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ABSTRACT

The advance of direct satellite-to-device communica-
tion has positioned mega-satellite constellations as a cor-
nerstone of 6G wireless communication, enabling
seamless global connectivity even in remote and under-
served areas. However, spectrum scarcity and capacity
constraints imposed by the Shannon'’s classical informa-
tion theory remain significant challenges for supporting
the massive data demands of multimedia-ich wireless
applications. Generative Semantic Communication
(GSC), powered by artificial intelligence-based genera-
tive foundation models, represents a paradigm shift
from transmitting raw data to exchanging semantic
meaning. GSC can not only reduce bandwidth con-
sumption, but also enhance key semantic features in
multimedia content, thereby offering a promising solu-
tion to overcome the limitations of traditional satellite
communication systems. This article investigates the
integration of GSC into mega-satellite constellations
from a networking perspective. We propose a GSC-
empowered satellite networking architecture and iden-
tify key enabling technologies, focusing on GSC-
empowered network modeling and GSC-aware net-
working strategies. We construct a discrete temporal
graph to model semantic encoders and decoders, dis-
tinct knowledge bases, and resource variations in mega-
satellite networks. Based on this framework, we develop
model deployment for semantic encoders and
decoders and GSC-compatible routing schemes, and
then present performance evaluations. Finally, we out-
line future research directions for advancing GSC-
empowered satellite networks.

|. INTRODUCTION

Mega-satellite networks, consisting of thousands of Low
Earth Orbit (LEO) satellites, are revolutionizing global
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connectivity by bridging gaps in underserved regions
and delivering seamless network services worldwide.
Specifically, according to the International Telecommu-
nication Union (ITU), over 70% of the Earth’s surface,
including remote areas such as oceans, deserts, and
rainforests, lacks terrestrial network coverage. Further-
more, 2.9 billion people, accounting for 37% of the
global population, still lack Internet access. This signifi-
cant connectivity gap highlights the critical role of satel-
lite networks in providing reliable and inclusive wireless
communication. To fulfill this gap, advances in satellite
technology, combined with declining launch costs, are
driving the rapid transformation of LEO satellite net-
works. Among these advancements, key innovations
such as inter-satellite links (ISLs) and onboard computing
are at the forefront of this evolution. Compared with tra-
ditional Geostationary Earth Orbit (GEO) satellite sys-
tems, which incur delays of around 250 ms, LEO
satellite networks can achieve much lower latencies in
the order of tens of milliseconds by using ISLs to enable
data relay between satellites [1]. Meanwhile, onboard
computing supports local data processing, timely
decision-making, and flexible functionality deployment,
thereby minimizing reliance on ground stations and
enhancing overall network efficiency. Combined with
satellite directto-device communication capabilities,
these advancements aim to support delay-sensitive and
bandwidth-intensive applications on a global scale. The
increasing demand for services such as reaktime Earth
observation, Internet of Things (IoT) applications, and
satellite-enabled  smartphone  connectivity ~ further
emphasizes the significance of LEO satellite networks.
As these capabilities evolve, LEO satellite networks are
expected to complement ground-based networks,
transforming wireless communication across various
applications and industries.

While satellite networks promise to support
emerging applications, their ability to meet growing
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demands for high-bandwidth is constrained by limited
spectrum and bandwidth resources. Traditional fre-
quency bands, such as L and S, are heavily congested,
while C and Ku bands approach saturation. To miti-
gate these challenges, higher frequency bands like K,
Ka and laser have been adopted [2]. Despite these
advancements, bandwidth allocation to individual
applications remains severely constrained. Techni-
ques like phased array beamforming and dynamic
spectrum sharing provide incremental improvements
but fail to resolve performance limitations. For
instance, tests in March 2024 revealed that download
speeds from Starlink satellites to mobile devices were
limited to just 17 Mbps, while its initial direct-to-cell
constellation offered only 10 Mbps per beam for
unmodified cellphones by December 2024. For
uplink, the current state-of-the-art achieves only a few
Kbps, making it challenging to meet the performance
demands of 6G. Furthermore, traditional communica-
tion models governed by Shannon’s capacity theo-
rem impose fundamental limits on spectrum
efficiency, hindering further improvements in
wireless communications.

