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Abstract The rapid evolution of mega-constellation satellite-inte grated Internet is shaping the landscape of sixth-generati on (6G) net-
works, where direct satellite-to-device communication (D SDC) promises indeed seamless coverage and ubiquitous conn ectivity. However,
the fragmented, rigid satellite architectures, and sparse , limited network resources hinder the existing satellite s ystems from delivering
high-speed, pervasive intelligent services for DSDC in a su stainable and cost-e ective manner. To address these issue s, distributed satel-
lite information networks (DSIN) have emerged as a transfor mative paradigm to integrate and expand current isolated sp ace networks,
enabling the envisioned broadband DSDC. This survey rst pr ovides a profound discussion on technical routes for DSDC, a long with
their adopted network architectures, covering transparen t forwarding, partially and fully regenerative processing , laying the foundation
for an innovative distributed multi-satellite collaborat ive transmission architecture, as well as recon gurable sa tellite formations designed
for DSDC. To tackle the challenges of dynamic channels, hete rogeneous resources, hardware-constrained satellites an d mobile terminals
(MTs) within a collaborative framework, a series of enablin g technologies is identi ed in three areas. First, adaptive enhancements of air
interface technologies, encompassing channel estimation , robust multi-beamforming, channel coding, spectrum shar ing, massive random
access, and coherent transmission, are essential pillars f or establishing high-speed connectivity between MTs and sa tellites. Subsequently,
network management techniques developed for mobility mana gement, resource allocation, distributed routing, and con gestion control can
ensure consistent, stable, and uninterrupted network serv ices for MTs. Further, next-generation satellite payloads and MTs, including
conformal phone antenna, spaceborne array antenna and onbo ard processing, are pivotal for unlocking the full potentia | of DSDC. Finally,
emerging research directions and innovative technologies in realizing the DSDC vision are discussed.
Keywords direct satellite-to-device communications, distributed satellite information network, regenerative network arch itecture, air
interface technologies, network management, antenna desi gn
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1 Introduction

The emergence of sixth generation (6G) wireless network heraldsreew era characterized by seamless global coverage
and ubiquitous intelligent connectivity [ 1]. This evolution is supported by the rapidly deployed mega-constellaibn
satellite-integrated Internet, which could interconnect diverse \ery small-aperture terminals (VSATS), such as buoys,
sensors, and handheld devices leveraging direct satellite-to-desdccommunications (DSDC). The rst-generation
DSDC, exempli ed by satellite phones with external antennas, featired a low data rate and required precise an-
tenna alignment with satellites. With advancements in satellite commurication (SatCom) technologies, DSDC has
evolved to encompass Internet of Things (loT), including vehicle-nounted, airborne, and shipborne devices, en-
abling low-speed, narrowband, and delay-insensitive applications fathese VSATs. To further realize the large-scale
commercialization of satellite products, DSDC o ering broadband mabile interconnectivity comparable to terrestrial
Internet at an acceptable cost, has become a global developmehiotspot in recent years. A potential solution is
the distributed satellite information network (DSIN), represente d by the cohesive clustered satellites (CCS) system,
which can signi cantly enhance data rates via multi-satellite collaboration without costly satellite modi cations or
high launch expensesZ, 3].

1.1 Development and limitation of DSDC

To achieve broadband DSDC for common mobile terminals (MTs), variaus essential technologies have been proposed
and implemented in engineering applications. Huawei and Apple have laached the rst commercially available
smartphones supporting DSDC by integrating dedicated SatCom mdules and conformal antennas. However, due
to the constraints imposed by the size and shape of smartphoneshe dual-mode smartphone currently supports
only messaging and voice services. In contrast, AST SpaceMobileyhk Global, and SpaceX have chosen to enhance
the satellite payload, and have successively demonstrated that t remarkable ability of unmodi ed smartphones
to achieve a high-throughput connection with the experimental sdellites. Nevertheless, this technical route is still
in the testing stage, facing challenges such as the high manufacting and launch costs caused by ultra-large-scale
array antennas, along with the potential disruptions from services provided by a single satellite. In addition,
the International Telecommunication Union (ITU) radio communicat ion sector (ITU-R) and the 3rd generation
partnership project (3GPP) are exploring the broadband DSDC in non-terrestrial networks (NTN) [ 4{6]. Although
standardized routes enjoy wide industry support, their lengthy transition from research to implementation presents
challenges in addressing the urgent demand for broadband DSDC seces, especially among users in remote areas.
Apart from the absence of a uni ed direction for the overall technical routes, broadband DSDC encounters several
issues arising from complex channel dynamics and stringent resoce constraints. (1) Long-distance transmission
introduces signi cant link budget and delay, imposing stringent requirements on air interface technologies, along
with transmission and reception capabilities of satellites. (2) High-dynamic environment, characterized by high time-
frequency (TF) o sets and rapid channel variations, signi cantly impacts the service continuity, access reliability,
and waveform robustness of DSDC. (3) Limited radio spectrum preents a challenge for DSDC in interference
mitigation, including both co-frequency interference among satellie-terrestrial networks, and beam interference
between satellites. (4) Unevenly distributed tra ¢ requires dynamic resource management and exible network
architectures, which are challenging to realize within the current héerogeneous and isolated satellite networks.
These limitations have driven the application of DSIN for DSDC, wherethe CCS system in DSIN utilizes the
inter-satellite links (ISL), payload synergy, and orbital control t echnologies to support multi-satellite collaboration,
thereby enhancing the transmission rates and connection stabilityof DSDC without signi cant modi cations to
either MTs or satellites. In this regard, the robust compatibility and strong scalability of DSIN can e ciently ful Il
the demands of DSDC regarding air interface technologies, netwermanagement, and satellite payloads, thereby
paving the way for the rapid realization of sustainable and cost-e ective broadband DSDC services.

1.2 Motivation and contributions

Several studies have been conducted on the development directis and critical technologies of DSDC, as shown in
Table 1 [2,7{12]. Song et al. [7] initially summarized the progress and challenges of current DSDC tehnologies.
Two in-depth reviews of the enabling technologies for DSDC, includingair interface, resource management, and
satellite payloads, were then provided in 8, 9], respectively. Moreover, Refs. 10, 11] proposed a swarm-based
distributed antenna array and a multi satellite-based multiple-input multiple-output (MIMO) system to address
the link budget issues in DSDC, respectively. Chen et al.]2] jointly investigated communication and computation
for network management in SatCom systems, along with their potetial support for DSDC. Recently, the distributed
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Table 1 Comparison with other related surveys (not covered: ; partially covered: @ covered: X).
Covered topics (7] [8] [9] [10] [11] [12] [2] Our
2024 2024 2024 2023 2024 2024 2025 survey
DSDC perspective X X X X X @ X X
DSIN paradigm @ @ @ X X
Technical routes X @ X @ X
Network architecture X @ X X X
Air interface @ @ X X @ X X X
Network management @ X X X
Satellite payload @ @ X @ @ @ X
Mobile antenna X X

network architecture and collaboration framework have been theoughly explored in [2], shaping the technical basis
of DSIN for DSDC.

Therefore, this survey aims to o er a comprehensive review of extsng academic and industrial advancements,
discuss the potential network architecture and critical technolagies within DSIN for realizing DSDC, o ering insights
for its application in 6G. To achieve this, the survey is structured around the following major aspects.

(1) Analysis of current technical routes and network architectures forms the groundwork for applying DSIN
in DSDC. Although DSDC is extensively explored by companies, a uni edtechnical route has not yet emerged.
In this context, we summarize the three technical routes for DSOC systems based on current e orts: dual-mode
MT with satellite-terrestrial independent system, unmodi ed MT dir ectly connect to satellites and 3GPP NTN-
based satellite-terrestrial integrated network. Leveraging thecomparisons of their strengths, limitations, and future
potential under a mega constellation, a 3GPP NTN-based DSIN can b identied as a key enabler for realizing
DSDC. Further, a profound investigation is conducted on three uriversal network architectures employed by the
three technical routes, including transparent forwarding, partially and fully regenerative processing, which serves
as a fundamental enabler for the distributed multi-satellite collaborative architecture and recon gurable satellite
formation for DSDC.

(2) New air interface and payload collaboration are essential to adeve high-throughput connection with satellites.
To address the long-distance and high-dynamic transmission, advecements in channel modeling and estimation,
robust multi-beamforming, channel coding, spectrum sharing, masive random access, and coherent transmission,
ranging from single-satellite enhancement to multi-satellite collaboraion, constitute the novel air interface for
DSDC. To guarantee continuous and stable high quality of service (@S), network management such as mobility
management, resource allocation, distributed routing and congd®n control, along with their improvement under
multi-satellite collaboration, are discussed. To enable full applicatiors, substantial enhancements in distributed
onboard data processing, as well as the transmission and recepticapabilities of satellite payloads and phone an-
tenna, including miniaturized conformal phone antenna, high-gain paceborne array antenna, and high-performance
onboard processing, are key drivers for the further developmerof DSDC.

(3) A suite of potential research directions and innovative techndogies in realizing the DSDC vision are focused.
To tackle the engineering challenges of ultra-large phased array &aenna, multi-satellite collaboration-based dis-
tributed phased array antenna o er a promising alternative. Full-d uplex wireless technology, which allows adaptive
resource sharing in terms of time, frequency, and space acrossnous satellites, can further improve the spec-
tral e ciency, throughput, and latency in DSDC. On this basis, a mu lti-layer secure communication within the
decentralized collaboration framework, must be thoroughly exploed, encompassing security mechanisms from the
physical layer (PHY) to the network layer to ensure the privacy of massive user data under wide-area coverage for
DSDC. To support more stringent QoS requirements of massive MTssemantic communication enabled by advanced
onboard processors is expected to provide intelligent and concisetent-aware services for DSDC.

1.3 Organization and scope

The organization of this survey is shown in Figurel. The development and limitations of current DSDC technologies,
together with the vision and requirements of DSIN for DSDC are introduced in Section 1. In Section 2, the technical
routes with their comparisons and prospects of DSDC are discusde The DSDC network architectures are presented
in Section 3. The enabling technologies, including the air interface, nwork management, satellite payload and
phone antenna, are given in Section 4. The emerging directions andsaes are presented in Section 5. Conclusion
is drawn in Section 6. The abbreviations in this survey can be found in Apendix A.
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Figure 1 (Color online) Organization of this survey.
Table 2 Comparison of three technical routes under satellite-terr estrial communication system.
Types Modify MT Modify satellite Modify standard
Modify MTs, utilize dedicated SatCom Utilize unmodified MTs, improve Modify MTs, utilize existing satellite
Characteristics systems under existing satellite satellite constellations under 3GPP constellations or improved ones both
constellations (transparent forwarding) standards (regeneration processing) under 3GPP NTN standards
. N . . § . Protocol standardization, with a mature
Leverage thg fully deployed sale_llne Compatible V\_mh existing mobile devices, ecosystem under 3GPP, facilitates
Advantages constellations, along with rapid enabling broader users access I
. the realization of economies
MTs upgrades to the service
of scale
Markelf‘s Sma”, .due fo the requirement Frequency reuse policy in satellite-terrestrial Existing MTs do not support, regenerative
" for specific MTs, capabilities ) " " N
Disadvantages o " N network is unclear, satellite payload payload architecture is complex, and
of existing satellite constellations e . N "
modification is challenging constellation deployment takes time

are limited

2 Technical routes

To gain deeper insights into the development of DSDC, three technial routes along with their growth prospects and
potential support for the DSIN are investigated in this section. The characteristics, advantages, and disadvantages
of dual-mode MT-based DSDC, unmodi ed MT-based DSDC and 3GPP NIN-based DSDC, i.e., modifying the
MTs, satellites, and standards, are summarized in Table2.
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Figure 2 (Color online) lllustration of dual-mode MT with satellite -terrestrial independent system.
Table 3 Comparison of GEO satellite-based DSDC for di erent compan ies.
Comparison Beidou . Skyterra Inmarsat Thuraya
. Tiantong . )
types (Huawei) (Ligado) (MediaTek) (eSAT global)
SatCom system X X X
Communication
system 3GPP NTN X X
Terrestrial network
Mobile Dual-mode chip X X X
terminal Unmodi ed chip X X
Communication MSS spectrum X X X X X
spectrum Terrestrial spectrum

2.1 Dual-mode MT-based DSDC

A dual-mode MT refers to embedding a dedicated SatCom chip into a caventional smartphone, or integrating a
dedicated satellite waveform into its chipset, enabling direct connetivity with satellites as shown in Figure 2. This
route leverages existing mobile SatCom systems with relatively matug technologies, which have already enabled
commercialization, and extended connectivity to areas beyond theoverage of terrestrial mobile networks.

(1) Commercial development. Huawei launched the Mate 50 smartpone in September 2022, which integrates a
Beidou communication module and supports one-way short messaginin the L-band, making it the world's rst
smartphone to enable DSDC service. Shortly thereafter, Apple rieased the iPhone 14 equipped with SatCom
functions, which allow users to access emergency services via Gldgtar satellites outside the coverage of terrestrial
mobile networks. Leveraging the robust industrial ecosystem ananassive consumer market to drive commercial MT
upgrades, China has emerged as the global leader in this technicabute. For example, China Telecom spearheaded
the launch of the rst dual-mode MT supporting bidirectional emerg ency messaging and voice services in late 2023.
Working alongside industry leaders like Huawei, Honor, and Xiaomi, it sibsequently brought over 30 commercial
smartphones equipped with DSDC capabilities to market by 2025. Moeover, these industry leaders are also actively
expanding into DSDC solutions. Huawei, for instance, has announaka collaboration with China SatNet, targeting
a public beta test in the second half of 2025.

