

5Hybrid SDN refers to a networking architecture that is consisted of the
traditional network and the pure SDN network.

V. CONCLUSION
Painstaking efforts from both academia and industry are
still required over the next decade to meet technical chal-
lenges towards developing the 6G system based on LEO
mega-constellations. Considering the development trend of
6G, combined with some new technologies proposed in
recent years, some appropriate recommendations and future
research directions for mega-constellations have been pro-
posed in this paper. Five aspects, including network protocol,
multiple access, satellite handover, TT&C, and interference
mitigation, have been discussed. For the network protocol,
different TCP enhancement technologies are compared in
terms of throughput, RTT fairness, TCP friendliness, etc.
Some ideas worth adopting for the future network protocol
design of mega-constellations for 6G global coverage are
pointed out. For the multiple access, it is difficult for the
wide-area users to maintain accurate time synchronization.
Compared with the synchronous RA protocol, the asyn-
chronous RA protocol appears to be more attractive in the
initial access of satellite Internet for 6G global coverage.
For satellite handover, none of the existing satellite handover
strategies and algorithms can perform well. In the future,
it is necessary to design new processes and algorithms suit-
able for the characteristics of both mega-constellations and
6G. For the TT&C, neither the ground-based TT&C sys-
tem nor the space-based TT&C system can undertake the
huge TT&C tasks of the mega-constellations. Networked
TT&C is a potential solution. Still, there are many critical
technologies of networked TT&C that need to be broken
through yet. For interference mitigation, the recommended
solutions include the following: adaptive power control, cog-
nitive radio, MIMO, smart antenna, beam hopping, as well as
and databases.

REFERENCES
[1] W. Saad, M. Bennis, and M. Chen, ‘‘A vision of 6G wireless systems:

Applications, trends, technologies, and open research problems,’’ IEEE
Netw., vol. 34, no. 3, pp. 134–142, May/Jun. 2020.

[2] B. Zong, C. Fan, X.Wang, X. Duan, B.Wang, and J.Wang, ‘‘6G technolo-
gies: Key drivers, core requirements, system architectures, and enabling
technologies,’’ IEEE Veh. Technol. Mag., vol. 14, no. 3, pp. 18–27,
Sep. 2019.

[3] X. Li, W. Feng, J. Wang, Y. Chen, N. Ge, and C.-X. Wang, ‘‘Enabling 5G
on the ocean: A hybrid satellite-UAV-terrestrial network solution,’’ IEEE
Wireless Commun., vol. 27, no. 6, pp. 116–121, Dec. 2020.

[4] T. Wei, W. Feng, Y. Chen, C.-X. Wang, N. Ge, and J. Lu, ‘‘Hybrid
satellite-terrestrial communication networks for the maritime Internet of
Things: Key technologies, opportunities, and challenges,’’ IEEE Internet
Things J., vol. 8, no. 11, pp. 8910–8934, Jun. 2021.

[5] C. Liu, W. Feng, Y. Chen, C.-X. Wang, and N. Ge, ‘‘Cell-free satellite-
UAV networks for 6G wide-area Internet of Things,’’ IEEE J. Sel. Areas
Commun., vol. 39, no. 4, pp. 1116–1131, Apr. 2021.

[6] X. Fang, W. Feng, T. Wei, Y. Chen, N. Ge, and C.-X. Wang, ‘‘5G
embraces satellites for 6G ubiquitous IoT: Basic models for integrated
satellite terrestrial networks,’’ IEEE Internet Things J., vol. 8, no. 18,
pp. 14399–14417, Sep. 2021.

[7] K. Bahia and S. Suardi, ‘‘The state of mobile internet connectivity 2019,’’
GSMA, London, U.K., Tech. Rep., 2019.

[8] P. T. Thompson, ‘‘50 years of civilian satellite communications: From
imagination to reality,’’ in Proc. Int. Conf. 100 Years Radiol., London,
U.K., 1995, pp. 199–206.

VOLUME 9, 2021 164241



H. Xie et al.: LEO Mega-Constellations for 6G Global Coverage: Challenges and Opportunities

[9] D. Way, J. Olds, D. Way, and J. Olds, ‘‘Sirius—A new launch vehicle
option for mega-LEO constellation deployment,’’ in Proc. 33rd Joint
Propuls. Conf. Exhib., Jul. 1997, p. 3122.

[10] R. Deng, B. Di, H. Zhang, L. Kuang, and L. Song, ‘‘Ultra-dense LEO
satellite constellations: How many LEO satellites do we need?’’ IEEE
Trans. Wireless Commun., vol. 20, no. 8, pp. 4843–4857, Aug. 2021.