A promising advancement in satellite communica-
tion is the integration of generative semantic commu-
nication (GSC), which leverages cutting-edge artificial
intelligence (Al) to optimize data transmission [3].
Unlike traditional systems that transmit raw data, GSC
transmits essential semantic meaning by utilizing a
shared knowledge base (KB) between the transmitter
and receiver [4]. This approach ensures that only the
most relevant information is conveyed, enabling
accurate reconstruction with minimal data [5]. Com-
pared to deep learning-based semantic communica-
tion, GSC is better suited for mega-satellite networks,
as the latter requires distinct models for different
channels. Particularly, recent breakthroughs in gener-
ative foundation models, such as ChatGPT, have sig-
nificantly enhanced GSC’s capabilities [6], [7]. These
models improve semantic understanding, enabling
precise reconstruction while reducing data require-
ments. Their advanced reasoning and context-
awareness further allow GSC to effectively manage
diverse and dynamic information in wireless commu-
nication scenarios [8]. As a result, GSC can offer two
key benefits for satellite networks:

« Reduced communication load in satellite net-
works: By transmitting semantic meaning
instead of raw data, GSC can reduce bandwidth
usage in satellite networks.

« Enhanced semantic clarity for satellite applica-
tions: By leveraging generative models and
semantic reconstruction, GSC enhances the con-
veyed information. For instance, in satellite-based
traffic monitoring systems, traffic signals in raw
data may be unclear, but they can become more
recognizable after semantic reconstruction.
Additionally, satellite networks can provide unique

advantages for enabling GSC:

« Global deployment of GSC: Satellite networks
enable rapid global GSC deployment, ensuring
communication in areas lacking ground infra-
structure like oceans, deserts, and disaster
zones.

« Minimal resource demands on user devices:
By hosting semantic encoders and decoders on
satellites, the need for user devices to handle fre-
quent model deployments or updates is elimi-
nated, reducing computing and communication
resource demands. Model updates can be

synchronized across satellites, ensuring scalable
and resource-efficient GSC system
implementation.

Despite its benefits, implementing GSC in satellite
networks also faces several challenges from the net-
working aspect:

« Generative model deployment in satellite net-
works: The limited computational resources
and dynamic topologies of satellite networks
make it challenging to deploy and update gen-
erative models efficiently, requiring optimized
placement across satellites over time.

« GSC-compatible routing in satellite systems:
Traditional routing algorithms primarily focus on
the number of nodes and path length. How-
ever, integrating GSC into satellite networks
presents additional considerations. Semantic
encoding and decoding at nodes introduce
extra computing latency while reducing band-
width demand [9]. These factors must be
thoughtfully addressed in the design of routing
algorithms.

To tackle these challenges, we propose a GSC-
empowered satellite networking  architecture,
highlighting key enabling technologies, with an
emphasis on temporal graph-based network model-
ing and GSC-compatible networking strategies. We
use the discrete temporal graph to capture the diver-
sity of KBs and resource fluctuations in large-scale sat-
ellite networks. Building on this architecture, we
develop deployment strategies for generative founda-
tion models and GSC-compatible routing schemes,
followed by detailed case studies. Finally, we discuss
future research directions of GSC-empowered satel-
lite networks for enhancing global wireless connectiv-
ity. Our contributions are summarized as follows:

« We propose a GSC-empowered satellite net-
working architecture and identify key technolo-
gies, including temporal graph-based modeling
and GSC-compatible networking.

« Based on the proposed networking architecture
and temporal graph model, we develop deploy-
ment strategies for generative foundation mod-
els and GSC-compatible routing schemes to
enhance network performance.

- We validate the proposed architecture and
routing schemes through case studies and out-
line future directions for advancing GSC-
empowered satellite networks.

The rest of this article is organized as follows. Sec-
tion Il presents the system architecture and key tech-
nologies for the GSC-empowered satellite network.
Sections lll and IV discuss discrete temporal graph
modeling and GSC-compatible model deployment
and routing, respectively. A case study on GSC-
compatible routing is provided in Section V, followed
by future challenges and research directions in Sec-
tion VL. Finally, the paper concludes with Section VII.

|| SYSTEM ARCHITECTURE AND KEY TECHNOLOGIES

A. GSC-EMPOWERED SATELLITE NETWORKING
ARCHITECTURE

The GSC-empowered satellite network utilizes GSC
to enhance the efficiency of data communications
based on generative foundation models. As shown in
Fig. 1, the overall networking architecture of the
GSC-empowered satellite network consists of the
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LEO satellite constellation, user terminals, the satellite
control system, and generative foundation models
serving as the semantic encoders and decoders.