(2) Future potential. By leveraging the earlier deployed mobile SatCan systems, this technical route eliminates
the need for satellite launches, reducing both deployment costs ahtime. Provided that mobile producers possess
su cient ability of research and development, rapid commercialization can be achieved, enabling them to swiftly
capture market share. In this case, most companies adopting thisoute rely on more mature geostationary earth
orbit (GEO) SatCom systems, as shown in Table3. However, the proprietary, non-standardized systems from
individual satellite operators hinder global ubiquitous connectivity and limit the rapid expansion of the ecosys-
tem [13]. Moreover, conventional GEO satellites only support basic radio fequency (RF) functions and lack TF
synchronization capabilities for collaborative transmission, which neessitates MT modi cations to mitigate severe
path loss. The modi cation requires not only the dedicated communi@tion protocols and mobile satellite service
(MSS) spectrum, but also the miniaturization of high-gain antennasand the low-power design of power ampli er
chips. Consequently, this technical route is largely regarded as aransitional model for DSDC services.
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Figure 3 (Color online) lllustration of unmodi ed MT directly conne cting to satellites.
Table 4 Comparison of LEO satellite-based DSDC for di erent compan ies.
Comparison AST Lynk . GlobalStar Iridium
. Starlink
types SpaceMobile Global (Apple) (Qualcomm)
SatCom system X X
Communication 3GPP NTN
system
Terrestrial network X X X
Mobile Dual-mode chip X X
terminal Unmodi ed chip X X X
Communication MSS spectrum X X
spectrum Terrestrial spectrum X X X

2.2 Unmodied MT-based DSDC

Driven by satellite industry leaders in cooperation with mobile network operators, this technical route facilitates
the sharing of sub-3 GHz spectrum from terrestrial cellular netwaks. The critical technologies encompass three
aspects. First, an advanced satellite phased array antenna is engyed to reduce the sensitivity requirements of MT
antennas for transmission and reception. Second, satellite paylaeenhancement technologies, such as spaceborne
base stations (BSs), are utilized to address the complex transmigm environments and diverse service demands,
thus enabling unmodi ed MTs to directly connect to satellites, as shovn in Figure 3. Third, terrestrial frequency
bands ensure compatibility with ground mobile communication systems In this case, the MTs undergo minimal
modi cations, with the core technical challenges being addressedybthe dedicated low Earth orbit (LEO) satellite
constellations designed for DSDC.

(1) Commercial development. AST SpaceMobile plans to establish a LB satellite constellation for DSDC, and
has already demonstrated its two-way calling for unmodi ed MTs via the BlueWalker-3. The newly developed Blue-
Bird Block-2 satellite featuring a 223 m? phased array antenna is an evolution of the BlueBird Block-1 launchd in
September 2024, boosting the peak data rates from 21 to 120 Misp Moreover, Lynk Global has signed commercial
agreements for DSDC services with more than 30 mobile network opators worldwide. Besides, this project may
adopt a regenerative architecture and deploy a complete long-ten evolution (LTE) network in space. Similarly,
SpaceX intends to launch the next-generation Starlink constellation consisting of Starlink V2 satellites to support
DSDC services. This satellite is equipped with multi-beam array antenms covering an area of 25 f operat-
ing in terrestrial mobile communication frequency bands with uplink at 1910{1915 MHz and downlink at 1990{
1995 MHz. More precisely, SpaceX and T-Mobile launched a public betdor DSDC-enabled messaging in early
2025, with plans to expand services to voice calls, Internet accesand I0oT device connectivity (i.e., Tesla vehicles)
by year-end. Furthermore, the deployment of Starlink V3 satellites via Starship is scheduled for 2026, delivering
global 5G DSDC services. These advancements are strongly ended by the Federal Communications Commission
(FCC) in March 2025, whose rulings authorized SpaceX to exceed peer limits through a 9  transmit power boost
for DSDC.

(2) Future potential. In this technical route, factors such as saellite manufacturing, large-scale phased array
design, and rocket launch capabilities are key barriers to the widesjgad adoption of DSDC for unmodi ed MTs.

It is evident that the technological challenges and implementation cats of the unmodi ed MT approach are higher
than those of dual-mode MT, particularly the recovery of substartial satellite deployment expenses 14]. In this
context, the next generation LEO SatCom systems characterizet by mega constellations, have become the optimal
choice for companies adopting this route as shown in Tabld, as they can reduce deployment costs and alleviate
link budget issues. On the other hand, satellites o er superior upgade scalability for delivering broadband internet
access compared to MTs limited by size. The deployment of spacebme BSs and the simultaneous visibility of
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Figure 4 (Color online) lllustration of 3GPP NTN-based satellite-t errestrial integrated network.

multi-satellite can also support the DSIN applied for DSDC. Moreover, for billions of users, the demand to access
Internet through satellites without replacing their MTs, o ers sat ellite operators a strategic advantage to rapidly
capture market share. In summary, although this technical route adopts the fourth-generation (4G) LTE system to
accommodate a broader user base, which limits its scalability towardudture 6G network, it remains an acceptable
solution for DSDC in the medium term, particularly over the next 5{10 years.

2.3 3GPP NTN-based DSDC

The construction of integrated satellite-terrestrial network is jointly driven by 3GPP and the telecommunications
industry, leveraging the technical speci cations and standards eveloped by the NTN working group. It aims to
design a uni ed communication protocol and network architecture to enable MTs to simultaneously access both
terrestrial and satellite networks, as illustrated in Figure 4.

(1) Standardization and commercial development. 3GPP has initiatel research on SatCom since the Release 15,
which addressed the adaptability of ground air interface protocoldo satellite channels [L5]. On this basis, Release 16
explored solutions for supporting NTN within new radio (NR), and proposed two NTN architectures: transparent
forwarding and regenerative processingle]. Release 17 introduced the rst NTN technical speci cation for 0T-
NTN and NR-NTN, supporting direct communication between MTs and GEO/LEO satellites. Di erent from the
transparent forwarding modes studied in Release 18, future Reles® 19 and Release 20 explore the standardization
of regenerative processing and spaceborne BSE7[. In the evolution of 3GPP-NTN based DSDC systems, China
Telecom conducted the world's rst eld trial of 3GPP Release 17 IoT-NTN technology in September 2023. Further,
China Mobile launched \China Mobile-01" LEO satellite, which is equipped with the Release 17 NR-NTN standard-
based BS to conduct real-world tests in February 2024. At the sama time, China Unicom Research Institute
successfully completed the rst test of NR-NTN MT direct connection with an in-orbit satellite, achieving an
uplink peak data rate of 3.6 Mbps and a downlink peak rate of 11 Mbps.

(2) Future potential. The feasibility of technologies and availability of systems within the NTN standard have
been thoroughly discussed and researched by companies and ergeworldwide. Once implemented, it will be
a practical and viable solution. Therefore, the NTN standard-basd route for DSDC is the future development
trend. However, current NTN technologies and their associated echitectures remain immature, as the lengthy
process spanning from standard formulation to system implementtéon, and MT development still fails to meet the
demands of remote areas. Additionally, although current NTN test satellites primarily rely on more mature GEO
systems, the unresolved link budget issues drive the future largseale deployment of DSDC towards LEO satellites.
Overall, three routes for DSDC will coexist in the coming years due todi ering service demands and commercial
drivers. We are more likely to pursue mega LEO satellite constellationdased on 3GPP-NTN, and create a exible,
open, and uni ed DSIN through multi-satellite orbital control and m ulti-load coordination techniques.

3 Network architecture

To better realize the requirements of DSDC, three universal accgs network architectures in traditional single-satellite
mode are studied according to the technical routes in this sectionincluding NTN architectures with transparent
forwarding, partially and fully regenerative processing. Building upan the fully regenerative mode, an innovative
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Figure 5 (Color online) Illustration of transparent forwarding arc hitecture.

distributed multi-satellite collaborative transmission architecture is then proposed to support commercial broadband
DSDC, along with the recon gurable satellite formation.

3.1 Universal network architecture

3.1.1 Transparent forwarding mode

In the transparent forwarding mode as shown in Figure5, the satellite only serves as a node of signal ampli cation
and forwarding. Upon receiving the RF signal from the user link via the NR-Uu interface, the transparent satellite
only changes the carrier frequency, lters, and ampli es the signd without changing the waveform. The processed
signal is then transmitted to the NTN gateway (NTN-GW) through t he feeder link, which similarly avoids protocol
processing but simply forwards the air interface signaling and data ¢ the NTN BS. Therefore, both the satellite
and ground NTN-GW serve as the remote RF unit of the ground BS asshown in the end-to-end (E2E) user
plane (UP) protocol stack [18]. The ground BS featured next generation node B (gNB) completeglata processing
through interaction with the fth-generation (5G) core network , and then forwards the information back to the
MT. In this case, the system can perform centralized processingral coordination across the entire protocol stack,
e ciently supporting functionalities such as coordinated multi-point (CoMP), MIMO, load balancing, and handover
management B]. Moreover, the separation between the RF and PHY facilitates thereuse of RF components for
di erent radio access methods, which also enhances the scalabilityfd®HY.

However, this architecture encounters challenges like increasedranterface transmission delays and greater de-
mands on feeder link RF resources. Speci cally, since the controllpne, forwarding plane, and data center are all
located on the ground, commands such as user access controldanonnection release must be exchanged between
the MT and terrestrial gNB, resulting in signi cant signaling overhea d and processing delays]9]. Besides, the cen-
tralized control of multi-satellite by a single NTN-GW presents signi ¢ ant challenges for the feeder link. Although
3GPP Release 17 implements delay-compensation techniques (e.g.,ldmd automatic repeat request (HARQ) deacti-
vation), the absence of ISL and satellite networking in this archite¢ure hinders global coverage, onboard processing,
and multi-satellite collaboration, which ultimately fails to satisfy the ub iquitous intelligent connectivity of DSDC.
As a result, with advancements in satellite payload lightweighting and the reduction in satellite manufacturing and
launch costs, more exible regenerative processing mode have bmoe a more viable solution.

3.1.2 Partially regenerative processing mode

The further development of 5G NTN technologies, particularly the adoption of satellites with regenerative payloads,
represents a signi cant milestone in the ongoing work of 3GPP Releas 19. Regenerative satellites, which carry
part or all of the gNB functionalities, and support the Xn interface among gNBs over ISL, o er greater exibility.
Beyond reducing air interface delay and signaling overhead, this atdtecture can better support distributed pro-
cessing onboard via ISL, leading to more e cient data scheduling andransmission [20]. However, satellite platform
constraints, including payload capacity, power supply, and therma management, present signi cant technical chal-
lenges for fully deploying 5G BS in space. A promising solution is a partiallyregenerative processing architecture
based on the separated central unit (CU) and distributed unit (DU) in an open radio access network (O-RAN) 21].
(1) CU-DU split architecture. The gNB-CU handles non-real-time tasks like network control and resource al-
location, which is deployed centrally on the ground to achieve inter-ell collaboration gains and centralized load
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Figure 6 (Color online) Illustration of partial regenerative proce ssing architecture.

management. On the other hand, the gNB-DU processes the redime operations like user access and signaling
processing, which is deployed on satellites to facilitate real-time air inerface resource scheduling. This split design
enables the sharing of baseband resources through centralizedamagement of the gNB-DU and uni ed schedul-
ing of gNB-CU, resulting in reduced maintenance costs and facilitatig the implementation of network slicing and
cloudi cation in wireless access 22]. Additionally, limited onboard baseband processing also e ectively reluces
their weight, power consumption, and complexity. Avoiding the needfor a space-based core network further lowers
the overall cost of constructing and deploying DSIN.

A kind of CU-DU split-based regenerative processing of the DSDC sstem and its potential split options are
illustrated in Figure 6. For details on the speci c functions carried by di erent layers, readers can refer to 3GPP
TS 38.401 P3]. Moreover, 3GPP provides 8 functional split options, which vary depending on the allocation
of responsibilities between the gNB-CU and gNB-DU as shown in Figurés. The optimal gNB-CU/gNB-DU split
con guration requires a thorough understanding of the tradeo among latency, bandwidth, and processing resources.
In this context, we categorize the split options into two broad types: lower-layer splits below the media access control
(MAC) layer and higher-layer splits above it.

(2) CU-DU split option. In the lower-layer split con guration, Option 8 places only the RF processing at the gNB-
DU. The unprocessed in-phase and quadrature (IQ) samples areest over the fronthaul link. Options 7-1, 7-2 and
7-3 depend on various split points within the PHY layer's transmission and reception processes. Speci cally, with
Option 7-3, the satellite is equipped with partial modulation functionalities, including fast Fourier transformation
(FFT)/inverse FFT (IFFT) and cyclic pre x (CP) insertion/remova |, along with complete RF functionalities, while
the remaining PHY processes are implemented on the ground. In Opdn 7-2, the gNB-DU onboard hosts the
resource mapping/demapping, precoding, modulation, and RF funtionalities, with other high-level PHY functions
handled on the ground gNB-CU. For Option 7-1, the PHY functions with the exception of channel coding/decoding
are all moved to gNB-DU. Moreover, Option 6 separates the PHY ad MAC layers, which is a widely recognized
lower-layer split. This option supports resource pooling above the MC layer on gNB-CU, and enables timely
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(b) NTN-based full regenerative processing architecture.

onboard processing on gNB-DU, which also makes it an ideal choicerftimeliness-sensitive applications. However,
it also entails stricter synchronization and timing requirements, ne@ssitating precise management of latency, jitter,
and synchronization [24].