[11] WorldVu Satellites Limited 0025468919. Accessed: Aug. 25, 2021.
[Online]. Available: https://licensing.fcc.gov/cgi-bin/ws.exe/prod/ib/
forms/attachment_menu.hts?id_app_num=108859&acct=510261&id_
form_num=12&filing_key=-284244

[12] WorldVu Satellites Limited 0025468919. Accessed: Aug. 25, 2021.
[Online]. Available: https://licensing.fcc.gov/cgi-bin/ws.exe/prod/ib/
forms/attachment_menu.hts?id_app_num=134040&acct=148624&id_
form_num=15&filing_key=-444846

[13] S. Xia, Q. Jiang, C. Zou, and G. Li, ‘‘Beam coverage comparison of
LEO satellite systems based on user diversification,’’ IEEE Access, vol. 7,
pp. 181656–181667, 2019, doi: 10.1109/ACCESS.2019.2959824.

[14] S. Liu, J. Lin, L. Xu, X. Gao, L. Liu, and L. Jiang, ‘‘A dynamic beam shut
off algorithm for LEO multibeam satellite constellation network,’’ IEEE
Wireless Commun. Lett., vol. 9, no. 10, pp. 1730–1733, Oct. 2020.

[15] Space Exploration Holdings. Accessed: Aug. 25, 2021. [Online]. Avail-
able: https://licensing.fcc.gov/cgi-bin/ws.exe/prod/ib/forms/attachment_
menu.hts?id_app_num=110137&acct=599269&id_form_num=12&
filing_key=-289550

[16] Space Exploration Holdings. Accessed: Aug. 25, 2021. [Online]. Avail-
able: https://licensing.fcc.gov/cgi-bin/ws.exe/prod/ib/forms/attachment_
menu.hts?id_app_num=128513&acct=599269&id_form_num=15&
filing_key=-425955

[17] Space Exploration Holdings. Accessed: Aug. 25, 2021. [Online]. Avail-
able: https://licensing.fcc.gov/cgi-bin/ws.exe/prod/ib/forms/attachment_
menu.hts?id_app_num=131512&acct=599269&id_form_num=15&
filing_key=-436235

[18] Space Exploration Holdings. Accessed: Aug. 25, 2021. [Online]. Avail-
able: https://licensing.fcc.gov/cgi-bin/ws.exe/prod/ib/forms/attachment_
menu.hts?id_app_num=133714&acct=599269&id_form_num=15&
filing_key=-443498

[19] A. U. Chaudhry and H. Yanikomeroglu, ‘‘Laser intersatellite links in a
starlink constellation: A classification and analysis,’’ IEEE Veh. Technol.
Mag., vol. 16, no. 2, pp. 48–56, Jun. 2021.

[20] J. Foust, ‘‘SpaceX’s space-internet woes: Despite technical glitches, the
company plans to launch the first of nearly 12,000 satellites in 2019,’’
IEEE Spectr., vol. 56, no. 1, pp. 50–51, Jan. 2019.

[21] Telesat Canada 0006195770. Accessed: Aug. 25, 2021. [Online]. Avail-
able: https://licensing.fcc.gov/cgi-bin/ws.exe/prod/ib/forms/attachment_
menu.hts?id_app_num=110038&acct=807447&id_form_num=12&
filing_key=-289293

[22] Telesat Canada 0006195770. Accessed: Aug. 25, 2021. [Online]. Avail-
able: https://licensing.fcc.gov/cgi-bin/ws.exe/prod/ib/forms/attachment_
menu.hts?id_app_num=133813&acct=807447&id_form_num=15&
filing_key=-443847

[23] J. Huang, C. X. Wang, L. Bai, J. Sun, and Y. Yang, ‘‘A big data enabled
channel model for 5G wireless communication systems,’’ IEEE Trans.
Big Data, vol. 6, no. 2, pp. 211–222, Jun. 2020.

[24] J. Xu, P. Zhu, J. Li, and X. You, ‘‘Deep learning-based pilot design for
multi-user distributed massiveMIMO systems,’’ IEEEWireless Commun.
Lett., vol. 8, no. 4, pp. 1016–1019, Aug. 2019.

[25] N. Ye, X. Li, H. Yu, L. Zhao, W. Liu, and X. Hou, ‘‘DeepNOMA:
A unified framework for NOMA using deep multi-task learning,’’ IEEE
Trans. Wireless Commun., vol. 19, no. 4, pp. 2208–2225, Apr. 2020.