LEO Satellite Constellation: As depicted in Fig. 1,
the LEO satellite constellation comprises both com-
munication satellites and Al satellites [10]. The com-
munication satellites are equipped with radio
frequency and/or laser transceivers for wireless data
forwarding. In contrast to communication satellites
that focus solely on data transmission, Al satellites
have powerful computing capability to support gen-
erative foundation model-based semantic encoders
and decoders. Specifically, Al satellites leverage
resource virtualization technologies to abstract
resources into Al functionalities and deploy semantic
encoders as microservices, enabling the processing
and compression of raw data using semantic
encoders corresponding to different KBs. Beyond
data transmission, they deploy generative foundation
models tailored to specific communication task for
encoding and decoding multimedia data, including
text, audio, and video. Each Al satellite can function
as a semantic encoder, decoder, or both, depending
on computational capacity, power constraints, user
demands, and operational costs. Due to the high
costs of satellite launches and designs, the number of
Al satellites remains limited, especially in earlier gener-
ations [10]. Both communication and Al satellites sup-
port ISLs, enabling wireless connectivity across the
constellation. The network topology evolves predict-
ably due to the periodic nature of satellite orbits.
When passing over user terminals, satellites establish
satellite-to-ground links (SGLs) to transmit or receive
raw, encoded, or decoded data.

User Terminals: User terminals encompass a wide
range of devices, including sensor nodes, vehicle termi-
nals, uncrewed aerial vehicles (UAVs), high-altitude
platforms, ground stations, and other mobile devices
with direct satelliteto-device access. These terminals
establish connections with the satellite constellation via
SGLs. While all these terminals support direct satellite
connectivity, their computational capacities vary.
Resource-constrained devices like loT sensors and
emergency terminals may lack the power for semantic
compression, while others can host full or compressed
Al models. However, the frequent model updates
required by GSC impose significant computational and
communication overhead on user devices. By hosting
semantic encoders and decoders on satellites, the bur-
den on resourceimited terminals can be alleviated.

Satellite Control System: The satellite control sys-
tem comprises ground-based satellite control centers
(SCCs), GEO satellite systems, and dedicated chan-
nels connecting them. The SCCs play a pivotal role in
monitoring, managing, deploying, and optimizing the
satellite network. They deploy and update semantic
encoders and decoders on Al satellites to adapt to
generative foundation model improvements, net-
work changes, limited resource constraints, and user
demands. To balance computation/communication
trade-offs under varying resource conditions, SCCs
may selectively deploy models of different sizes
based on available computational and communica-
tion capabilities. In addition, caching mechanisms
can be employed to reduce redundant computations
across satellites and over time. Specifically, to handle
model updates under latency and power constraints,
SCC:s first transmit the updated models to GEO satel-
lites, which then relay them to targeted LEO satellites
when bandwidth and power availability permit. This
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FIG. 1. The overall networking architecture of generative semantic communication (GSC)-

empowered satellite networks.

GEO-assisted relay mitigates the short contact win-
dows between LEO satellites and ground stations and
avoids overloading resource-limited satellites. When
onboard resources are constrained, SCCs may
reduce the model update frequency or apply model
distillation to lower transmission overhead and energy
consumption. However, reduced update frequency
or model distillation may degrade the accuracy of
semantic communication, necessitating careful strat-
egy design to balance resource constraints and net-
work performance.

Generative Foundation Models: Generative foun-
dation models are pivotal to the GSC-empowered sat-
ellite networking architecture. Deployed on Al
satellites and ground terminals, these models are tai-
lored to specific KBs (formally defined in Definition 1)
to handle diverse data types, such as text, images, and
video. Depending on platform resources, they can be
deployed in fullscale, finetuned, or compressed
forms. On Al satellites, these models serve as semantic
encoders, decoders, or both, transforming raw data
into semantic representations to enhance communica-
tion efficiency. Deployment of generative foundation
models is resource-dependent, with some satellites
hosting multiple models to meet diverse demands.
User terminals with sufficient computational capacity
can also host generative models for local semantic
processing, reducing reliance on satellite resources. To
ensure accurate and efficient communication, models
are updated and synchronized with the latest KBs. The
satellite control system manages updates and deploy-
ments, dynamically optimizing resources to adapt to
evolving network conditions and user demands.