In the higher-layer split con guration, Option 1 places the packet data convergence protocol (PDCP), radio link
control (RLC), MAC, and PHY layers on gNB-DU onboard, while the r adio resource control (RRC) layer is located
on ground gNB-CU. In this case, the entire UP resides within gNB-DU which is bene cial for achieving low-latency
data transmission. Option 2 distributes the RLC layer and below on gNB-DU onboard, with the PDCP layer and
above on gNB-CU, which e ectively concentrates key control furctions within the gNB-CU, allowing for coordinated
management of multi-satellite tra c load at gNB-DU. Moreover, Opt ion 2 has already been standardized in dual
connectivity technology for LTE, which makes it the most straightf orward and minimally incremental split option,
as well as one of the most widely accepted approaches for higherykx splitting [ 25]. Options 3, 4, and 5 provide
a balanced approach to the partitioning of RLC and MAC layers in terms of latency and bandwidth requirements.
Overall, Options 1 to 6 mark a gradual increase in the functionality ofgNB-CU, leading to increased packet headers
in the payload transmitted via feeder link, i.e., growing bandwidth demands and stricter latency requirements for
F1's transmission.

3.1.3 Fully regenerative processing mode

In this mode, the satellite performs the full functionality of a BS, encompassing tasks such as RF management,
access control, data processing and routing for both UP and comntl plane (CP). Depending on the technical route,
the spaceboard BSs fall into two main categories: one designed fanmmodi ed MTs using LTE, and the other
intended for future NTN networks using NTN BSs.

(1) LTE-based regenerative architecture. This architecture is pimarily designed to existing 4G MTs, as illustrated
in Figure 7(a). The satellite employs fully regenerative processing technologynd carries a complete, function-
enhanced 4G BS, i.e., evolved node B (eNodeB). To ensure seamleszeass for existing 4G MTs, the spaceborne
eNodeB must implement protocol enhancements to handle the comex transmission environment. This includes
improving TF synchronization using ephemeris information, optimizing HARQ by adjusting process counts and
suppressing feedback, and re ning mobility management based onirning and location information. In terms of
data ow, unmodi ed MTs connect directly to LEO satellites via the 4G air interface, where the user data is rst
forwarded via ISL, then transmitted to the satellite operator network, and ultimately reaches the terrestrial operator
network. Thus, DSDC services in this architecture essentially enale users to seamlessly switch between terrestrial
and satellite networks. The major challenge for this architecture lies in avoiding harmful interference with existing
legitimate users within the same frequency band shared by terresial mobile communications [26].

(2) NTN-based regenerative architecture. In this architecture the satellite can perform all the essential functions
of an NTN BS as shown in Figure 7(b), including RF ltering, modulation, coding, inter-satellite routing , RF
management and access control. Therefore, the deployed sateig can function as edge nodes to provide high-
throughput services or serve as the core nodes to enable coordiled control, allowing more exible multi-satellite
collaboration in processing and transmission. Moreover, the 3GPPtandard provides a benchmark for designing
interfaces, including the NR-Uu for the service link and NG-C and NG-U for the feeder link, ensuring consistency
in functionality and data transmission even when network elements ndergo changes. It can also eliminate the
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Figure 8 (Color online) lllustration of the connection architectur e for the DMCT control plane.

reliance on ground infrastructure, and enable multi-hop backhaulthrough ISL to achieve global coverage. By
utilizing 5G dual connectivity technology in 3GPP [27], the Xn interface over ISLs facilitates resource coordination
among satellites, allowing for timely recon guration and handover in the CCS system, thus reducing interruptions
and enhancing user throughput. As SatCom evolves, the fully regeerative processing architecture will be crucial
in supporting the ubiquitous intelligent coverage and high-speed daa transmission required for DSDC.

3.2 Distributed multi-satellite collaborative transmiss ion architecture

Considering the limited capacity of satellite and MT antenna, the traditional single-satellite service mode of above
three network architecture has a bottleneck to improve the dowrink throughput in DSDC, so the distributed
multi-satellite collaborative transmission (DMCT) scheme comes into keing.

3.2.1 Distributed multi-satellite collaborative architecture design

In order to reduce the development and deployment costs of the BICT system and facilitate the commercialization
of DMCT technology in DSDC, this survey designs the protocol stak architecture based on 3GPP NTN [L8]. The
overall architecture follows the following principles.

(1) The LEO satellite used for DMCT has fully regenerative processiig capability. This is the ultimate direction
of future NTN evolution, while the other two modes are transitional. Thus, we focus on the DMCT protocol
architecture under fully regenerative processing in the following.

(2) The LEO CCS system adopts the master-slave structure. Withn the MT's visible eld of view, several
candidate satellites are evaluated based on service status and linkukiget to form the CCS system. The satellite
with the highest link quality is selected from the CCS system as the mater satellite, while others serve as secondaries.
In the process of collaborative transmission, signaling/service dat from the core network are distributed to the
secondary satellites through the master satellite/node.

(3) The UP and CP of the protocol stack are separated. The satliite signaling beam is used to transmit CP
signaling, while the service beam is used to transmit UP data. In the pocess of collaborative transmission, signaling
interactions between the core network, collaborative satellites, ad MT need to be completed through the CP to
open the service transmission tunnel, and then service data are tieered through the UP.

Figure 8illustrates the connection architecture for the DMCT CP, focusing on a dual-satellite scenario for clarity.
If the number of collaborative satellites needs to be increased, exmd the number of secondary satellites according
to illustrations. In this architecture, the red double arrows represent the interaction process with the core network
signaling, whereas the black double arrows represent the exchaagf non-core network signaling, with all control
signaling interaction between the MT and core network exclusively raited through the master node to reduce system
overhead. Before the collaborative transmission of service datdhe master satellites control the secondary satellites
through the Xn-C interface, and utilize their precise ephemeris infemation to control the delay di erence of each
cooperative link during the distribution of service data. The MT rst establishes RRC connection to the master
satellite and completes the network access. After initiating the DMCT request, the terminal and the secondary
satellites complete the establishment of RRC, respectively. Then te dedicated packet data unit (PDU) session of
DMCT is established. Finally, collaborative transmission of service daa will take place in the UP. Di erent UP
architectures are designed respectively for waveform cooperiah (WC)-DMCT and link cooperation (LC)-DMCT
to meet their di erent transmission requirements and constraints.
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3.2.2 WC-DMCT scheme

In WC-DMCT, multi-satellite sends the same data stream to the MT equipped with an omnidirectional antenna,
where the signals are incoherently stacked on the MT side to improvehe average signal-to-noise ratio (SNR).
WC-DMCT has strict requirements for the delay control of collaborative links, since the transmission gain can
be obtained only when the delay di erence of each signal arriving at M is within CP. Otherwise, the incoherent
superposition of signals with di erent delays and residual Doppler slifts will cause serious TF doubly selective
fading, degrading the performance of traditional waveforms sulg as single carrier and orthogonal frequency division
multiplexing (OFDM) in the WC-DMCT scenario. To address this, new waveform technologies such as orthogonal
time frequency space (OTFS) 28] and a ne frequency division multiplexing (AFDM) [ 29] are proposed, which have
signi cant advantages in the doubly selective channel. Their introduction can create opportunities to convert SNR
gain into transmission performance gain in WC-DMCT scenarios 30]. Moreover, to minimize the uncontrollable
latency arising from the interaction of service data across protool layers, the data split node of WC-DMCT must
be positioned as low as possible within the master satellite protocol sick.

Based on the above guiding ideology, the WC-DMCT UP protocol sta& under the fully regenerative processing
mode was designed as shown in Figur8. The service data are replicated and split after reaching the maste
satellite, where the split node is located in the TF pre-compensation rodule at the lowest layer of PHY. This
module rst replicates the generated waveform signal according @ the number of collaborative satellites, and
then performs downlink timing advance (TA) and Doppler shift pre-compensation on the waveform signals of all
collaborative links based on the ephemeris and MT positioning, which ca ensure the delay di erence of each signal
arriving at the MT is within CP. Finally, the master satellite sends the TF pre-compensated waveform signal to
the corresponding secondary satellites via ISL, while its waveformignal is directly sent through the user link. The
secondary satellite only ampli es the received waveform signal andends it to the MT through its user link, that
is, the secondary satellite degenerates to the transparent forarding mode. The service data is conveyed within
the physical downlink shared channel (PDSCH) of the PHY. Upon erabling the collaborative transmission process,
the waveform modulation of PDSCH will be switched from OFDM to OTFS, which can contend with the doubly
selective fading of the DMCT channel B0]. The waveform modulation information is carried in the physical downlink
control channel (PDCCH) as a part of the downlink control inform ation. The PDCCH is transmitted only through
the master satellite to the MT, and the MT demodulates the PDCCH to obtain the waveform demodulation mode
of the PDSCH channel.

3.2.3 LC-DMCT scheme

In the LC-DMCT, each collaborative satellite sends di erent data streams to the MT at di erent carrier frequencies,
which essentially aims to increase downlink throughput by increasing Bndwidth. Due to the independence of each
data stream, their combination is no longer limited to the PHY, so the LC mode is more relaxed for synchronization
requirements, easier to deploy and promote. Essentially, LC-DMCTis an application of multi-radio dual connectivity
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technology 7] in LEO satellite network.

The architecture for the LC-DMCT UP protocol stack under the f ully regenerative processing mode is designed
as shown in Figure10. When the data packet is sent from the NTN gateway to the mastersatellite, it will split the
data packet into several di erent sub data packets according tothe number of collaborative satellites. Considering
the characteristic of independent transmission of each link data geam, the synchronization requirement of the
collaborative links can be relaxed to the millisecond level. As a result, tk data split node of the master satellite
can be moved up in the UP protocol stack as far as possible, so as teduce the transmission bandwidth burden
of the ISL. For the MR-DC of the terrestrial network (TN), the d ata split node is arranged at the PDCP layer,
which has been standardized. Therefore, this data split deploymenshould be the most straightforward option for
LC-DMCT, requiring relatively little incremental development e ort.  The secondary satellite receives the signal
over the ISL and demodulates it to obtain the sub-data packet. Then, the sub-data packet is transmitted from the
RLC layer to the PHY layer, and a waveform signal is generated. Findly, the waveform signal is sent to the MT
through RF and antenna in turn.

3.3 Recon gurable satellite formation for the CCS system

The proposed DMCT architecture relies on multi-satellite collaboration, where the formation of multi-satellite is
essential to meet DSDC users' requirements for both high-capaty transmission and continuous coverage. Due to the
limited payload of single satellite and the highly dynamic nature of DSIN, developing adaptable and recon gurable
satellite formations has emerged as a crucial challenge for enhangrCCS system performance.

(1) Formation con guration design. In the CCS system, the primary objective of formation design is to satisfy
the diverse coverage and capacity requirements of di erent regios and tasks. The formation con guration can be
divided into natural and non-natural con gurations that conside r control forces. The non-natural con guration o ers
advantages in terms of coverage capability and transmission capiyg [ 31]. However, it relies on fuel to sustain the
non-natural con guration, which leads to challenges in sustained ollaboration within the CCS system. In contrast,
natural formation con gurations that adhere to orbital dynamic s are extensively utilized, primarily due to their
minimal fuel consumption. Figure 11 shows three basic natural formation con gurations, which are dsigned based
on the Clohessy-Wiltshire equation, including grace-type, pendulumtype, and cartwheel-type. Di erent formation
con gurations exhibit signi cant variations in both transmission cap acity and coverage performance, where Ref3p]
conducted a comprehensive analysis of these metrics across vargoformation scales and geometric con gurations.
Nevertheless, the absence of dynamic switching mechanisms amodgerent formation con gurations in current
research restricts the heterogeneous service demands in DSDC.

(2) Satellite formation maintenance. The multi-satellite collaborative transmission requires strict synchronization
between member satellites in the CCS system. However, maintainingtable formations for LEO satellites presents
fundamental challenges due to persistent orbital perturbations including non-spherical gravitational forces and
atmospheric drag. Thus, several control strategies have beeemployed to address these issues. ReBJ] proposed
a constant thruster-based control method that adjusts the @ntrol parameters when the relative distance between
satellites exceeds the upper or lower bound. Based on Lyapunovatility theory, Ref. [ 34] proposed an orbit control
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method via average orbital elements, which can maintain a stable fanation for a long time while consuming less fuel.
Moreover, alternative maintenance approaches using relative oiital elements achieve long-term bounded ight of
the member satellites while minimizing fuel consumption through cyclic ontrol within the control box [ 35]. Despite
these advances, developing maintenance methods that simultanasly ensure precise synchronization and minimize
propellant consumption remains an outstanding challenge.

(3) Formation recon guration. The distributed nature of DSIN ma kes recon gurable formations critically im-
portant, which allows formations to dynamically adjust their signal synchronization, relative positioning, and beam
directions to accommodate diverse DSDC services. Recent advaeg in formation recon guration focus on balanc-
ing computational e ciency with fuel optimization. In [ 36], a low-thrust recon guration strategy was proposed
to minimize control acceleration and fuel consumption during recorguration, which leverages the Jordan nor-
mal form to simplify the optimization process. Further improvements in computational speed have been achieved
through Bezier-curve-based shaping techniques3[], which provide initial guesses for indirect optimization through
fast costate estimation, o ering signi cant time savings over direct methods. Moreover, the event-triggered model
predictive control algorithm has reduced computational burdenswithout deteriorating fuel e ciency [ 38]. Although
these studies demonstrate progress in formation recon guratia, they overlook the transmission performance, i.e.,
a key consideration for DSDC. Further, future advances will requre more sophisticated control algorithms and
higher-precision sensors to fully realize the potential of our CCS sstem in DSIN/DSDC.