[26] X. Gao, S. Jin, C.-K. Wen, and G. Y. Li, ‘‘ComNet: Combination of
deep learning and expert knowledge inOFDM receivers,’’ IEEECommun.
Lett., vol. 22, no. 12, pp. 2627–2630, Dec. 2018.

[27] Y. Chotikapong, H. Cruickshank, and Z. Sun, ‘‘Evaluation of TCP and
internet traffic via low earth orbit satellites,’’ IEEE Pers. Commun., vol. 8,
no. 3, pp. 28–34, Jun. 2001.

[28] T. Taleb, N. Kato, and Y. Nemoto, ‘‘An explicit and fair window adjust-
mentmethod to enhance TCP efficiency and fairness overmultihops satel-
lite networks,’’ IEEE J. Sel. Areas Commun., vol. 22, no. 2, pp. 371–387,
Feb. 2004.

[29] M. Allman, S. Floyd, and C. Partridge, Increasing TCP’s Initial Window,
document RFC 3390, Oct. 2002.

[30] L. S. Brakmo, S. W. O’Malley, and L. L. Peterson, ‘‘TCP vegas: New
techniques for congestion detection and avoidance,’’ in Proc. Conf. Com-
mun. Archit., Protocols Appl., Oct. 1994, pp. 24–25.

[31] V. Jacobson, R. Braden, and D. Borman, TCP Extensions for High Per-
formance, document RFC 1323, May 1992.

[32] J. Mogul and S. Deering, Path MTU Discovery, document RFC 1191,
1990.

[33] V. Jacobson, ‘‘Congestion avoidance and control,’’ ACM SIGCOMM
Comput. Commun. Rev., vol. 18, no. 4, pp. 314–329, 1988.

[34] M. Allman, V. Paxson, and W. Stevens, TCP Congestion Control,
document RFC 2581, 1999.

[35] S. Floyd and T. Henderson, The New Reno Modification to TCP’s Fast
Recovery Algorithm, document RFC 2582, 1999.

[36] I. F. Akyildiz, G. Morabito, and S. Palazzo, ‘‘TCP-Peach: A new conges-
tion control scheme for satellite IP networks,’’ IEEE/ACM Trans. Netw.,
vol. 9, no. 3, pp. 307–321, Jun. 2001.

[37] I. F. Akyildiz, X. Zhang, and J. Fang, ‘‘TCP-Peach+: Enhancement of
TCP-Peach for satellite IP networks,’’ IEEE Commun. Lett., vol. 6, no. 7,
pp. 303–305, Jul. 2002.

[38] S. Mascolo, C. Casetti, M. Gerla, M. Y. Sanadidi, and R. Wang, ‘‘TCP
westwood: Bandwidth estimation for enhanced transport over wireless
links,’’ in Proc. 7th Annu. Int. Conf. Mobile Comput. Netw., Jul. 2001,
pp. 287–297.

[39] L. A. Grieco and S. Mascolo, ‘‘TCP westwood and easy RED to improve
fairness in high-speed networks,’’ in Proc. Int. Workshop Protocols High
Speed Netw. Berlin, Germany: Springer, May 2002, pp. 130–146.

[40] A. Ford, C. Raiciu, and M. Handley, Architectural Guidelines for Multi-
path TCP Development, document RFC, 6182: 2070-1721, IETF, 2011.

[41] J. Cloud, F. du PinCalmon,W. Zeng, G. Pau, L.M. Zeger, andM. Medard,
‘‘Multi-path TCP with network coding for mobile devices in heteroge-
neous networks,’’ in Proc. IEEE 78th Veh. Technol. Conf. (VTC Fall),
Sep. 2013, pp. 1–5.

[42] T. R. Henderson and R. H. Katz, ‘‘Transport protocols for internet-
compatible satellite networks,’’ IEEE J. Sel. Areas Commun., vol. 17,
no. 2, pp. 326–344, Feb. 1999.

[43] C. Caini and R. Firrincieli, ‘‘TCP hybla: A TCP enhancement for het-
erogeneous networks,’’ Int. J. Satell. Commun. Netw., vol. 22, no. 5,
pp. 547–566, Aug. 2004.

[44] C. Roseti, M. Luglio, and F. Zampognaro, ‘‘Analysis and performance
evaluation of a burst-based TCP for satellite DVBRCS links,’’ IEEE/ACM
Trans. Netw., vol. 18, no. 3, pp. 911–921, Jun. 2010.

[45] J. Border, M. Kojo, and J. Griner, Performance Enhancing Proxies
Intended to Mitigate Link-Related Degradations, document RFC 3135,
2001.