Definition 1 (Knowledge Base (KB)): A KB is
a repository of domain-specific knowledge and
relevant information that provides shared con-
text between sender and receiver in a semantic
communication system. A KB can include text,
speech, images, video, or other multimodal
datasets, which can be accessed and dynami-
cally updated to support semantic Al model

training and inference.
How GSC improves bandwidth efficiency. GSC
reduces bandwidth consumption by transmitting
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FIG. 2. An example to show the necessity of time discretization in GSC-empowered satellite
networks for handling the temporal misalignment of link resources among the
end-to-end path.

compressed semantic representations instead of raw
data, which is particularly beneficial in bandwidth-
limited satellite networks. This alleviates traffic on both
ISLs and SGLs. However, the dynamic topology of sat-
ellite networks requires well-designed networking strat-
egies to fully realize these gains. Without proper
coordination, the benefits of GSC may be limited.

B. KEY TECHNOLOGIES OF GSC-EMPOWERED
SATELLITE NETWORK

From a networking perspective, the GSC-empowered
satellite network involves three key technologies, i.e.,
GSC-empowered satellite network modeling, genera-
tive foundation model deployment, and GSC-
compatible routing. Now we will discuss each of them
and their related challenges.

1) Modeling Time-Varying Node and Link Resour-
ces in GSC-empowered Satellite Network: Early satel-
lite networks are small in scale and rely on the store-
carry-forward model, which was primarily suitable for
delay-tolerant applications. In contrast, modern con-
stellations leverage numerous LEO satellites intercon-
nected by ISLs to support reaktime communication.
However, LEO satellites orbit the Earth every 90 to
120 minutes, maintaining user terminal connectivity
for only tens of minutes. This rapid movement causes
frequent topology changes and varying link dura-
tions, posing significant challenges for network
modeling and realtime optimization.

Fig. 2 presents a data transmission scenario
between user terminals S and D along the path
S— A —B— C— D involving three satellites and
four different links. The link S — A is available from the
0Oth to the 15th minutes, A — B from the 5th to the
20th minutes, B— C from the 10th to the 25th
minutes, and C — D from the 10th to the 20th
minutes.  Consequently, the path S—A—
B — C — D remains stable only during the interval
from the 5th to the 10th minutes. Traditional static
graph models are unable to capture such temporal
misalignment among link resources. Therefore, dis-
crete temporal graph models are required to address
this limitation by dividing the time axis into discrete
time windows, where the network topology within
each time window is considered static. This approach

ensures alignment of link availability and facilitates effi-

cient resource allocation and routing.

On the other hand, the integration of semantic
encoders and decoders into satellite networks neces-
sitates additional optimization of Al satellites while
accounting for their mobility. This significantly
increases network dynamicity, introducing challenges
in efficient resource representation to ensure service
continuity. Fig. 3 illustrates the impact of satellite
mobility on GSC across three intervals. In the first
interval, the source user terminal transmits data to an
Al satellite for encoding, which relays the encoded
data via another satellite to a decoding Al satellite
before reaching the destination terminal. In the sec-
ond interval, the encoding Al satellite moves out of
range, prompting the network to reassign both the
decoding satellite and relay satellite. In the third inter-
val, further mobility of the decoding satellite necessi-
tates additional updates to sustain communication.
The continuous movement of Al satellites introduces
substantial complexity in network modeling and
resource management, particularly in maintaining
continuous semantic communication. Therefore,
many critical problems related to network modeling
must be addressed:

« How can the dynamic behavior of Al satellites
be effectively captured in the network model?

« What strategies can ensure seamless transitions
between Al-enabled satellites to avoid commu-
nication disruptions?

« How can model deployment schemes be
designed to adapt to frequent topological
changes and user demands?

2) Adaptive Generative Foundation Model Deploy-
ment: Adaptively deploying generative foundation
models on satellites is critical for enabling GSC in sat-
ellite networks. This involves equipping satellites with
semantic encoders and decoders to support diverse
user requirements. While certain devices like vehicles
can accommodate compressed models using techni-
ques like knowledge distillation, many user terminals
lack the computational capabilities for semantic
encoding or decoding. For instance, mobile terminals
often have limited computational resources, making
it challenging to deploy generative foundation mod-
els required for tasks like video or 3D volumetric data
processing. Additionally, compressed models may
compromise accuracy, resulting in ambiguous encod-
ing or imprecise decoding that degrades communica-
tion performance. Intuitively, the deployment of GSC
components should adhere to fundamental princi-
ples to optimize system efficiency. Based on our find-
ings presented in the following lemma, placing the
GSC encoder closer to the source node and the
decoder nearer to the destination optimizes
bandwidth efficiency and minimizes resource con-
sumption. This principle is crucial for designing
deployment strategies.