4 Enabling technologies

To achieve spectrum- and energy-e cient high-throughput tran smission under complex time-varying channels, het-
erogeneous network resources, hardware-limited satellite and Mg, a variety of enabling technologies, spanning from
single-satellite improvement to multi-satellite collaboration, are devdoped to support broadband access services for
DSDC. In this section, we will rst introduce the air interface techn ologies at the PHY and MAC layers, followed
by an exploration of network management for DSDC services. Addibnally, advancements in satellite payloads and
phone antennas are also being investigated.

4.1 Air interface technologies for DSDC

Air interface technologies play a crucial role in establishing stable conections and ensuring e cient data transmis-
sion between MTs and satellites. Here we will explore several aspestincluding channel modeling and estimation,
robust multi-beamforming, channel coding, spectrum sharing, masive random access, and coherent transmission,
along with their improvement in multi-satellite collaboration.
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Figure 12 (Color online) lllustration of channel model in DSDC scenar ios.

4.1.1 Channel modeling and estimation in DSDC

DSDC signi cantly di ers from traditional satellite and terrestrial c ommunications in several ways, as shown in
Figure 12. Speci cally, the low-gain omnidirectional antennas in MTs, the rapid movement of LEO satellites, and
the low elevation angles of users in urban and indoor environments, gse signi cant challenges for existing channel
modeling [39], requiring enhanced estimation techniques to compensate for regted directional capabilities, severe
Doppler shifts, and more complex channel properties. Moreovetinter-satellite interference caused by multi-satellite
transmission and the potential gains from cooperative channel égnation remain critical research topics in DSIN for
DSDC. As a result, e ective channel modeling and estimation are esntial for ensuring the reliability and e ciency
of DSDC.

(1) Channel modeling. Researchers have employed various models tapture the accurate channel state infor-
mation (CSI) for user-satellite channels, including statistical-geonetric hybrid models, Doppler dynamic models,
and low-elevation angle multipath propagation models. Despite advanements in channel modeling techniques,
numerous challenges persist in their practical application within DSDC scenarios, covering omnidirectional phone
antennas, rapidly changing Doppler shifts, complex multipath e ects, and so on 11]. Besides, the development of
precise channel models heavily relies on extensive real-world measunent data, which is scarce in highly dynamic
and complex DSDC scenarios40, 41]. Addressing these challenges requires future research to expomultiple
avenues, integrating statistical models, geometric models, and @ learning (DL) techniques to develop hybrid, ac-
curate, and adaptive channel models that leverage the strength of each method. Moreover, dynamic modeling and
real-time updating methods, incorporating trajectory prediction and Doppler modeling, can enable precise track-
ing and updates of highly dynamic channels. Integrating multi-antema technologies, such as distributed MIMO,
and advanced signal processing techniques can enhance chanmaldels' real-world applicability. Lastly, leveraging
advanced techniques like DL to maximize the utility of limited measurement data can improve channel models'
predictive capabilities and robustness in complex environments42]. By addressing these challenges, channel mod-
eling technologies can lay a solid theoretical foundation and provide ssential technical support for optimizing and
advancing DSDC.

(2) Channel estimation. Conventionally, accurate channel estiméon requires a higher density of pilot signals but
sacri ces data transmission e ciency, while Doppler shifts and nonlinear interference compromise precise TF syn-
chronization. Meanwhile, MTs' limited power and computational capabilities constrain the deployment of complex
estimation algorithms, with existing techniques failing to maintain robustness in heterogeneous environment4g|.
Recent advancements, such as empirical channel modeling, adap¢ frequency o set compensation using long
short-term memory (LSTM) networks, compressed sensing for garse channel estimation, and edge computing-
based approaches, have enhanced estimation accuracy and e giey by leveraging large datasets and advanced
techniques. Regarding speci c estimation algorithms, researcherhave proposed several targeted techniques to re-
solve the con ict between low-power MTs and highly dynamic channelenvironments, including Doppler frequency
0 set compensation, DL-based channel estimation, and coopetase channel estimation [44]. Moreover, hybrid ar-
chitectures integrating graph neural networks (GNNSs) with atte ntion mechanisms can enhance the ability to capture
spatial and temporal dependencies in dynamic environments, endibng accurate modeling of multi-satellite inter-
actions [45]. Cooperative channel estimation through federated learning teleniques allows distributed devices to
train models collaboratively without sharing raw data, thereby preserving privacy and enhancing overall estimation
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Figure 13 (Color online) Illustration of robust multi-beamforming s cheme.

accuracy. These advancements collectively support the developamt of more robust and e cient channel estimation
techniques for DSDC.

4.1.2 Robust multi-beamforming for DSDC

Leveraging the beam diversity, multi-beam technology can improve gectral e ciency (SE) and enhance the uplink
performance of MTs. Dierent from the xed multi-beamforming sc heme, adaptive beamforming can dynamically
adjust the radiation pattern of the satellite antenna, and then generate appropriate directional transmission beams
to mitigate both intra-beam and inter-beam interference [46]. Nevertheless, adaptive beamforming heavily relies on
precise instantaneous CSI (iCSl), which is often di cult to obtain in L EO SatCom channels. Further, bene ting
from the concept of the CCS system, cooperative beamforming isomsidered a pivotal technology for DSDC, as it
creates multiple paths to achieve the same e ect as MIMO. In the fdlowing, we will explore robust beamforming
techniques for DSDC from the perspectives of CSl-based, CStde, and cooperative beamforming, as shown in
Figure 13.

(1) CSl-based beamforming. To address the di culty of obtaining iC Sl at the satellite, Ref. [47] proposed a
statistical CSl-based (sCSl) beamforming for LEO SatCom systes, which can maximize the average signal-to-
interference-plus-noise ratio (SINR) in both uplink and downlink. Several studies further investigated sCSl-based
hybrid beamforming for uniform planar array (UPA), including the dis crete phase-shifting network utilized to
maximize downlink energy e ciency (EE) [ 48], and the hybrid analog/digital precoder designed for nonlinear pover
ampli ers [49]. Moreover, e ective sCSI relies on an appropriate channel modelwith recent research extensively
exploring the re ector antenna channel model, the UPA antenna dannel mode, and the shadowed Ricean channel
model for improved accuracy. On the other hand, the beamformig precoder design is developed to satisfy specic
task demands. In addition to optimizing EE due to the power constrants of satellites, many researchers also focus
on the fairness 0], sum rate of users$1] and metrics tradeo under a wide-area coverage of satellites. Irsummary,
CSl-based beamforming techniques primarily rely on the statisticalproperties of the selected channel model, and
utilize its outdated CSI for robust beamforming.

(2) CSl-free beamforming. In SatCom systems, the predictabilityof satellite movement enables the implementa-
tion of CSl-free beamforming methods. Since the relative position btween the satellite and MT plays a key role in
channel characteristics, studies generally make use of the spatimformation for beamforming design. Speci cally,
several novel precoders, such as zero-forcing (ZF) precodgb?2] and regularized ZF (RZF) precoders §3], have been
developed to achieve robust beamforming using only the position infanation of the satellite and MT. The position-
based ZF precoder can achieve the same performance of a ZF poeler with precise CSI in high SNR conditions,
while the position-based RZF precoder provides similar performancé low SNR conditions. Moreover, leveraging
the same relative position information, Ref. 4] proposed a distributed linear precoding scheme for a multi-satellite
system, where the satellites share the transmitted information ad enable each satellite to adjust its precoders
based on their relative position. Apart from the position-based appoaches, Ref. $5] proposed a multi-dimensional
polarized modulation-based beamforming scheme to further enhare the spatial degrees of freedom.

(3) Cooperative heamforming. Cooperative beamforming is a potetial technology for applying MIMO in a line-
of-sight satellite-terrestrial link (STL), which can e ectively impro ve the link budget in DSDC. This technology
can be categorized into satellite-terrestrial and multi-satellite cogerative scenarios, and more attention is given to
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Figure 14 (Color online) Encoding schemes and decoder candidates for DSDC. (a) Distributed encoding scheme; (b) ordered statist ics decoding.

the latter in DSIN recently. In such scenarios, satellites can sharehannel information through ISL, and perform
collaborative transmission to enhance the capacity and SE. Refs5p, 57] investigated the capacity and rate gain of
cooperative beamforming under two GEO and LEO satellites, respdovely, which both demonstrate that a dual-
satellite system outperforms a single satellite. Ref.48] explored the multi-satellite multi-user scenarios, where the
joint optimization of cooperative beamforming and user scheduling ehances both overall and per-user SE. Moreover,
a cooperative beamforming method was designed under a recon gable intelligent surface (RIS)-aided CCS system
in [59], considering both adaptive and max ratio precoding, as well as sCSb satisfy the intersystem interference
mitigation constraints. However, the practical implementation of these schemes face numerous challenges, because
coherent signal superposition requires strict alignment of delay, requency o set, and phases among signals from
di erent satellites. If carrier frequencies in the GHz range are ad@ted, time synchronization accuracy must be on
the order of picoseconds.

4.1.3 Channel coding in DSDC

Channel coding serves as an indispensable component in ensuringethieliable communication over complex STL
in DSDC. Driven by the more diverse services in 6G, DSDC must suppdrreliable short packet communication for
mission critical communication applications, while also accommodating lag packet transmission for services like
remote sensing and video streaming. Thus, a major challenge for annel coding technologies lies in how to balance
the diverse code rate and block length requirements of di erent D®C services, so as to select suitable coding and
decoding schemes that optimize reliability, latency, and complexity £0].

(1) State-of-the-art channel coding. In short- and moderatelength packet transmission, the classic algebraic
codes, including enhanced BCH and Reed-Solomon codes, remain wliglesed in communication systems, as shown
in Figure 14(a). However, to achieve near-capacity performance with e ciert encoding and decoding, Polar codes
have emerged as a superior alternative and are standardized as ehcontrol channel coding scheme in 5G NR.
Since the encoding structure of Polar codes dictates its code lenigt Ref. [61] proposed a exible construction
method for Polar codes by using specic kernel matrices, which elimiates the requirements for puncturing or
shortening. Recently, the polarization-adjusted convolutional (PAC) codes b2,63], which combine Polar codes with
convolutional transforms, have attracted signi cant attention for their ability to substantially improve the decoding
performance in short-block length regimes. For long- and modera-length packet transmission, Turbo codes and
low-density parity-check (LDPC) codes are two competitive codingschemes, and the latter were standardized for
the data channel in 5G due to its superior decoding performance ah high-throughput e ciency. LDPC codes
have also been widely adopted in various SatCom standards, such &VB-S2. For the demands on higher data
throughput of ultra-long data streams, coupled LDPC codes havebeen introduced, exempli ed by spatially coupled
LDPC codes p4] and staircase LDPC codes §5]. Moreover, leveraging time-domain interleaving and cascading
short LDPC component codes, the staircase LDPC codes enable leeomplexity parallel encoding and decoding in
SatCom systems 66].

In multi-satellite collaborative transmission within CCS systems, the above coding schemes fail to deal with
collision resolution, making it di cult to ensure the reliable transmission required by DSDC. In this context, code-
domain multiple access o ers a promising approach for distributed cading, with representative techniques such as
sparse code multiple access (SCMA) and lattice code multiple accest MA), as depicted in Figure 14(a). By
leveraging the multi-dimensional codebook encoding and messagegsng decoding, SCMA can achieve both coding
and constellation shaping gains. However, designing high-dimensiohaodebooks is challenging§7], and SCMA
exhibits limited adaptability and scalability for mega constellations. In contrast, LCMA employs spreading at the
transmitter and successive equalization with integer-forcing at tte receiver, enabling a high overload factor with
low complexity [68]. Nevertheless, it requires uniform transmission rates across sellites and equal lengths for data
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Figure 15 (Color online) Three spectrum usage modes for DSDC services

packets and spreading sequences, limiting its ability to exploit the sptal multiplexing gain within high mobility
LEO satellites.

(2) Universal decoder. Dedicated decoding algorithms are optimize for speci ¢ coding schemes with high ef-
ciency, but their performance tends to degrade when applied to ¢her coding schemes. Therefore, conventional
decoding algorithms such as successive cancellation list (SCL) and lef propagation (BP) struggle to meet the
compatibility requirements of DSDC for diverse code rates and blockengths in di erent coding schemes. Recent
advances in decoding have established ordered statistics decodif@SD) [69] as a universal and high-performance
algorithm, capable of approaching maximum-likelihood (ML) performance for arbitrary linear block codes 6.
Speci cally, OSD assumes that errors typically arise in the least reliale positions in received symbols, therefore
generating candidate codewords based on the most reliable basis @&B), as shown in Figure 14(b).

A pivotal issue with OSD is its high decoding complexity, which comes fran the re-encoding process and Gaussian
elimination (GE), with two broad optimized approaches. The rst app roach involves bypassing the conducting of
GE within OSD, which uses pre-constructed generator matrices oine as a substitute for GE [70]. The second
approach introduces stopping and skipping criteria, where re-enading is avoided for impossible test error patterns
(TEPSs) to reduce complexity [71]. On this basis, Ref. [/2] proposed a segmentation-discarding strategy that skips
the unreliable TEPs segments to achieve further reduction in decoithg complexity. Moreover, Ref. [73] designed
a novel algorithm called ordered likelihood decoding (OLD), which estalishes a bijective mapping between the
optimal TEPs and MRB ipped positions, thus breaking the xed deco ding order constraint in OSD. Although
these OSD-based algorithms are e ective in mitigating complexity fram various aspects, the numerous introduced
parameters also increase the complexity of ne-tuning decoding pgormance. Consequently, reducing the complexity
of the above decoders to enhance their applicability in DSDC presesta promising direction for future research.