[46] Y. Kim, J.-Y. Jo, R. Harkanson, and K. Pham, ‘‘TCP-GEN framework to
achieve high performance for HAIPE-encrypted TCP traffic in a satellite
communication environment,’’ in Proc. IEEE Int. Conf. Commun. (ICC),
May 2018, pp. 1–7.

[47] M. Luglio, M. Y. Sanadidi, M. Gerla, and J. Stepanek, ‘‘On-board satellite
‘split TCP’ proxy,’’ in IEEE J. Sel. Areas Commun., vol. 22, no. 2,
pp. 362–370, Feb. 2004.

[48] C. Caini, R. Firrincieli, and D. Lacamera, ‘‘PEPsal: A performance
enhancing proxy designed for TCP satellite connections,’’ in Proc. 63rd
Veh. Technol. Conf., 2006, pp. 2607–2611.

[49] K. Fall and S. Farrell, ‘‘DTN: An architectural retrospective,’’ IEEE
J. Sel. Areas Commun., vol. 26, no. 5, pp. 828–836, Jun. 2008.

[50] J. Chen, L. Liu, and X. Hu, ‘‘SaclTCP: A cross-layer design-based
transport protocol for satellite network,’’ J. Astronauties, vol. 32, no. 3,
pp. 627–633, Mar. 2011.

[51] M. Allman, S. Dawkins, and D. R. Glover, Ongoing TCP Research
Related to Satellites, document RFC 2760, 2000, vol. 2760, pp. 1–46.

[52] B. Suter, T. V. Lakshman, D. Stiliadis, and A. Choudhury, ‘‘Design
considerations for supporting TCPwith per-flow queueing,’’ inProc. 17th
Annu. Joint Conf. Comput. Commun. Soc. Gateway, vol. 1, Mar. 1998,
pp. 299–306.

[53] K. Ramakrishnan and S. Floyd, A Proposal to Add Explicit Congestion
Notification (ECN) to IP, document RFC 2481, Jan. 1999.

[54] M. Gerla, R. L. Cigno, S. Mascolo, and W. Weng, ‘‘Generalized win-
dow advertising for TCP congestion control,’’ Eur. Trans. Telecommun.,
vol. 13, no. 6, pp. 549–562, Nov. 2002.

[55] C. A. Grazia, N. Patriciello, M. Klapez, and M. Casoni, ‘‘Mitigating
congestion and bufferbloat on satellite networks through a rate-based
AQM,’’ in Proc. IEEE Int. Conf. Commun. (ICC), May 2017, pp. 1–6.

[56] A. D. Wyner, ‘‘Shannon-theoretic approach to a Gaussian cellular
multiple-access channel,’’ IEEE Trans. Inf. Theory, vol. 40, no. 6,
pp. 1713–1727, Nov. 1994.

164242 VOLUME 9, 2021

http://dx.doi.org/10.1109/ACCESS.2019.2959824


H. Xie et al.: LEO Mega-Constellations for 6G Global Coverage: Challenges and Opportunities

[57] M. de Sanctis, E. Cianca, G. Araniti, I. Bisio, and R. Prasad, ‘‘Satellite
communications supporting internet of remote things,’’ IEEE Internet
Things J., vol. 3, no. 1, pp. 113–123, Feb. 2016.

[58] F. Schaich, T. Wild, and Y. Chen, ‘‘Waveform contenders for 5G-
suitability for short packet and low latency transmissions,’’ in Proc. Veh.
Technol. Conf. Spring, Seoul, South Korea, 2014, pp. 1–5.

[59] B. Metcalfe, ‘‘Steady-state analysis of a slotted and controlled Aloha
system with blocking,’’ ACM SIGCOMM Comput. Commun. Rev., vol. 5,
no. 1, pp. 24–31, Jan. 1975.

[60] G. Choudhury and S. Rappaport, ‘‘Diversity ALOHA—A random access
scheme for satellite communications,’’ IEEE Trans. Commun., vol. COM-
31, no. 3, pp. 450–457, Mar. 1983.

[61] E. Casini, R. D. Gaudenzi, and O. D. R. Herrero, ‘‘Contention resolu-
tion diversity slotted ALOHA (CRDSA): An enhanced random access
schemefor satellite access packet networks,’’ IEEE Trans. Wireless Com-
mun., vol. 6, no. 4, pp. 1408–1419, Apr. 2007.

[62] O. D. R. Herrero and R. D. Gaudenzi, ‘‘A high-performance MAC pro-
tocol for consumer broadband satellite systems,’’ in Proc. 27th IET AIAA
Int. Commun. Satell. Syst. Conf. (ICSSC), Edinburgh, U.K., Jun. 2009,
pp. 512–524.