Lemma 1 (The Fundamental Law of Multi-
Hop GSC): In a multi-hop GSC-empowered
satellite system with a fixed number of hops,
positioning the GSC encoder nearer to the
source and the GSC decoder nearer to the des-
tination leads to a more efficient utilization of
bandwidth during transmission, thereby mini-
mizing the overall resource consumption.

Fig. 4 presents a concrete example illustrating the
importance of strategic deployment. In traditional
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communication, data is transmitted along the shortest
path (U1, A, B, U2), consuming 60 Mbps bandwidth
and incurring a 15 ms delay. However, if the encoder
is deployed on a distant satellite node D, the data
must travel through a longer path (U1, A, C, D, E,
U2), requiring 70 Mbps bandwidth and experiencing
a higher delay of 25 ms. This example underscores
how improper deployment can negate the potential
benefits of GSC. As shown in Fig. 4(a), the shortest
path latency is 15 ms. Although higher than 5G terres-
trial networks, it is much lower than traditional GEO
satellites and shows that LEO networks can effectively
complement future terrestrial systems in scenarios
where terrestrial coverage is absent, such as in
remote, underserved, or disaster-affected areas.

Additionally, satellite mobility presents challenges
for GSC model deployment. The periodic movement
of satellites can disrupt the optimal placement of
encoders and decoders, necessitating adaptive
deployment and update strategies.

3) GSC-compatible Routing Optimization: In GSC
systems, routing algorithms are pivotal in managing
both data transmission and semantic encoding/
decoding processes. However, traditional satellite rout
ing methods are designed with a focus on link-specific
metrics like bandwidth and delay. These approaches
disregard the semantic requirements intrinsic to GSC,
such as where and how data should be encoded or
decoded. This limitation renders conventional routing
strategies unsuitable for GSC systems. To address these
gaps, routing algorithms tailored to GSC must be devel-
oped to ensure efficient and reliable data transmission.
The GSC-compatible routing algorithms must resolve
several key challenges:

« Matching KBs for Semantic Encoding and
Decoding: The routing algorithm must deter-
mine encoding and decoding nodes in addition
to selecting the next-hop satellite. For example,
if the source node performs semantic encoding,
it is crucial to ensure the destination node has
compatible decoding capabilities and KBs. Oth-
erwise, satellite-assisted decoding must be
utilized.

« Real-Time Optimization: To meet the realtime
demands of GSC, the algorithm must achieve a bal-
ance between bandwidth efficiency and delay,
while maintaining low computational complexity
for quick responsiveness.

« Adaptation to Network Dynamics: Frequent
topology changes and rapid mobility of Al
nodes require adaptive routing strategies to
ensure stable semantic communication under
varying conditions.

In conclusion, enabling GSC in satellite networks
requires holistic solutions that address network
modeling, Al model deployment, and routing optimi-
zation. These advancements are vital to unlocking the
full potential of GSC in dynamic and resource-
constrained environments.

I1l. DISCRETE TEMPORAL GRAPH MODELING FOR
DYNAMIC NODE AND LINK RESOURCES IN
GSC-EMPOWERED SATELLITE NETWORKS

Temporal graphs are an effective mathematical tool
for capturing the dynamic topological characteristics
of satellite networks, particularly in modeling varia-
tions in node mobility and communication links. Exist-
ing models, such as contact graph [11], snapshot

Encoder

ik
4& NS

/ Decoderf

2 &,
% 7 O N

Encoder /Decoder,

S
B

B ) S

Time interval 1 =l Time interval 2 =

qeh T
\ Encgder !

. —

/' Decodér /

o To—tic

Time interval 3

%

-

FIG. 3. An example to demonstrate how semantic communication is affected by the

movement of satellite nodes.