4.1.4 Satellite-terrestrial spectrum sharing

Spectrum sharing in DSDC focuses on the coordinated allocation ofréquency bands between satellites, SatCom
systems and terrestrial systems, aiming to optimize resource all@tion. However, the development of DSDC in

various countries has yet to establish a uni ed technical route, leaing to di erences in the spectrum used, as shown
in Figure 15. Apart from the unmodi ed MT approach, which directly reuses LTE bands and su ers from severe
frequency interference, the other two approaches may still beusceptible to co-frequency interference (CFI) amid

the intensifying competition for high-quality spectrum. Therefore, e cient spectrum sharing scheme design is one
of the key issues for realizing DSDC, which primarily employs cognitive adio (CR) and interference cancellation

techniques.

(1) Spectrum sensing. Spectrum sensing forms the foundation d€R. It acquires usable and idle communica-
tion frequencies through signal detection and processing, and ahamically allocates them for ground and satellite
systems to enable spectrum sharing. This technique can be broadlgategorized into three types: energy detection
(ED), matched lter detection (MFD), and cyclostationary featu re detection (CFD) [74]. The advantage of ED lies
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in its low computational complexity and independence from prior knowledge of the primary user. However, its per-
formance degrades signi cantly under low SNR regimes. The MFD acteves higher accuracy and shorter detection
duration, but relies on prior information about the primary user. Th e CFD is capable of maintaining reliable de-
tection accuracy even in low SNR regimes, although it su ers from higner computational costs and longer detection
duration. Moreover, Ref. [75] introduced machine learning (ML) to enhance spectrum sensing péormance, though

ML-based algorithms require substantial computational power that remains challenging for satellites.

(2) Spatial and temporal isolation. Spatial isolation reduces the imgct of interference by decreasing the overlap
between the desired and interference signals, typically achieved viadvanced beamforming algorithms 76]. In
practice, OneWeb employs the \Progressive Pitch" strategy, whee LEO satellites gradually adjust their beam
directions to shift coverage areas along latitudes during equatoriapasses, thereby minimizing interference with
other satellites [77]. On the other hand, temporal isolation involves optimizing access tine to improve overall SE or
system throughput. Ref. [78] proposed a dynamic spectrum access algorithm, where spectruaccess decisions for
authorized users are modeled as sequences across di erent timets. As spectrum resources become more limited,
beam hopping technology, which enables the reuse of beams in botlermporal and spatial domains by assigning
transmission slots to each beam79, holds greater potential. Ref. B0] extended this technique to multi-satellite
systems, and proposed a beam hopping algorithm for load balancingna interference mitigation. Leveraging the
multiple coverage of LEO constellations, as well as the beam-hoppingatterns featured by spatial isolation, it can
both mitigate intra- and inter-satellite interference.

(3) Power control. By adjusting the transmit power of the secondary user or the power level allocated to the
secondary user by the satellite, the power control technique enses the CFI experienced by the primary user
stays consistently below a threshold. Typically, low-power wide beara are used to transmit downlink control
information, while high-power narrow beams are employed for high-ate downlink services 81]. Additionally, power
control in recent studies is often jointly optimized with respect to the temporal and spatial methods. For example,
a beamforming and power control-assisted interference mitigatiorscheme for both uplink and downlink scenarios
was proposed in 82]. By optimizing the beamforming vectors and transmission power in aniterative manner, it
can maximize the total throughput of LEO satellites. Furthermore, Ref. [83] introduced reverse pairing to cluster
NTN MTs and BSs according to the received power of MTs and the inteference level caused by BSs. On this basis,
allocating dedicated spectrum to the BSs with the highest interfereice enhances system capacity under CFl.

These methods still pose certain challenges: spectrum sensing dands considerable sensing time, power control
techniques like Progressive Pitch face industry skepticism, and sp@temporal? Isolation in dynamic satellite
networks remains dicult. The latest advancements in arti cial inte lligence (Al) techniques provide promising
new approaches for addressing complex spectrum interferencerssing B4], and the distributed computing based on
the CCS system can e ectively reduce the payload requirements oindividual satellites, making it a key research
direction in the future.

4.1.5 Grant-free random access for massive MTs

The ubiquitous coverage and high mobility of satellites impose stringehndemands on multiple access to ensure
stable and reliable connectivity for a vast number of mobile users in DSC. The primary issues of RA in SatCom
systems involve improving the preamble tolerance to signicant TF o sets, optimizing the access procedures to
accommodate large delays, and maintaining reliable access for massiMTs [85]. For the rst two issues, the key
lies in achieving accurate TF o set compensation while simplifying the acess procedure. Non-orthogonal multiple
access (NOMA), which allows multiple users to transmit information over the same TF resources to increase access
capacity, is a potential solution for addressing the third issue. Moeover, improving the pilot structure to increase
user capacity or expand the pilot set can further increase the nurner of access MTs.

(1) Grant-free multiple access. In the conventional four-step acess as shown in Figurd6(a), MTs rst transmit
randomly selected pilots, and then resolve collisions by reselecting pil® based on feedback from the BS (satellite),
along with performing TF synchronization or pre-compensation. Toreduce round-trip time (RTT), grant-free RA
(GFRA) allows MTs to simultaneously transmit pilot and data payloads w ithout the permission of BS [86]. The joint
feedback of collision resolution and access response informationrfaer reduces the number of required interaction
rounds between BS and MT, as illustrated in Figure 16(b). However, TF synchronization with pre-compensation
becomes essential before transmission due to the varying propatijon delays among MTSs, particularly when satellite-
based BS scheduling is unavailable. Similarly, the probability of pilot collisils increases in massive GFRA scenarios,
especially with the orthogonal preamble like Zado -Chu sequencesZCS) used in the 3GPP framework.

(2) TF synchronization approach. In GFRA, if MTs are equipped with a global navigation satellite system (GNSS)
module, they can independently perform TA and frequency o set pe-compensation accurately using broadcast
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Figure 16 (Color online) lllustration of two random access procedure s. (a) Conventional granted random access procedure; (b) gr ant-free
random access procedure

signals from the BS. For frequency o set compensation, the refence point is typically the satellite beam center,
and out-center MTs should pre-compensate for the frequencyesidual. For timing compensation, the reference
point can be set at the satellite side, where MTs pre-compensate foTA based on the RTT. If the GNSS module
is unavailable or unsupported by MTs, primary synchronization signd (PSS)-based estimation can be used for
TF pre-compensation. Moreover, recent research suggestethdt FFT outperforms cross-correlation operations in
PSS for handling large frequency o sets 87], with [88] further reducing the TF estimation complexity for multipath
channel through the inherent sparsity of STL in FFT-based framework. Furthermore, by integrating communication
and navigation in signal and waveform design, MT positioning and timing accuracy of 50 m and 200 ns can be
achieved BY].

(3) Pilot design. Although ZCS can provide ideal autocorrelation prgperties in 5G NR, it is prone to signi cant
frequency o set at high-frequency bands, resulting in a reducectorrelation peak. To address this, pseudo-random
sequences such ad -sequences can be employed to scramble the ZCS, increasing its t@lece to frequency o set PQ].
To tackle the large di erential delays within a beam cell, as discussed ir[91], pilots can be designed using ZCS with
two distinct root indices combined with M -sequences. This method also extends the range of TA estimationhile
preserving legacy pilot compatibility. On the other hand, the available preamble set of standard ZCS is constrained
by limited preamble lengths. In response, Ref.92] proposed a composite preamble design that combines orthogonal
ZCS with multiple ZC root sequences featuring distinct phase rotations. This approach extends the pilot set while
mitigating collision probability among users selecting identical orthogmal pilots. Moreover, Ref. 93] employed
zero-correlation zone periodic complementary sequences to maaih low correlation under random shifts, e ectively
mitigating preamble collisions in GFRA.

(4) Advanced NOMA techniques. Beyond expanding the preamble geanother critical challenge in GFRA lies in
deeply enhancing the user multiplexing capability by alleviating pilot and data signal collisions. Although existing
power-domain NOMA o ers a simple and mature solution in TN, the extr emely limited transmission power of MTs
hinders closed-loop power control on the satellite side for poweramain NOMA. Thus, code-domain NOMA schemes
have garnered considerable attention in recent years. Ref9fl] proposed a code-domain NOMA scheme based on
low-density signatures, which leverages the structured sparsityf transmitted signals and user activity to improve
bit error rate and false alarm rate. Moreover, aT-fold RA scheme using aT-order concatenated codebook was
designed in the code-domain NOMA 95,96]. If the number of con icting MTs is within T, it can ensure accurate
recovery of each MT's message from the superimposed codewordtimout any errors. On this basis, Ref. 07]
proposed a group-based -fold GFRA scheme, which divides the access frame into multiple timesls to resolve the
conicts. Besides, a novel NOMA scheme named rate-splitting multide access (RSMA) can further enhance the
capacity and SE by splitting messages into common and private streas for exible interference management 99.

(5) Multi-satellite-enhanced RA. As satellite constellations expand,the uplink capability of MTs can be enhanced
by leveraging the observation diversity gain provided by the CCS sytem. In this case, precise multi-channel estima-
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Figure 17 (Color online) Uplink distributed collaborative receivin g.

tion and multi-user detection policies within multi-satellite collaborative mechanisms are critical. Ref. §9] proposed
an innovative cooperative detection scheme that models communid¢ean between multiple users and satellites as an
equivalent virtual MIMO system, employing iterative interference cancellation to enhance the successful detection
probability of collided packets. An uplink scheme based on MIMO-OTFSwas introduced in [100], which utilizes
time-domain training sequences for initial estimation and synchroniation. Moreover, the central node aggregates
backhaul information from edge satellite nodes to improve activity detection and channel estimation. Building on
this, Ref. [10]] reduced pilot overhead by parameterizing STLs, and introduced Wwo cooperation modes. One is a
centralized policy with a central server, similar to [L00], and the other is a distributed policy where edge satellites
share CSI and soft information of data symbols to jointly perform user identi cation.

4.1.6 Coherent transmission in CCS system

Due to the limited transmission power of MTs, the uplink performance heavily relies on the scale of the phased
array on the satellite. Meanwhile, constrained by the satellite's payl@d, it is di cult to continuously increase the
scale of the phased array antenna. Therefore, CCS system-te coherent joint transmission (CJT) is one of the
key technologies to enhance the uplink and downlink performance dDSDC.

(1) Coherent signal processing. For uplink transmission with a singledata stream, the optimal multi-satellite
collaborative receiver can be implemented with one of the distributedreceivers as shown in Figurel7, thereby
signi cantly reducing the overhead of ISL. Since the distances beteen the MTs and multi-satellite are di erent, the
received signals after beamforming at each satellite need to be syimonized for that user before performing OFDM
reception processing, followed by channel estimation and frequey-domain equalization. The equalized signals are
then compressed and forwarded to the anchor node via ISL, andnally, weighted combining, demodulation, and
decoding are performed. Moreover, high-capacity ISL are still rquired between multiple adjacent satellites due
to the use of coherent receivers. Ref.1p2 studied an uplink transmission of a single handheld user by leveraging
ISLs for cooperative signal detection in multi-satellite CJT. The results demonstrated that the proposed scheme
can achieve an impressive capacity of 800 Mbps through collaboratibamong 12 satellites.

For the downlink CJT, multi-satellite can jointly transmit a single data s tream to an MT through distributed
coherent precoding, obtaining downlink beamforming gains. Speci ally, Ref. [103 explored the scenario where
multiple LEO satellites collaboratively transmit signals to a single MT, and proposed a cooperative beamforming
algorithm that signi cantly enhances SE and throughput. For coherent signal reception, Ref. [L04] constructed
a multi-satellite MIMO downlink model for OFDM systems, and introduc ed a joint transmission scheme that
integrates precoding and receive vectors, enabling the extractimand separation of signals from multi-satellites using
sCSI. Similarly, Ref. [105 investigated the multi-satellite collaborative transmission of linear pace-time block-coded
signals, and designed a digital receiver structure with multiple brantes to track individual satellites in the CCS
system. Notably, whether for uplink or downlink, CJT implementation requires precise TF synchronization (i.e.,
phase synchronization) and calibration across multi-satellite.

(3) Multi-satellite synchronization. For frequency division duplex (F DD) systems, both multi-satellite coherent
downlink transmission and multi-MT coherent uplink transmission require relatively accurate phase tracking. Tak-
ing the example of multi-satellite collaborative transmission in the dowrlink, each satellite needs to measure the
phase di erences between multi-satellite and provide correspondig feedback to each satellite. Similarly, for uplink
multi-MT coherent transmission, the satellite needs to send quantizd uplink channels, as well as the measured
phase di erences between the multi-MT and each MT. Additionally, since both uplink and downlink CJT only
transmit a single data stream, for the downlink, the anchor node neds to send the information to adjacent col-
laborative satellites via ISL, and for the uplink, information needs to be sent to various MTs through additional
wireless links [LOG].