[63] G. Liva, ‘‘Graph-based analysis and optimization of contention resolu-
tion diversity slotted ALOHA,’’ IEEE Trans. Commun., vol. 59, no. 2,
pp. 477–487, Feb. 2011.

[64] E. Paolini, G. Liva, and A. Graell i Amat, ‘‘A structured irregular repeti-
tion slotted Aloha scheme with low error floors,’’ in Proc. IEEE Int. Conf.
Commun. (ICC), May 2017, pp. 1–6.

[65] D. Jia, H. Yu, C. Sun, Z. Fei, and J. Kuang, ‘‘Feedback-aided irregular
repetition slotted Aloha (F-IRSA),’’ in Proc. 9th Int. Conf. Wireless
Commun. Signal Process. (WCSP), Oct. 2017, pp. 1–5.

[66] G. Interdonato, S. Pfletschinger, F. Vazquez-Gallego, J. Alonso-Zarate,
and G. Araniti, ‘‘Intra-slot interference cancellation for collision reso-
lution in irregular repetition slotted Aloha,’’ in Proc. IEEE Int. Conf.
Commun. Workshop (ICCW), Jun. 2015, pp. 2069–2074.

[67] E. Paolini, G. Liva, and M. Chiani, ‘‘High throughput random access
via codes on graphs: Coded slotted Aloha,’’ in Proc. IEEE Int. Conf.
Commun. (ICC), Jun. 2011, pp. 1–6.

[68] O. del Río Herrero and R. De Gaudenzi, ‘‘Generalized analytical frame-
work for the performance assessment of slotted random access pro-
tocols,’’ IEEE Trans. Wireless Commun., vol. 13, no. 2, pp. 809–821,
Feb. 2014.

[69] J. Bai and G. Ren, ‘‘Polarized MIMO slotted ALOHA random access
scheme in satellite network,’’ IEEE Access, vol. 5, pp. 26354–26363,
2017.

[70] M. Lee, J.-K. Lee, J.-J. Lee, and J. Lim, ‘‘R-CRDSA: Reservation-
contention resolution diversity slotted ALOHA for satellite networks,’’
IEEE Commun. Lett., vol. 16, no. 10, pp. 1576–1579, Oct. 2012.

[71] E. Paolini, G. Liva, and M. Chiani, ‘‘High throughput random access
via codes on graphs: Coded slotted Aloha,’’ in Proc. IEEE Int. Conf.
Commun. (ICC), Jun. 2011, pp. 1–6.

[72] F. Clazzer, C. Kissling, and M. Marchese, ‘‘Enhancing contention resolu-
tion Aloha using combining techniques,’’ IEEE Trans. Commun., vol. 66,
no. 6, pp. 2576–2587, Jun. 2018.

[73] R. D. Gaudenzi, O. D. R. Herrero, G. Acar, and E. G. Barrabés, ‘‘Asyn-
chronous contention resolution diversity ALOHA: Making CRDSA
truly asynchronous,’’ IEEE Trans. Wireless Commun., vol. 13, no. 11,
pp. 6193–6206, Nov. 2014.

[74] L. Zheng and L. Cai, ‘‘AFDA: Asynchronous flipped diversity ALOHA
for emerging wireless networks with long and heterogeneous delay,’’
IEEE Trans. Emerg. Topics Comput., vol. 3, no. 1, pp. 64–73, Mar. 2015.

[75] M. Rahman, Y. Li, and B. Vucetic, ‘‘An iterative ZigZag decoding for
combating collisions in wireless networks,’’ IEEECommun. Lett., vol. 14,
no. 3, pp. 242–244, Mar. 2010.

[76] A. S. Tehrani, A. G. Dimakis, and M. J. Neely, ‘‘SigSag: Iterative detec-
tion through soft message-passing,’’ IEEE J. Sel. Topics Signal Process.,
vol. 5, no. 8, pp. 1512–1523, Dec. 2011.

[77] O. R. Herrero, G. Foti, and G. Gallinaro, ‘‘Spread-spectrum techniques
for the provision of packet access on the reverse link of next-generation
broadband multimedia satellite systems,’’ IEEE J. Sel. Areas Commun.,
vol. 22, no. 3, pp. 574–583, Apr. 2004.

[78] O. D. R. Herrero and R. De Gaudenzi, ‘‘High efficiency satellite multiple
access scheme for machine-to-machine communications,’’ IEEE Trans.
Aerosp. Electron. Syst., vol. 48, no. 4, pp. 2961–2989, Oct. 2012.