Decoder

With GSC

Sa Q& N8
C D E
Path= (U1, A, B, U2)

Occupied bandwidth = 20+20+20 = 60 Mbps
End-to-end path delay = 5+5+5 = 15 ms

(a) Traditional shortest path data transmission

N

Sanor

20Mbps 20Mbps 20Mbps S
h ps;\::~ pL \E'\ psA — hZU\ﬂ)m o
Sms ) Sms ) Sms B 5ms
Ul A B Ul A
2
Encoder £

5ms S5ms

Path = (U1, A, C, D, E, U2)
Occupied bandwidth = 20+20+20+5+5 = 70 Mbps
End-to-end path delay = 5+5+5+5+5 = 25 ms

Decoder

o U2
B ;1}
> Encoder 2\
% \%
20Mbps @ SMbps -
N —>

(b) Semantic communication in a bad case

FIG. 4. An example highlighting the importance of network optimization in GSC-empowered

satellite networks.

graph, time-expanded graph, and time-aggregated
graph, rely on a time discretization mechanism that
divides the time period into discrete intervals [12].
During each interval, the network topology (snap-
shot) is considered to be stable, allowing routing algo-
rithms to function effectively. In existing models, time
is divided based on ISL events or fixed time intervals.
While they consider satellite mobility and link connec-
tivity, they do not account for the influence of satellite
Al capabilities in the context of GSC.

A. GSC-ComPATIBLE TIME DISCRETIZATION METHOD
In our model, all satellites (both Al satellites and com-
munication satellites) and user terminals are repre-
sented as nodes V in the network graph, while ISLs
and SGLs form the edges. The KBs deployed in the
satellite network are represented by the set ®, where
|®| indicates the total number of supported KBs. For
each node n € V, two integer vectors, E, and D), are
defined to characterize its encoding and decoding
capabilities with respect to ®. A node is classified as a
GSC-capable node (either an Al satellite or a user ter-
minal) if at least one element in E, or D, is > 1.
Nodes for which all elements of E,, and D, are 0 do
not have any deployed encoding or decoding capa-
bilities and function only as communication relays.

Then, the GSC-compatible time discretization pro-
cess relies on the contact plan [11], which defines
each contact by timestamps (start and end), involved
nodes, Al resources, transmission rates, and propaga-
tion delays. Due to rapid resource fluctuations in sat-
ellite networks, the large number of timestamps often
leads to frequent path switching. To address this, we
introduce a minimum service duration parameter 7,
which merges time slots shorter than 4 and recon-
structs snapshot graphs for the merged intervals. This
reduces switching frequency. The process involves
two main steps:
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FIG. 5. The four potential types of data communication applications in GSC-empowered

satellite networks.

1) Timestamp Sorting: All contact timestamps are
sorted in ascending order to establish initial
time intervals.

2) Time Window Discretization: Time intervals
shorter than a predefined threshold 1 are
merged into larger time windows, reducing fre-
quent state transitions in large-scale satellite
networks, as demonstrated in [12].

As aresult, the time horizon of satellite networks is
divided into multiple time windows, where each time
window 7 exceeds the threshold A. By adjusting 4,
time windows of varying granularities can be config-
ured for customizing GSC.

B. GSC-CoMPATIBLE DISCRETE TEMPORAL
GRAPH CONSTRUCTION

For each time window, a snapshot graph is generated
to represent the network state, including only con-
tacts with consistent resources. Each snapshot for
time window 7 is a graph G* = (V*, L"), where V" is
the set of all available nodes, and L* includes the avail-
able SGLs and ISLs during .

For each Al-capable node in the V7, the integer
indicators of available KBs are stored in a vector,
where each element indicates whether a specific KB
is available.

V. GSC-CompaTIBLE MODEL DEPLOYMENT
AND ROUTING

GSC-compatible model deployment and routing are
two critical technologies in GSC-empowered satellite
networks. The former serves as a prerequisite for the
latter, as efficient model deployment enables opti-
mized routing decisions that adapt to the require-
ments of user applications. Both GSC-compatible
model deployment and routing schemes must be
designed in a lightweight manner to reduce computa-
tional cost, thereby supporting practical scalability to
constellations with thousands of satellites, such as
Starlink. Furthermore, by optimizing model deploy-
ment and routing strategies over the temporal graphs,
these two components collaboratively minimize
bandwidth consumption and traffic load, thereby

reducing the overall ~communication-related
energy footprint.

A. GENERATIVE FOUNDATION MODEL DEPLOYMENT FOR
SEMANTIC ENCODERS AND DECODERS

Realizing GSC in satellite networks requires strategic
deployment of generative foundation models to opti-
mize semantic communication, which can be formu-
lated as a mathematical optimization problem. To
maximize performance, GSC encoders should be
placed near source nodes and decoders near destina-
tion nodes. Given predefined transmission require-
ments, the goal is to meet delay constraints while
minimizing bandwidth usage. Binary decision varia-
bles can be defined to indicate encoder and decoder
deployment on specific satellites, subject to the fol-
lowing constraints:

« Relay Node Constraints: Relay nodes must
ensure data forwarding integrity by limiting con-
nections, preventing path loops and ensuring
continuous data flow.