For time division duplex (TDD) systems, the overall uplink and downlink channels are not reciprocal, due to the
problems of TF synchronization between MTs/satellites as well as eeh transmit and receive radio frequency chain
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Figure 18 (Color online) lllustration of NTN cell division and handov er strategies. (a) NTN cell division solution; (b) intra-NT N handover
strategies.

being implemented with di erent circuits. Therefore, reciprocity calibration and phase synchronization are required
to obtain channel information at the transmitter. Synchronizatio n and calibration of multi-MT can be based on a
reference MT, with the reference MT and other participating collaborative MTs sending calibration signals to each
other, thereby estimating the timing and frequency di erences ard the calibration coe cients between MTs [ 107].

For multi-satellite, an MT-assisted approach can be used to measu the timing and frequency di erences, and the
phase di erence of the transmit and receive radio frequency chairof each satellite LO§.

4.2 Network management in DSDC

Network management is an essential component in improving air inteflace transmission for ensuring consistent,
stable and continuous DSDC within satellite-terrestrial heterogereous networks. Mobility management, resource
allocation, distributed routing and congestion control are three important functions within the network segment of
DSDC in this subsection.

4.2.1 Mobility management for DSDC

LEO satellites are preferred as carriers for NTN to deliver broadbad Internet services over STL, which also
introduces high mobility relative to MTs. Thus, the coverage duration of LEO satellites over MTs typically lasts only

a few minutes. Moreover, the neighboring relationships between gdcent orbital satellites are dynamic, requiring
frequent handovers to ensure communication continuity. In this @ase, the concurrent handovers of a large number of
DSDC users result in low handover success rates, prolonged traméssion interruptions, and high signaling overhead,
particularly under the constraints of current xed and limited terr estrial mobile management function (MMF) [109].
Therefore, advanced NTN mobility management techniques, such @ cell planning, handover strategies, location
management (LM) and roaming methods, are essential for ensurgnthe service continuity of DSDC.

(1) NTN cell. To allow the MT to access the network at any location with in the coverage area of LEO satellites,
we introduce the concept of \cell" in TN as shown in Figure 18(a). The coverage area can be divided into individual
\beam foot print", where the signaling beams of LEO satellite cover ech beam footprint at di erent times, providing
each MT within a beam footprint with a time slot to initiate access [110. In this case, NTN mobility is managed
by beam foot print, where a cell consists of one or multiple beam fooprint. It is recommended that the cell be
xed on the ground; otherwise, even if the MT remains stationary on the ground, it still needs to continuously
switch beam footprints or cells. Therefore, it is expected to form aly one cell for all the positions of the same
satellite, allowing for exible allocation of physical resources on the & interface [111]. Moreover, forming a cell by
combining multi-satellite can help mitigate handover e ects and enharce service continuity. However, inter-satellite
interaction cannot meet expectations due to the requirements ofiSL delay. It is dicult to synchronize signals
between multi-satellite, and the practical feasibility of inter-satellit e cell warrants further investigation.

(2) Handover strategies. Handovers between di erent cells andatellites are essential to DSDC mobility manage-
ment. NTN-TN handovers, which take place between NTN and TN cells typically determine the handover trigger
condition based on signal power. For intra-NTN handovers limited by the weak near-far e ect, 3GPP NTN [112]
introduces a hybrid trigger condition handover framework for seanless transitions between satellites, as presented
in Figure 18(b). In most cases, an NTN BS triggers handover by combining timebased and signal power-based
criteria. When MTs move at the edge of a cell, the location-based trigered handover is adopted. In more complex
scenarios with large-scale concurrent handovers, user groupirgn be performed based on service demands, through-
put requirements, and payload constraints, thereby reducing reundant signaling and lowering average handover
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delay [113. On this basis, Ref. [L14] introduced a multi-attribute decision framework, where the elevaion angle,
data queue delay, idle channel resources, and transmission poware all integrated into a multi-attribute fusion
algorithm for pre-decision of handover links and resource reserv@mn. Moreover, since MTs are typically covered by
multiple LEO satellites in mega constellation, multi-agent deep reinforement learning (MADRL)is more e cient.
In [115 116, multi-agent double deep Q-network (DQN) and multi-agent succesive hysteretic DQN were devel-
oped, respectively, to address the complex handover issues in negonstellations under dynamic environments and
multiple constraints.

(3) Location management. To ensure service continuity, LM is also rucial for tracking and updating the location
information of MT in time. Since the location area (LA) design is the foundation of LM, Ref. [117] proposed an
adaptive LA scheme to balance the paging delay and signaling overhda Speci cally, for high-speed MTSs, the
tracking area should be expanded to reduce the overhead of LM, lle for hotspot areas with high call volumes,
the tracking area should be minimized to facilitate faster paging of tte called user. In the design of location update
and paging strategies, the mobile Internet protocol version 6 (MPv6) serves as a typical LM standard, although it
cannot handle frequent handovers in highly dynamic LEO mega congtllations. To address this issue, the Internet
engineering task force (IETF) has proposed several enhancemts, among which the seamless IP diversity-based
generalized mobility architecture emerges as a promising LM solutiondr DSIN [118]. This approach enables MTs
to simultaneously maintain both old and new IP addresses during handvers, with the timing for switching to the
new one and deleting the old one determined by GNSS. To better tadk the high mobility, Ref. [119 proposed a
dual-LA scheme assisted by MEO satellites, which incorporates LA maagement for LEO satellites to e ectively
manage the dual mobility of both LEO satellites and MTs. Furthermore, distributed solutions are considered more
viable than centralized LM for future dense and heterogeneous DSC services, as they enable near-optimal path
selection, workload distribution, and handover performance 120.

(4) Roaming method. Roaming methods that allow ground MTs to seanhessly switch between NTN and TN
without SIM card or phone number changes are also essential fomsuring a continuous and stable user experience in
DSDC. However, the independent development of TN and NTN has ceated interoperability gaps in terms of protocol
stacks, network topologies, and signal processing mechanismi®[l]. In response, the core network roaming can break
down these barriers and provide all-time, all-area services for MTswa global scale. Besides, the roaming techniques
such as signaling conversion and user authentication deserve fumér exploration in this framework. Speci cally,
the discrepancies in signaling between two networks require apprafte signaling conversion techniques, which
typically require a specialized gateway to ensure the accurate traslation and handshake of control information across
heterogeneous networks122. Further, to address the issues of security and e ciency in authenticating roaming
MTs within DSIN, Ref. [ 123 proposed an anonymous and fast roaming authentication (AnFRA scheme. By
utilizing group signature technology, AnFRA enables LEO satellites todirectly authenticate roaming MTs without
real-time involvement from the home network control center. Oveall, by leveraging advanced handover strategies,
cross-network signaling and authentication technologies, satellitderrestrial roaming can ensure a seamless and
consistent experience for DSDC users.

4.2.2 Multi-dimensional resource allocation

The growing number of MTs and satellites within DSDC underscores tle critical role of resource allocation, par-
ticularly in CCS systems explored to enhance QoS for ground MTs. Sgci cally, the challenges lie in allocating
limited resources across multiple dimensions, including time, frequeng space, and power, while accommodating
uneven demand distributions under dynamically evolving network comlitions [124. To address these issues, re-
cent solutions focus on management framework and on-demand tseduling for resource allocation, as shown in
Figure 19.

(1) Management framework. In contrast to TN, satellites are recuired to manage fragmented and imbalanced
resources with high precision to support massive MTs with wide-areacoverage. In this case, software-de ned
networking (SDN), network functions virtualization (NFV) and net work slicing are potential solutions for e cient
network resource managementl25. SDN separates the control plane and data plane, enabling centtaed network
resource management through a uni ed open interface. MeanwhileNFV focuses on abstracting network functions
from physical resources, improving the exibility in deploying and managing network elements. Together with SDN,
it facilitates the creation of agile, exible, and recon gurable resource management framework 126. Moreover,
leveraging SDN and NFV, network resources can be dynamically assigd to di erent network slices according to
their task requirements, which helps maintain service quality, minimizeredundancy, and improve scalability.

Following the above management framework, a slice-aware virtual etwork embedding satellite-terres-
trial architecture was proposed in [L27], where priority is assigned to each slice based on its time constraints
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Figure 19 (Color online) lllustration of network resource managemen t.

Ref. [128 de ned three types of RAN slices based on task requirements, inading high throughput, low latency,
and wide coverage, which are all improved by solving a non-scalar mutobjective optimization problem. Fur-
thermore, Ref. [129 introduced the concept of resource pool, where diverse satelliteetwork resources, including
bandwidth, storage, and computing power, are consolidated into acentralized, shared pool accessible by all satel-
lites. This approach enables uni ed resource management and oveomes barriers between both homogeneous and
heterogeneous satellites.

(2) On-demand scheduling. To support the on-demand resourcecheduling for DSDC, researchers are leveraging
the regenerative satellites to explore adaptive resource allocatia) such as limited power allocation, dynamic beam
scheduling, and coordinated computational o oading [20]. For example, in power allocation with limited onboard
energy, optimizing SNR leads to a simple convex formulation, which carbe solved using the Karush-Kuhn-Tucker
(KKT) conditions [ 13(0. However, when SINR serves as the primary optimization objectivethe problem becomes
non-convex, where techniques like di erence of convex programing and successive convex approximation are
commonly employed to transform the problem into a convex form 131]. For complex user-satellite association
problems, such as joint beam scheduling and user matching, a widelydapted solution is potential game [L32,
which ensures that the designed algorithms converge to a Nash eiljbrium, especially in multi-user scenarios.

However, the inherent latency of STL and the uncertainty of MT demands remain a fundamental challenge.
To mitigate these issues, RL-based resource scheduling algorithnfeve been investigated for applications such as
beam coordination and task o oading, ensuring resource allocationaligns with evolving network states [133. Al-
based techniques have demonstrated signi cant advantages in saurce allocation within highly complex networks.
Consequently, DRL algorithms are typically utilized to solve the joint b andwidth, channel and power allocation
problem in multi-beam satellite systems, along with beam pattern desig [134]. Additionally, with the expansion of
satellite constellations, MADRL has emerged as a powerful approdcfor jointly optimizing resource allocation, task
o oading, and beam scheduling in DSIN [135. However, the onboard deployment of MADRL for multi-satellite
collaboration with higher precision remains underexplored, marking acritical research gap in DSDC.

4.2.3 Distributed routing and congestion control

The core of broadband DSDC built on DSIN lies in high-speed inter-satllite communication, including e cient
network routing and congestion control within satellite constellations, as shown in Figure20. The advancement
of these techniques in DSIN provides e ective solutions to the comfgx dynamics of mega constellations and the
unevenly distributed tra c demands from massive MTs, thereby supporting multi-satellite collaboration in air-
interface transmission and network resource allocation.

(1) Distributed network routing. Early inter-satellite routing sche mes like Dijkstra's shortest path algorithm
rely on ground-based centralized computation and distribution, whch limit their adaptability to dynamic LEO
constellations [L36. In contrast, distributed routing utilizes onboard resources for in-orbit routing computing,
allowing real-time adaptation to changes in constellation topology andtra c queue states. Note that e cient
distributed routing relies on lightweight, dynamic topology modeling to adapt to evolving satellite constellations.
The virtual node approach creates virtual nodes for each satelle based on their geographic location137. The
constructed virtual constellation provides a stable framework fa spatial position-based distributed routing. The
virtual topology approach divides the temporal evolution of conskllations into discrete snapshots 138. Although
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Figure 20 (Color online) lllustration of satellite routing and conge stion control.

it maintains a manageable database of topology states, the storagdemand for the snapshots increases rapidly as
the system scales up. To alleviate this issue, segment routing has ée proposed to eliminate the need for storing
global routing tables on all satellites [L39.

Besides, the limited onboard resources and massive MT requests m&ad to high link loads, network congestion
or even failure, which in turn triggers frequent routing updates. Recent research has employed multipath routing
strategies to achieve swift adaptation to dynamic LEO constellatiors through rapid switching between multiple
feasible paths. The distributed routing in [14( reduced transmission delay through DRL-based distributed deciens
and tra ¢ scheduling, but the prede ned path rules struggle to ad apt to burst tra c. The SDN-based multipath
routing utilizes rectangular Steiner trees to optimize bandwidth corsumption, and maintains multicast stability
through logical address mapping 141]. Moving forward, multi-constraint routing is necessary in segmentnetworks,
where each hop of ISL attribute can be compared to accelerate thselection of optimal-path L47, ensuring high-
speed and reliable inter-satellite communications in DSIN.

(2) Congestion control. The dynamic nature of DSIN and concurret transmission from DSDC users pose
signi cant challenges to tra ¢ management and congestion contral, calling for streamlined data ows and balanced
link utilization provided by advanced congestion control algorithms (CCA). Conventional CCA, like transmission
control protocol (TCP) Cubic and TCP bottleneck bandwidth and r ound-trip propagation time (BBR) [ 143 perform
poorly in DSIN due to high packet loss, prompting the development oforbiting TCP as a specialized solution [L44].
This innovative approach employs queuing delay measurements to impve loss resilience and incorporates in-band
telemetry technology to assess the number of satellites sharing titeneck links, which allows orbiting TCP to
work in a low bu er occupancy on bottleneck nodes. Building upon delg-aware queuing measurements, Ref1f5
developed an age-optimal transport protocol to minimize the age binformation (Aol) by controlling rate in the
step of exponential then additive increase additive decrease.