[79] G. Gallinaro, N. Alagha, R. De Gaudenzi, K. Kansanen, R. Múller, and
P. Salvo Rossi, ‘‘ME-SSA: An advanced random access for the satellite
return channel,’’ in Proc. IEEE Int. Conf. Commun. (ICC), Jun. 2015,
pp. 856–861.

[80] P. K. Chowdhury, M. Atiquzzaman, and W. Ivancic, ‘‘Handover schemes
in satellite networks: State-of-the-art and future research directions,’’
IEEE Commun. Surveys Tuts., vol. 8, no. 4, pp. 2–14, 4th Quart., 2006.

[81] S. Cho, I. F. Akyildiz, and M. D. Bender, ‘‘A new connection admission
control for spotbeam handover in LEO satellite networks,’’ Wireless
Netw., vol. 8, no. 4, pp. 403–415, Jul. 2002.

[82] S. Cho, ‘‘Adaptive dynamic channel allocation scheme for spotbeam
handover in LEO satellite networks,’’ in Proc. Veh. Technol. Conf. Fall,
2000, pp. 1925–1929.

[83] Z. Wang and P. T. Mathiopoulos, ‘‘On the performance analysis of
dynamic channel allocation with FIFO handover queuing in LEO-MSS,’’
IEEE Trans. Commun., vol. 53, no. 9, pp. 1443–1446, Sep. 2005.

[84] G. Maral, J. Restrepo, E. del Re, R. Fantacci, and G. Giambene, ‘‘Perfor-
mance analysis for a guaranteed handover service in an LEO constellation
with a ‘satellite-fixed cell’ system,’’ IEEE Trans. Veh. Technol., vol. 47,
no. 4, pp. 1200–1214, Nov. 1998.

[85] Y. Xu, Q. Long Ding, and C. Chung Ko, ‘‘An elastic handover scheme
for LEO satellite mobile communication systems,’’ in Proc. IEEE Global
Telecommun. Conf. Rec., Jan. 2000, pp. 1161–1165.

[86] L. Boukhatem, D. Gaiti, and G. Pujolle, ‘‘A channel reservation algorithm
for handover issues in LEO satellite systems based on a satellite-fixed cell
coverage,’’ in Proc. VTS 53rd Veh. Technol. Conf., Spring. Process., 2001,
pp. 2975–2979.

[87] E. Papapetrou and F.-N. Pavlidou, ‘‘Analytic study of Doppler-based
handover management in LEO satellite systems,’’ IEEE Trans. Aerosp.
Electron. Syst., vol. 41, no. 3, pp. 830–839, Jul. 2005.

[88] L. Chen, Q. Guo, and H. Wang, ‘‘A handover management scheme
based on adaptive probabilistic resource reservation for multimedia LEO
satellite networks,’’ in Proc. WASE Int. Conf. Inf. Eng., Aug. 2010,
pp. 255–259.

[89] E. Del Re, R. Fantacci, and G. Giambene, ‘‘Handover queuing strate-
gies with dynamic and fixed channel allocation techniques in low earth
orbit mobile satellite systems,’’ IEEE Trans. Commun., vol. 47, no. 1,
pp. 89–102, Jan. 1999.

[90] Z. Wu, F. Jin, J. Luo, Y. Fu, J. Shan, and G. Hu, ‘‘A graph-based satellite
handover framework for leo satellite communication networks,’’ IEEE
Commun. Lett., vol. 20, no. 8, pp. 1547–1550, Aug. 2016.

[91] E. D. Re, R. Fantacci, and G. Giambene, ‘‘Efficient dynamic channel allo-
cation techniques with handover queuing for mobile satellite networks,’’
IEEE J. Sel. Areas Commun., vol. 13, no. 2, pp. 397–405, Feb. 1995.

[92] M. Gkizeli, R. Tafazolli, and B. Evans, ‘‘Modeling handover in mobile
satellite diversity based systems,’’ in Proc. IEEE 54th Veh. Technol. Conf.,
Jan. 2001, pp. 131–135.

[93] B. Yang, Y. Wu, X. Chu, and G. Song, ‘‘Seamless handover in software-
defined satellite networking,’’ IEEE Commun. Lett., vol. 20, no. 9,
pp. 1768–1771, Sep. 2016.

[94] C. Duan, J. Feng, H. Chang, B. Song, and Z. Xu, ‘‘A novel handover con-
trol strategy combined with multi-hop routing in LEO satellite networks,’’
inProc. IEEE Int. Parallel Distrib. Process. Symp.Workshops (IPDPSW),
May 2018, pp. 845–851.