« Link Capacity Constraints: Communication
links must meet the minimum required transmis-
sion capacity for GSC, with end-to-end delay
within predefined limits.

« Al Node Resource Constraints: Encoder and
decoder deployments are constrained by avail-
able computational resources on each satellite.

« Semantic KB Matching Constraints: Deploy-
ment must ensure that all required KBs are avail-
able, ensuring compatibility between source
and destination nodes.

Eventually, this optimization problem is modeled
as a mixed integer programming problem in a snap-
shot graph. For multi-snapshot scenarios, custom
objectives balance goals like delay minimization and
bandwidth efficiency. By solving the instances of the
formulated problem across different time windows,
we can obtain a dynamic deployment strategy for
GSC encoders and decoders, which can be continu-
ously updated. Finally, the SCCs can manage model
deployment through control channels, including
installing, configuring, and updating encoders and
decoders to meet evolving GSC needs.

B. GSC-CoMPATIBLE ROUTING FOR DIFFERENT CASES
Efficient routing is essential in supporting GSC, partic-
ularly when sender and receiver have different
encoding and decoding capabilities. Traditional rout-
ing methods fall short in GSC applications, where
semantic encoding and decoding must align with the
capabilities of nodes. In Fig. 5, we classify GSC appli-
cations into four types based on different cases of
semantic encoding and decoding capabilities at the
user terminals, which require distinct routing strate-
gies as follows:

« Case 1: Sender/Receiver Has Encoding/Decoding
Capabilities. This case can be handled by stan-
dard shortest-path algorithms under a traditional
routing scheme, with no intermediate encoding
or decoding involved.

« Case 2: Sender Encodes, Satellite Decodes. In
this case, the sender encodes the data, and a
satellite decodes it for the receiver. The routing
algorithm selects the nearest decoding satellite
to minimize overall path delay.

. Case 3: Receiver Decodes, Satellite Encodes.
In this case, since the sender cannot encode the
data, the routing algorithm selects the nearest
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FIG. 6. (a) The average occupied bandwidth of data transmission applications for different routing methods, (b) The average
end-to-end path delay of data transmission applications for different routing methods.

encoding satellite and finds the shortest path to

the receiver.

« Case 4: Both Encoding and Decoding by Satel-
lites. In this case, encoding and decoding are
handled by satellites. The routing algorithm
selects one satellite for encoding and another
for decoding, while minimizing delay.

In summary, each application type requires a tai-
lored routing algorithm that considers the sender,
receiver, and satellite capabilities. According to
Lemma 1, when user terminals have sufficient compu-
tational resources for running Al models, Case 1 is pre-
ferred. However, when computing resources on user
terminals are limited, Case 2/3/4 can be selected with
satellites handling encoding or/and decoding. Thus,
the GSC-compatible routing algorithms must integrate
both traditional and GSC methods to maximize net-
work performance while ensuring reliability for different
applications in practice. Moreover, as highlighted in
[6], [9], GSC inherently involves computation/
communication trade-offs, which also need to be
taken into account when designing routing strate-
gies. Larger models yield more accurate semantic
representations but incur greater latency and
resource costs, while smaller models offer lower
overhead at the expense of compromised semantic
fidelity. Therefore, an adaptive mechanism must be
introduced to adjust model selection based on
resource availability, ensuring a balanced trade-off
between efficiency and performance in practice. In
addition, caching semantic encoding outputs of fre-
quently accessed content, such as popular videos, at
satellites can reduce redundant computation. These
outputs can be stored and shared across satellites
via ISLs based on predicted user demands to
improve efficiency.

V. Cast Stuy OF GSC-COMPATIBLE ROUTING

We evaluate the performance of the GSC-empowered
satellite system by simulating 2,500 Starlink satellites
and user terminals in 10 regions (Xi'an, Beijing, Sanya,
Kashi, Amsterdam, Athens, Barcelona, Berlin, Dubai,
and Istanbul). The simulation covers 60 time windows,
with 20% of the Starlink satellites randomly deployed
with three different KBs and semantic encoder com-
pression ratios randomly selected from {3, 1, 1}. Four
types of applications aforementioned are considered,
each with a 25% probability. ISLs and SGLs have band-
widths between 300 and 350 Mbps [13] and link

delays of 5 to 15 ms [14]. We generate 200 applica-
tions with random source-destination pairs and data
rates from 5 to 100 Mbps.