The uneven distribution of hotspots in DSIN often leads to partial link congestion while leaving other paths
underutilized, reducing overall network e ciency. While existing sing le-path CCAs fail to address this imbalance,
multipath transport protocols like multipath TCP (MPTCP) enable con current data transmission across multiple
paths, e ectively pooling transmission resources. On this basis, agpled multipath CCA controls tra ¢ on each path
to schedule the pooled resources, thereby achieving load balancin@urrent approaches, including opportunistic-
linked increase algorithm (OLIA) [14€ and delay-equalized FAST (DEFT) [147], extend conventional terrestrial
CCAs by deploying them on individual sub ows and adjusting the parameters in each CCA to balance load.
However, these methods remain ill-suited for the highly dynamic and Igs-prone environment of DSIN. Future
multipath CCA should make greater e orts to balance the diverse tra ¢ demands of DSDC users under dynamic
mega constellations while maintaining e cient load balancing.

4.3 Satellite payload and phone antenna in DSDC

Satellite payload and phone antenna serve as the cornerstone fanboard processing, signal transmission and
reception capabilities essential to DSDC services, with key aspectacluding miniaturized conformal phone antenna,
high-gain spaceborne array antenna, and high-performance oward processing payload.
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Figure 21 (Color online) Evolution of antenna design for smartphone.

4.3.1 Miniaturized conformal phone antenna

Traditional satellite phones, such as the Iridium 9575 handset, hag long external antennas that are unsuitable for

popular smartphones, which typically use low-gain omnidirectional atennas. To bridge the service gap caused by
the phased deployment of satellites equipped with ultra-large-scaletegrated phased array antennas, it is essential
to develop miniaturized conformal antennas 14§.

(1) Miniaturized wideband antenna. As the number of frequency bands and antennas in smartphones increases,
integrating compact, high-gain, and wideband antennas into DSDC martphones is critical. However, classical
antenna designs such as helical and low-pro le antennas cannot ne¢ these demands. In response, researchers
have proposed various antenna designs incorporating parasitic eteents and complex structures, such as parasitic
stubs [149, inductance-capacitance (LC) loading, and multimode resonator$150. These hybrid-structure antennas
can e ectively tune the resonance frequency and bandwidth to alkieve a wideband e ect.

Earlier segmented smartphone designs incorporate built-in antenas in dedicated clearance zones above and below
the screen. This arrangement reduced radiation obstruction fron the metal layer behind the display. However,
modern full-screen smartphones lack such regions, causing tradtinal internal antennas to su er from signi cant
radiation shielding, as illustrated in Figure 21. To address this, researchers have increasingly focused on mefeame
antenna designs featuring embedded miniaturized antennas with miti-band capability [ 151]. Nevertheless, as the
available clearance is reduced to just 1{2 mm, the bandwidth of a sinlg antenna becomes increasingly constrained.
To overcome this limitation, researchers have proposed active swih-based antenna designslpZ, enabling time-
multiplexed operation over a broader frequency range. This apprach aligns with the trend toward thinner and
lighter smartphones, facilitating the compact and highly integrated design of internal component.

(2) Conformal circularly polarized antenna. To mitigate polarization mismatch caused by Faraday rotation and
other atmospheric e ects, satellite signals are typically circularly pdarized (CP). However, when a linearly polarized
(LP) antenna receives a CP signal, approximately 50% of the power ifost due to polarization mismatch. To address
this issue, Ref. P] proposed a dual-LP antenna design that achieves CP radiation tting through directional control.
By feeding two embedded orthogonal dual-band LP antennas, whit generate two equal-amplitude and quadrature-
phase excitations at the same time, the CP tting can be achieved toimprove reception gain and directivity.

A more straightforward solution is the direct integration of CP ante nnas into smartphones. Conventional low-
pro le CP antennas can be embedded in smartphone glass back cagewith sequential-phase feeding networks to
enable wide-beam CP radiation. For DSDC services, CP antennas witlend- re radiation patterns o er better
performance when smartphones are held in a standard usage posé. Several designs have been introduced in
recent years to realize this functionality, including magneto-electic dipole structures (i.e., a half-cavity acts as a
magnetic dipole, and a oating metal element functions as an electriadipole) [153 and rectangular loop structure
with orthogonal modes and folded dipole modes154. Moreover, to overcome the limitation of the previous CP
antennas that operate only in a single frequency band, a dual-banCP antenna was proposed in 155. However,
integrating these antenna designs into real-world applications reqiies careful consideration of additional electro-
magnetic components and the complexities of the overall system &ironment. These issues all require further
investigation by researchers for DSDC.
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Figure 22 (Color online) Structure of phased array antenna. (a) The tr aditional phased array antenna; (b) the integrated planar p hased array
antenna.

Figure 23 (Color online) lllustration of spaceborne deployable ante nna. (a) The deployable SAR antenna; (b) the deployable thin - Im antenna.

4.3.2 High-gain spaceborne array antennas

Compared to improving the performance of the phone antennas,te design of spaceborne antenna of DSDC with
high e ective isotropic radiated power and gain-to-noise temperatire o ers a more e ective way to overcome the
substantial signal attenuation between satellites and MTs. Thus,the ultra-large-scale array with advanced multi-
beam technologies is considered essential for supporting high-sg data services in DSDC 156).

(1) Ultra-large-scale integrated phased array antenna. The phaed array can achieve high gain, narrow beam,
autonomous control, and space division multiple access, which makes the most potential spaceborne antenna
form of DSDC. However, the traditional spaceborne phased arna adopts the brick and tile structure, where the
high overall dimension and cost make them ill-suited for DSDC, as show in Figure 22(a). Recent advances in
CMOS technology have enabled the development of highly integrate¢hhased-array integrated circuits (ICs) [157),
facilitating the design of highly integrated planar phased-array antnna [L58 159. The antenna elements, RF
dividers, control circuits, power supply modules, and phased arm ICs are integrated into a single multi-layer
printed circuit board, with the phased-array ICs mounted directly on the back of the board, Figure22(b). This
design replaces conventional brick or tile phased array architectre, leading to enhanced antenna integration while
minimizing size, weight, and prole. However, the silicon-based CMOS pocess has limited electron mobility,
breakdown voltage, power density, and thermal conductivity. To deal with the high-power and low-noise RF
applications, the GaAs power amplier (PA) and low-noise amplier (LN A) [160, 161], can be placed between
antenna element and CMOS phased-array ICs.

(2) Spaceborne deployable antenna mechanisms. Since the size loé trocket fairing is limited, the ultra-large-scale
phased array antenna must be deployable. It is stowed within the raket fairing during launching and deployed
completely and automatically once into orbit. Notable examples includethe synthetic aperture radar (SAR) antenna
of the Japanese JERS-1 satellite and the India C-band RISAT-1 satllite antenna, as shown in Figure23(a). However,
as the phased array scales up, the traditional truss-type deplayent mechanism imposes a signi cant weight burden,
making the lightweight deployable designs a critical research focusThe novel thin Im structure o ers advantages
such as large area, lightweight, and easy to reassemble, making it Hity promising for space missions 162. As
presented in Figure 23(b), the thin-Im antenna array implements folding and deploying thr ough the support
structure, leading to a large reduction in weight and size of the ultralarge-scale phased array.

(3) Multi-beam phased array technology. The multi-beam phased aray antenna (MBPAA) can not only meet
wide-area coverage and broadband transmission, but also deal witarge-scale access and multipoint communication,
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Figure 24 (Color online) System architecture of three types of MBPAA. (a) Analog muti-beam phased array antenna; (b) digital muti -beam
phased array antenna; (c) hybrid digital-analog multi-bea m phased array antenna.

which has become one of the core technologies of DSDC servicé83. Figure 24(a) illustrates the RF phased-shifting
network-based MBPAA, where the phase shifter and attenuatorin the analog BFN control the amplitude and phase
of each antenna to enable beamforming. Nevertheless, the analdgBPAA has a limitation in achieving large-scale
beams. In response, the digital MBPAA (see Figure24(b)) processed in baseband via a high-speed digital signal
processing chip eliminates the need for expensive and complicated abe shifters and attenuators 164]. However, a
large amount of the digital equipment required for digital MBPAA res ults in high power consumption and signi cant
costs. The hybrid analog-digital beamforming is proposed as a simptalternative to reduce the hardware complexity
and processing load of full-digital MBPAAs. As shown in Figure24(c), the phased array antenna can be divided into
smaller subarrays, with analog beamforming performed within eachbarray, followed by digital beamforming using
the signals from subarrays. One limitation of this approach is the limited instantaneous scanning coverage, as the
phases of all the units in a subarray are changed synchronously bihe digital beamformer [165. Analog Devices,
Inc. presented a 32-element hybrid beamforming phased arrayehturing 8 elements per subarray and 4 digital
channels, which shows the potential of the hybrid analog-digital bamforming method in designing ultra-large-scale
multibeam phased arrays.

4.3.3 High-performance onboard processing payload

Advancements in spaceborne electronics have accelerated theatrsition of SatCom systems from transparent to
regenerative payloads, leading to signi cant improvements in onboad processing capabilities. The implementa-
tion of ISL and distributed processing in DSIN reduces reliance on SI, enabling more e cient data scheduling
and transmission. However, high-performance onboard proceisg relies on advanced in-orbit components. The
expansion of satellite payloads driven by more diverse DSDC servicemcluding the integration of communications,
navigation, and remote sensing (ICNR), also necessitates more p@rful onboard processing.

(1) Spaceborne intelligent information processing. Early satellite ppcessors typically adopted single- or dual-core
architectures with limited computing performance. For instance, the Intel 80386EX processor operates at a clock
speed of 33 MHz and delivers only 11 DMIPS, which is insu cient for onboard processing of gNB protocols and
inter-satellite routing. To address these limitations, the industry has been exploring the use of commercial o -
the-shelf (COTS) components as alternatives to traditional radiaion-hardened space-grade chips, facilitating the
transition of terrestrial industrial-grade components to space gplications. According to National Aeronautics and
Space Administration (NASA)'s radiation testing plans for COTS components, three primary types of chips are
considered for large-scale data processing: eld programmable tmarray (FPGA)-based general-purpose computing
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Figure 25 (Color online) ICNR architecture based on LEO constellatio ns [173].

chips, SoCs with integrated graphics processing unit (GPU) modulesand neural network chips optimized for DL
algorithms [166].

In the future, satellite processors will enhance onboard computig capabilities through standardized interface
designs, multi-board integration, and increased core scalability. Tlese advancements will provide strong support for
a multi-tier collaborative processing architecture integrating spaeborne edge computing, terrestrial communication
infrastructure, and cloud service clusters 167. Moreover, distributed Al techniques, including federated learnirng
[168], transfer learning, and split learning [169, o er e ective solutions for DSIN by alleviating the processing
burden on individual satellites and fully leveraging the computing resairces of edge nodes. Nevertheless, network
latency poses challenges for maintaining consistency across satedlinodes, as synchronous updates incur e ciency
losses, while asynchronous updates enhance exibility at the costfagylobal model stability.

(2) Integrated communications, navigation, and remote sensing.The continuous evolution of satellite hardware
and processing capabilities provides strong support for the applidégon of ICNR. For example, the compact low-
power atomic clocks, advanced satellite laser ranging and autononus spacecraft tracking, collectively provide
high-precision spatiotemporal positioning capabilities for satellites §]. Moreover, advanced onboard processing
technologies enable e cient in-orbit handling of remote sensing data which is particularly critical for SAR satellites
generating data at rates of several to tens of gigabits per secdn[170. By leveraging intelligent coordination and
dynamic scheduling across C/N/R functions, the distribution of remote sensing data can achieve real-time service.
As a result, the ICNR allows access to real-time communication, higlprecision navigation and positioning, and
remote sensing services seamlessly, making it an essential techrgjahat can further enhance DSDC.

Speci cally, the U.S. Defense Advanced Research Projects Agepd DARPA) initiated the Blackjack program
in 2018, aiming to develop an LEO satellite constellation for military applications [171]. Ref. [172 proposed to
construct an ICNR system for both civil and military applications, na med PNTRC. However, both Blackjack and
PNTRC exhibit a relatively low level of system integration, which may require additional coordination and opti-
mization among the various systems. Thus, Ref.J73 proposed an alternative architecture for the deep integration
of C/N/R as depicted in Figure 25. This architecture embraces an integrated design approach thatranscends the
limitations of current single-function constellations. It enables the seamless fusion of C/N/R capabilities at both
the computational and signal processing levels. Overall, althoughtte ICNR is still in its early stages, advance-
ments in distributed onboard processing will accelerate its implemerdtion, enabling future DSIN to better meet
the increasing demand for full-time, all-region, and highly precise infomation services in DSDC.
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Figure 26 (Color online) Comparative diagram of ultra-large-scale p hased array and distributed phased array.

5 Future directions and open issues

In this section, we focus on the potential directions and open issiein enhancing space-based information services
under DSDC, including distributed phased array antenna, full-duplex wireless technology, secure and semantic
communications. These technologies are essential to advance DSDwithin DSIN, enabling cross-layer optimization
from PHY transmission to network-layer management for broaderapplications.

5.1 Distributed phased array antenna

In SatCom, the distributed phased array leverages multi-satellite © establish a relatively loose phased array in
the CCS system L0]. The subelement of a distributed phased array can be individually hoted on di erent small
satellites such as CubeSats, as shown in Figur26. Although each small platform may only be equipped with
commercial low-gain patch antennas, they can be tuned to creata large equivalent aperture, enabling signi cant
gain and narrow beamforming. In this case, the distributed phasedarray provides a scalable alternative to the
challenges of integrating ultra-large-scale antenna arrays on a sgie satellite in DSDC, including the complexity of
deployable mechanism design and the stringent constraints imposebly the size of the rocket fairing. Moreover, the
distributed nature of satellites o ers greater exibility in platform s pacing and constellation topology, allowing for
recon gurable inter-platform distances and formation patterns to accommodate di erent application requirements.
Further, the distributed architecture is inherently fault-toleran t through workload sharing across multi-satellite,
where the failure of several satellites may degrade performanceubmaintain service continuity [ 174].