[95] J. Miao, P. Wang, H. Yin, N. Chen, and X. Wang, ‘‘A multi-attribute
decision handover scheme for LEO mobile satellite networks,’’ in Proc.
IEEE 5th Int. Conf. Comput. Commun. (ICCC), Dec. 2019, pp. 938–942.

[96] H. Xu, D. Li, M. Liu, G. Han, W. Huang, and C. Xu, ‘‘QoE-driven
intelligent handover for user-centric mobile satellite networks,’’ IEEE
Trans. Veh. Technol., vol. 69, no. 9, pp. 10127–10139, Sep. 2020.

[97] Z. K. Liu, ‘‘Research and implementation of handover for LEO satellite
mobile communication,’’ M.A.Sc. thesis, Xidian Univ., Xi’an, China,
2019.

[98] L. Feng, Y. Liu, L. Wu, Z. Zhang, and J. Dang, ‘‘A satellite handover
strategy based on MIMO technology in LEO satellite networks,’’ IEEE
Commun. Lett., vol. 24, no. 7, pp. 1505–1509, Jul. 2020.

[99] X. Hu, H. Song, S. Liu, and W. Wang, ‘‘Velocity-aware handover predic-
tion in LEO satellite communication networks,’’ Int. J. Satell. Commun.
Netw., vol. 36, no. 6, pp. 451–459, 2018.

[100] Y. Wu, G. Hu, F. Jin, and J. Zu, ‘‘A satellite handover strategy based
on the potential game in LEO satellite networks,’’ IEEE Access, vol. 7,
pp. 133641–133652, 2019.

[101] J. W. Cutler and C. A. Kitts, ‘‘Mercury: A satellite ground station control
system,’’ in Proc. IEEE Aerosp. Conf. Process., Jan. 1999, pp. 51–58.

VOLUME 9, 2021 164243



H. Xie et al.: LEO Mega-Constellations for 6G Global Coverage: Challenges and Opportunities

[102] L. Hui-Min and L. Cheng-Fei, ‘‘Technology analysis and scheme design
of aerospace vehicles TT&C and communication based on relay satel-
lites,’’ in Proc. IEEE 9th Int. Conf. Commun. Softw. Netw. (ICCSN),
May 2017, pp. 794–797.

[103] Y. Zhan, P. Wan, C. Jiang, X. Pan, X. Chen, and S. Guo, ‘‘Challenges
and solutions for the satellite tracking, telemetry, and command system,’’
IEEE Wireless Commun., vol. 27, no. 6, pp. 12–18, Dec. 2020.

[104] M. Koletta, M. Poulakis, G. Tsalmas, and P. Constantinou, ‘‘The effect
of mobility on the interference calculations between the mobile satellite
service and the fixed service,’’ in Proc. 8th Int. Conf. Telecommun. Mod.
Satell., Cable Broadcast. Services, Sep. 2007, pp. 230–233.

[105] P. Xu, C. Wang, J. Yuan, Y. Zhao, R. Ding, and W. Wang, ‘‘Uplink inter-
ference analysis between LEO and GEO systems in ka band,’’ in Proc.
IEEE 4th Int. Conf. Comput. Commun. (ICCC), Dec. 2018, pp. 789–794.

[106] E. Lagunas, C. G. Tsinos, S. K. Sharma, and S. Chatzinotas, ‘‘5G cellular
and fixed satellite service spectrum coexistence in C-band,’’ in IEEE
Access, vol. 8, pp. 72078–72094, 2020.

[107] H. D. Schotten, M. A. Uusitalo, A. Apostolidis. (Aug. 2013). Inter-
mediate Description of the Spectrum Needs and Usage Principles.
[Online]. Available: https://www.metis2020.com/wp-content/uploads/
deliverables/METIS_D5.1_v1.pdf

[108] C. Zhang, C. Jiang, L. Kuang, J. Jin, Y. He, and Z. Han, ‘‘Spatial spec-
trum sharing for satellite and terrestrial communication networks,’’ IEEE
Trans. Aerosp. Electron. Syst., vol. 55, no. 3, pp. 1075–1089, Jun. 2019.

[109] A. R. Chiriyath, B. Paul, and D. W. Bliss, ‘‘Radar-communications con-
vergence: Coexistence, cooperation, and co-design,’’ IEEE Trans. Cogn.
Commun. Netw., vol. 3, no. 1, pp. 1–12, Mar. 2017.

[110] Y. Liang, K. Chen, G. Y. Li, and P. Mahonen, ‘‘Cognitive radio network-
ing and communications: An overview,’’ in IEEE Trans. Veh. Technol.,
vol. 60, no. 7, pp. 3386–3407, Sep. 2011.