Fig. 6(a) shows the average occupied bandwidth
for four application types under traditional and GSC
methods. Occupied bandwidth is calculated as the
sum of occupied bandwidth of all used links along
the path during transmission. The GSC method
reduces bandwidth compared to traditional methods.
Type_T1 experiences the largest bandwidth reduction,
as both encoding and decoding are performed at the
source and destination, respectively, which is the
most efficient configuration (as in Lemma 1). For
Type_4, where encoding and decoding occur at the
satellite, the reduction is smallest due to the transmis-
sion of non-semantic data (raw or decoded) over
satellite links. Nevertheless, GSC still achieves a
25% reduction in bandwidth usage across all
application types.

Fig. 6(b) shows the average end-to-end path delay
for four application types under traditional and GSC
methods. Except for Type_1, where average path
delay is equal to the traditional method, average path
delays for other types are higher in GSC. Type_1 can
use traditional routing without encoding or decoding
at the satellite, while the need to locate Al nodes for
the other types leads to longer paths and increased
delays. This shows that GSC reduces bandwidth but
increases delay as a trade-off. For type_4, due to lim-
ited computing capabilities of user devices, both
semantic encoding and decoding must be performed
on satellites. As a result, raw data must be transmitted
over the SGLs, while only the ISLs benefit from
semantic compression. In this case, deploying GSC
models on satellites closer to user devices can further
enhance performance.

VI. FUTURE CHALLENGES AND
RESEARCH DIRECTIONS

The emergence of GSC represents a major shift in sat-
ellite communication. By hosting semantic encoders
and decoders, satellite networks can enable global
GSC implementation, reducing the burden on
resource-constrained devices and ensuring bandwidth-
efficient communication. However, several key chal-
lenges must be addressed to fully realize GSC'’s poten-
tial in satellite networks.

ont
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Standardization of Networking Framework. For
GSC’ s widespread adoption in satellite networks, a
standardized networking framework is crucial. This
framework should define common benchmarks, per-
formance metrics, and interfaces to ensure interoper-
ability across satellite networks and user terminals. By
establishing network protocols for semantic encod-
ing, decoding, and model updates, standardization
will streamline GSC integration, improve scalability,
and foster collaboration among satellite operators
and service providers.

Testbed Evaluation of Networking Strategies.
Establishing testbeds for evaluating GSC in satellite
networks is a significant challenge, primarily due to
the distributed and dynamic nature of satellite net-
works. While network virtualization offers flexibility in
simulating different scenarios [15], further research is
necessary to develop emulators for testing GSC in
realworld conditions. In particular, optimizing appli-
cations for satellite environments and tailoring model
deployment strategies are crucial for ensuring the suc-
cessful integration of GSC into satellite networks.
Such testbeds will not only allow for the validation of
GSC techniques but also help identify optimal net-
working strategies for managing resources and
improving network performance.

Security and Resilience of GSC-empowered Sat-
ellite Systems. Integrating GSC into satellite systems
introduces complexities such as data unpredictability
and manipulation risks. Given the reliance on real
time model updates, safeguarding data integrity is
crucial. Strong security measures, including error
detection and privacy-preserving techniques, are
needed to ensure reliable and secure data transmis-
sion. Additionally, resilience strategies are essential to
protect against network disruptions and attacks,
ensuring continuous performance.

VII. CONCLUSION

This article has explored the integration of GSC into
mega-satellite constellations from a networking per-
spective. We have proposed a GSC-empowered sat-
ellite networking architecture and identify enabling
technologies, focusing on GSC-based network
modeling and routing strategies. A discrete temporal
graph has been introduced to capture the diversity of
KBs and the dynamics of communication resources
in these networks. Using this framework, we have
developed and evaluated a GSC-compatible routing
scheme. Finally, we have highlighted future research
directions to advance GSC in satellite networks.
Future work will elaborate on lightweight GSC-
compatible model deployment and routing methods
to enhance scalability and reduce energy footprint,
while also balancing computation/communication
trade-offs and leveraging caching to minimize redun-
dant computation in large satellite constellations.
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