Despite its potential, distributed phased array technology remainstheoretical and con ned to academic research,
facing several critical challenges175. (1) The distance between distributed satellites signi cantly exceals half a
wavelength, leading to severe grating lobes in the radiation pattern The solutions include introducing aperiodicity
in subarray/element spacing to suppress grating lobes, and applyig amplitude tapering through satellite power
control. (2) Accurate time and phase synchronization across disibuted elements is essential, requiring stringent
control over phase alignment, delay, and relative positioning within the CCS system, which necessitates high
precision ISL, advanced ranging techniques, and precise formatiocontrol strategies. (3) Space environmental
disturbances can compromise formation stability, potentially disrupting the intended topology. To address this,
advanced autonomous navigation, guidance, and control algoritms are critical to ensure precise position and
attitude adjustments under constrained power conditions. (4) Distributed phased arrays enable narrow, high-gain
beams, but entail more beams to ensure global coverage, leading tomplex inter-beam interference and frequent
beam switching, necessitating optimized distributed multi-beam straegies [L76].

5.2 Rull-duplex wireless technology

Flexible duplexing like in-band full-duplex (IBFD) [ 177] has recently emerged as a signi cant advancement in next-
generation wireless communication systems, which enables the dymac allocation of symbols for transmission and
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reception in a speci ed frequency band 178, thereby further enhancing the SE of DSDC based on the satellite-
terrestrial spectrum sharing. However, to capitalize on the SE bae ts, IBFD systems must e ectively suppress the
self-interference (SI) that arises when the transceivers opeta simultaneously on the same frequency band. Thus, SI
cancellation methods are utilized, which is typically achieved through acombination of techniques across di erent
domains.

(1) Antenna/propagation domain techniques. This domain focuseson isolating the transmit and receive paths to
minimize Sl at the source, which are often the rst line of defense aginst Sl [179. Physical separation, along with
the use of isolators or circulators, helps reduce direct coupling beteen antennas. Moreover, employing orthogonal
polarization for transmit and receive antennas can reduce Sl by tking advantage of polarization diversity.

(2) Analog domain techniques. This domain involves generating a caredlation signal that mirrors the Sl, and
subtracting it from the received signal before digitization. Typically, an analog least mean square (ALMS) loop
operates purely in the analog domain, o ering low-complexity and rolust performance across diverse scenarios.
Thus, the analog cancellation is e ective at handling strong SI compaments with short delay spreads, and is crucial
for preventing receiver saturation [18(.

(3) Digital domain techniques. This domain addresses residual S| &r analog cancellation, which is adept at
mitigating weaker SI components with longer delay spreads. At this tage, the transmitted signal and estimated
S| channel are leveraged to reconstruct and subtract the intefierence from the received signal. Moreover, imple-
menting ML techniques can enhance cancellation accuracy by modelinand compensating for non-linear distortions
introduced by hardware impairments 1Q imbalances [81].

In summary, IBFD operation in DSDC holds considerable promise for ahancing SE and resource utilization.
However, the substantial physical distance in satellite links often lads to critical power imbalances between transmit
and receive signals, especially in multi-satellite collaboration scenarios Recent advances in onboard processing
power, high-gain antennas, advanced RF components, and low-omplexity distributed processing algorithms can
potentially alleviate these challenges, paving the way for more pradtal IBFD implementations in DSIN.

5.3 Secure communication

Security is an essential aspect of DSDC, particularly with the exporntial growth of con dential and sensitive data
over future 6G wireless links. Unlike terrestrial mobile networks, s#ellite-integrated Internet is inherently more
vulnerable to eavesdropping, jamming, unauthorized access andtrer threats from space, air, and ground. In this
case, secure communication in DSDC must meet the requirements cbn dentiality, integrity, and availability [ 187].
Three primary techniques of secure communications, including clagsal cryptography, physical layer security (PLS),
and quantum-domain security, establish a multi-layered security mehanism that integrates the PHY technologies
in Subsection 4.1 with the network management mechanisms in Subsgéan 4.2 to provide comprehensive protection
through encryption, authentication, and decryption. As the key-based classical cryptography's security depends on
computational limits and is becoming less e ective, we focus on PLS ath quantum key management.

Traditional PLS leverages the reciprocity, randomness, and timevarying nature of wireless channels to generate
random key pairs for encrypting transmitted data at the PHY. How ever, malicious nodes can still detect commu-
nication behaviors and launch physical attacks. To address this isge, emerging covert communication techniques
are introduced to enhance security by emulating background noisé conceal the data stream via advanced channel
estimation methods [L83 184]. On the other hand, quantum communication enables unconditionalsecurity based
on the no-cloning theorem (i.e., quantum states cannot be perfety replicated) and the uncertainty principle (i.e.,
any attempt to measure a quantum state disturbs the system). Quantum key distribution (QKD) is the most
mainstream approach, which replaces key distribution over wirelesshannels with quantum state transmission and
has been commercialized]85. Thus, key management becomes pivotal for quantum security. &f. [186] introduced
a routing and key distribution algorithm that constructs a relay tre e for key forwarding, thereby improving the
performance in terms of safety probability and key resource usag

Furthermore, by leveraging the high-density deployment of mega onstellations with onboard processing payload,
a decentralized security framework using distributed federated larning can be implemented in a satellite network. It
enables e cient data utilization and ML model training, while supportin g user privacy protection [187]. Meanwhile,
Al-driven security strategies, such as intelligent anomaly detectim and intrusion detection based on DL, represent
a promising direction for future advancements. Overall, by integraing these security technologies, an intelligent
and trusted satellite network can be established to address the derse security requirements of DSDC, accelerating
its commercial deployment.
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5.4 Semantic communication

With the increasing demand for DSDC services, the conventional bilevel transmission and reconstruction is increas-
ingly seen as a barrier to satisfying stringent QoS to MTs. Bene ting from the deployment of a high-performance
onboard processing payload, semantic communication has emerges a new paradigm to address this problem.
Leveraging advanced Al techniques, it enables all communication ities to transmit only the most relevant infor-
mation to the receiver at the right time, thereby alleviating network congestion [L8§. In this case, it holds signi cant
potential in minimizing redundant transmissions and optimizing resource utilization, particularly in DSIN, where
power, storage, and computing resources are inherently congtned. For example, semantic communication demon-
strates robust performance in challenging STLs, due to the fact hat semantic decoding focuses on recovering the
intended meaning rather than every transmitted bit [189. Moreover, knowledge-sharing mechanisms are widely
adopted in semantic encoding modules to ensure long-term semanticonsistency between transceivers, enhance
resilience to time-varying channel conditions, and improve the repesentation capability for multimodal data [ 190.
Furthermore, the aforementioned advancements in distributed omputing and onboard Al networks serve as key
enablers for the large-scale deployment of semantic communicatioim satellite-integrated Internet.

Currently, semantic communication remains in its early stages, and is integration into DSIN presents several
challenges. (1) Semantic information theory. The foundational theoretical framework for semantic communication
is still underdeveloped, with a lack of interpretability in semantic extr action and the absence of uni ed metrics for
network performance. Ref. 191 proposed a three-dimensional utility of information (Uol) metric t hat evaluates
the importance of information based on timeliness, reliability, and EE across di erent scenarios. However, bridg-
ing the gap between theoretical models under the black-box natwe of neural networks remains an open research
challenge. (2) Dynamic access and handover. The high mobility of LEGsatellites and dynamic channel conditions
require continuous adaptation and frequent handover. As a resit, the DL models face stringent requirements for
generalization, encompassing model retraining e ciency, feasibilityin time-varying environments, and the capacity
to handle an ever-expanding knowledge base (KB). (3) Knowledge tonsistency and sharing overhead. The infor-
mation acquisition from the wide-area coverage of satellites resultén heterogeneous background knowledge across
di erent nodes, leading to a mismatched semantic network and degaided transmission performance, especially in
the CCS system. While frequent knowledge sharing across multiple sallites helps maintain semantic consistency,
it comes at a signi cant cost in terms of time and resource consumgbn.

6 Conclusion

Driven by the rapid advancements in the aerospace industries and &Com techniques, DSIN is emerging as a
transformative architecture for realizing the ubiquitous intelligent connectivity of DSDC. This survey has begun with
industries perspective on the three technical routes of DSDC antheir future potential within DSIN. An overview of
prospective DSDC network architectures has been provided, emenpassing transparent forwarding and regenerative
processing mode, along with the proposed distributed multi-satellitecollaborative transmission architecture and
recon gurable satellite formation. The enabling technologies to mee the broadband DSDC requirements have
been explored, covering essential air interface techniques (e.g.plbust beamforming, channel coding, spectrum
sharing, GFRA, coherent transmission) and network managemente.g., mobility management, resource allocation,
distributed routing and congestion control) within the multi-satellite collaborative framework, as well as the satellite
payload and phone antenna designs. Future promising directions ahthe related research challenges have also
been pointed out, o ering insights into the advancement of DSDC. In conclusion, this survey review can provide
researchers in both academia and industry with valuable guidance ahinsightful thoughts on further innovations
in DSDC.
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Appendix A
Table Al List of abbreviations.
Abbreviation  De nition Abbreviation  De nition
3GPP 3rd generation partnership project LEO Low earth orbit
4G Fourth-generation LM Location management
5G Fifth generation LNA Low noise ampli er
6G Sixth generation LP Linearly polarized
AFDM A ne frequency division multiplexing LSTM Long short-term memory
Al Arti cial intelligence LTE Long-term evolution
ALMS Analog least mean square MAC Media access control
AnFRA Anonymous and fast roaming authentication MADRL Multi-agent DRL
Aol Age of information MBPPA Multi-beam phased array antenna
BBR Bottleneck bandwidth and round-trip MFD Matched lIter detection
propagation time MIMO Multiple-input and multiple-output
BP Belief propagation MIPv6 Mobile IP version 6
BS Base Station ML Maximum likelihood (in channel coding)
CCA Congestion control algorithm machine learning (in other sections)
CCS Cohesive clustered satellites MPTCP Multipath transport control protocol
CFI Co-frequency interference MMF Mobility management function
CFD Cyclostationary feature detection MRB Most reliable basis
CJT Coherent joint transmission MSS Mobile satellite service
COTS Commercial o -the-shelf MT Mobile terminal
CoMP Coordinated multi-point NASA National aeronautics and
CP Control plane (in network architecture) space administration
cyclic pre x (in air interface techniques) NFV Network functions virtualization
circularly polarized (in antenna designs) NR New radio

(Continued on next page)
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(Continued)

Abbreviation ~ De nition Abbreviation  De nition

CR Cognitive radio NTN Non-terrestrial network

Csl Channel state information OFDM Orthogonal frequency division multiplexing

CuU Central unit OLD Ordered likelihood decoding

DARPA Defense Advanced Research Projects Agency OLIA Opportunistic-linked increase algorithm

DEFT Delay-equalized FAST O-RAN Open radio access network

DL Deep learning OosD Ordered statistics decoding

DMTC Distributed multi-satellite collaborative OTFS Orthogonal time frequency space
transmission PA Power ampli er

DQN Deep Q-network PAC Polarization-adjusted convolutional

DRL Deep reinforcement learning PDCP Packet data convergence protocol

DSDC Direct satellite-to-device communication PDCCH Physical downlink control channel

DSIN Distributed satellite information network PDSCH Physical downlink shared channel

DU Distributed unit PDU Packet data unit

eNodeB Evolved node B PLS Physical layer security

E2E End-to-end PSS Primary synchronization signal

ED Energy detection QKD Quantum key distribution

EE Energy e ciency QoS Quiality of service

FCC Federal Communications Commission RF Radio frequency

FDD Frequency division duplex RIS Recon gurable intelligent surface

FFT Fast Fourier transformation RLC Radio link control

FPGA Field programmable gate array RRC Radio resource control

gNB Next generation node B RSMA Rate-splitting multiple access

GE Gaussian elimination RTT Round-trip time

GEO Geostationary earth orbit RZF Regularized zero-forcing

GFRA Grant-free random access SAR Synthetic aperture radar

GNN Graph neural network SCL Successive cancellation list

GPU Graphics processing unit SCMA Sparse code multiple access

HARQ Hybrid automatic repeat request SDAP Service data adaptation protocol

IBFD In-band full-duplex SDN Software-de ned networking

IC Integrated circuit SE Spectral e ciency

ICNR Integration of communications, SI Self-interference
navigation, and remote sensing SIC Successive interference cancellation

IFFT Inverse FFT SINR Signal-to-interference-plus-noise ratio

loT Internet of Things SNR Signal-to-noise ratio

IP Internet protocol TA Timing advance

1Q In-phase and quadrature TDD Time division duplex

ISL Inter-satellite link TEP Test error patterns

ITU International Telecommunication Union TF Time-frequency

ITU-R ITU radio communication sector TN Terrestrial network

KB Knowledge base UpP User plane

KKT Karush-Kuhn-Tucker UPA Uniform planar array

LA Location area Uol Utility of information

LC Link cooperation (in network architecture) VSAT Very small-aperture terminal
inductance-capacitance (in antenna designs) wC Wave cooperation

LCMA Lattice code multiple access ZF Zero-forcing

LDPC Low-density parity-check ZCS Zado -Chu sequences
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