[111] J. A. Mahal, A. Khawar, A. Abdelhadi, and T. C. Clancy, ‘‘Spectral
coexistence of MIMO radar and MIMO cellular system,’’ IEEE Trans.
Aerosp. Electron. Syst., vol. 53, no. 2, pp. 655–668, Apr. 2017.

[112] O. T. Hines, ‘‘14.5-14.8 GHz frequency sharing by data relay satellite
uplinks and broadcasting-satellite uplinks,’’ in IEEE Trans. Aerosp. Elec-
tron. Syst., vol. AES-17, no. 3, pp. 401–409, May 1981.

[113] M. Höyhtyä, A. Mämmelä, X. Chen, A. Hulkkonen, J. Janhunen,
J.-C. Dunat, and J. Gardey, ‘‘Database-assisted spectrum sharing in satel-
lite communications: A survey,’’ IEEE Access, vol. 5, pp. 25322–25341,
2017.

[114] W. Tang, P. Thompson, and B. Evans, ‘‘Frequency sharing between
satellite and terrestrial systems in the ka band: A database approach,’’
in Proc. IEEE Int. Conf. Commun. (ICC), Jun. 2015, pp. 867–872.

[115] J. L. Massey and P. Mathys, ‘‘The collision channel without feedback,’’
IEEE Trans. Inf. Theory, vol. IT-31, no. 2, pp. 192–204, Mar. 1985.

[116] Z. Li, Z. Xie, and X. Liang, ‘‘Dynamic channel reservation strategy
based on DQN algorithm for multi-service LEO satellite communication
system,’’ IEEE Wireless Commun. Lett., vol. 10, no. 4, pp. 770–774,
Apr. 2021.

[117] A. Alkhateeb, I. Beltagy, and S. Alex, ‘‘Machine learning for eeli-
able mmwave systems: Blockage prediction and proactive handoff,’’ in
Proc. IEEE Global Conf. Signal Inf. Process. (GlobalSIP), Jan. 2018,
pp. 1055–1059.

[118] C. Zhang, N. Zhang, W. Cao, K. Tian, and Z. Yang, ‘‘An AI-based
optimization of handover strategy in non-terrestrial networks,’’ in Proc.
ITU Kaleidoscope, Ind.-Driven Digit. Transformation, 2020, pp. 1–6.

[119] V. G. Nguyen, A. Brunstrom, K.-J. Grinnemo, and J. Taheri, ‘‘SDN/NFV-
based mobile packet core network architectures: A survey,’’ IEEE Com-
mun. Surveys Tuts., vol. 19, no. 3, pp. 1567–1602, 3rd Quart., 2017.

[120] R. Amin, M. Reisslein, and N. Shah, ‘‘Hybrid SDN networks: A survey
of existing approaches,’’ IEEE Commun. Surveys Tuts., vol. 20, no. 4,
pp. 3259–3306, 4th Quart., 2018.

HAORAN XIE (Graduate Student Member, IEEE)
received the B.S. degree in telecommunica-
tion engineering from Chongqing University,
Chongqing, China, in 2020. He is currently pursu-
ing the Ph.D. degree in telecommunication engi-
neering with Tsinghua University, Beijing, China.
His research interests include tracking, telemetry
and command systems for satellite constellation,
and communication signal processing.

YAFENG ZHAN received the B.S.E.E. and
Ph.D.E.E. degrees from the Department of Elec-
tronic Engineering, Tsinghua University, Beijing,
China, in 1999 and 2004, respectively. He is cur-
rently an Associate Professor with the Beijing
National Research Center for Information Science
and Technology, Tsinghua University. His current
research interests include satellite TT&C systems,
communication signal processing, and deep space
communications. He serves as an Editor of Chi-

nese Space Science and Technology.

GUANMING ZENG (Graduate Student Member,
IEEE) received the B.S. degree in telecommuni-
cation engineering from Sun Yat-sen University,
Guangzhou, China, in 2018. He is currently pur-
suing the Ph.D. degree in telecommunication engi-
neering with Tsinghua University, Beijing, China.
His research interests include tracking, telemetry
and command systems for satellite constellation,
and satellite communication networks.

XIAOHAN PAN (Student Member, IEEE)
received the B.S. degree in electronic engineering
from the Dalian University of Technology, China,
in 2015. She is currently pursuing the Ph.D. degree
in telecommunication engineering with Tsinghua
University, Beijing, China. Her research interests
include tracking, telemetry and command systems
for satellite constellation, and autonomous orbit
determination.

164244 VOLUME 9, 2021


