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In recent years, intensified environmental pollution and climate 
change have increasingly exposed the world to natural disasters
such as earthquakes and floods, resulting in substantial economic
losses [1]. These disasters frequently damage terrestrial communi-
cation infrastructures, making the rapid deployment of emergency 
communication networks in affected areas critical in increasing
rescue efficiency [2]. As disasters are characterized by sudden 
occurrence and unpredictable location, emergency communication 
networks must integrate a range of communication technologies to 
ensure reliable service delivery in complex and dynamic environ-
ments. In practice, the growing adoption of drones and satellites 
has enabled the rapid restoration of communication capabilities
through high-altitude base stations or direct satellite-to-device
communication technologies. Consequently, the development of
space–air–ground integrated emergency communication networks
(SAGIENs) has become a prominent trend in the field of emergency
response [3]. 

Fig. 1 illustrates a typical framework for SAGIENs. Within the 
space-based network, satellites perform essential functions such 
as communication, remote sensing, and navigation, effectively 
overcoming geographical constraints. Satellites can also establish 
a primary, secure, and stable backhaul link for remote wireless net-
works, particularly when additional capacity is required or the ter-
restrial backhaul infrastructure is compromised. The 3rd
Generation Partnership Project (3GPP) is currently placing increas-
ing emphasis on the development of non-terrestrial network (NTN)
technologies, with a particular focus on integrating satellite com-
munication into mainstream mobile devices [4]. In the air-based 
network, drones are distinguished by their rapid deployment capa-
bilities in complex or hazardous environments. Equipped with 
diverse sensors, drones can monitor large areas and transmit 
real-time images and data from disaster zones, granting decision-
makers accurate situational awarene ss and allowing them to for-
mulate more effective rescue strategies. Additionally, drones can
function as temporary communication relays, supporting commu-
nication recovery in disaster-affected regions. The recently intro-
duced airdrop base station technology allows personnel to
quickly deploy portable base stations in inaccessible or damaged 
areas. In the ground-based network, emergency communication 
primarily depends on portable base stations that are used to 
rapidly restore wireless connectivity. Ad-hoc networks play a vital
role in emergency scenarios by enabling devices to automatically
form communication networks without relying on pre-existing
infrastructure, thereby facilitating swift information exchange [5]. 

In this way, the coordinated integration of satellites, drones, 
portable base stations, and other communication terminals can 
significantly increase the efficiency of emergency communication. 
More specifically, SAGIENs can be viewed as a specialized subset of
space–air–ground integrated networks (SAGINs) that are tailored
to the unique requirements of emergency management, with a dis-
tinct focus on responsiveness and adaptability. Table 1 presents a 
summarized comparative analysis of SAGIENs and SAGINs across 
multiple dimensions, including functions, components, protocols,
deployment methods, and key performance indicators.
1. Key challenges for SAGIENs

Several provinces in China have adopted SAGIENs as a key 
strategic initiative to ensure reliable communication during natu-
ral disasters [6], but key challenges remain, as outlined below.

1.1. Limited perceptual and predictive capability in complex
emergency environments

Due to the inherent unpredictability of disasters, accurately 
assessing the scope and severity of an emergency environment is 
essential in order to effectively implement emergency rescue oper-
ations. However, predicting the environmental changes that occur 
during the critical 72 h period following a disaster remains a signif-
icant challenge. Multimodal data sources, such as satellite remote
sensing, aerial photography, and ground sensors, exhibit consider-
able differences in spatiotemporal resolution, acquisition fre-
quency, data format, and precision level, which complicate data-
alignment and feature-extraction processes [7]. Moreover, situa-
tional awareness in emergency environments is constrained by 
existing theoretical limitations. Disaster scenarios often involve
complex interactions among multiple physical fields, such as
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Fig. 1. A typical framework for SAGIENs.

Table 1 
A comparison of SAGINs and SAGIENs.

Networks Functions Elements Protocols Deployment methods Key indicators 

SAGINs Provide wide coverage, 
high reliability, and multi-scenario
communication services

Satellites, drones, high-
altitude platforms, base 
stations, core networks,
and so on

3GPP NTN, MAVLink, the fifth-
generation (5G) new radio (NR),
and so on

Long-term 
deployment 
prioritized, with an 
emphasis on 
increasing network
capacity and coverage

Coverage rate, access 
capability, resource 
utilization rate, data 
rate, energy efficiency,
and so on

Enhance rapid deployment 
capabilities, resilience against 
destruction, and emergency 
functionalities within SAGINs to
ensure uninterrupted critical
communication in extreme
environments

Portable base stations, 
mobile command 
vehicles, satellite 
phones, and other
emergency-related
terminals

SAGIENs Other protocols related to 
emergency services, such as police 
digital trunking (PDT), terrestrial
trunked radio (TETRA), long range
radio (LoRa), and so on

Dynamic and 
temporary 
deployment on 
demand to quickly
restore
communication in
disaster areas

Coverage rate in 
affected areas, time to 
activate, emergency 
call success rate,
deployment cost, and
so on
geomechanics, fluid dynamics, and atmospheric science. Current 
numerical simulation methods still show notable inaccuracies in 
cross-scale modeling and dynamic evolution prediction, making 
it difficult to realistically replicate disaster conditions in a con-
trolled environment. Additionally, the real-time perception capa-
bilities of emergency networks are limited by both 
communication bandwidth and computational resources. At a dis-
aster site, damage to the communication infrastructure often 
increases the latency of sensory data transmission. Meanwhile,
edge computing devices encounter challenges in supporting the
real-time inference of high-precision models under a limited
power supply. Finally, although artificial intelligence (AI) technol-
ogy can enhance the analysis of perceptual data, data-driven
approaches are constrained by the scarcity of training samples,
especially when historical observational data is insufficient, which
significantly reduces the accuracy of cognitive models.

1.2. Incompatible terminals in heterogeneo us emergency networks

Given the heterogeneity of SAGIENs, ensuring interoperability 
among different terminals to enable seamless handover and
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continuous connectivity remains a major challenge. In particular, 
satellite communication protocols and terrestrial mobile commu-
nication protocols have evolved independently for many years, 
resulting in significant compatibility issues. For example, the solu-
tion outlined in the 3GPP fifth-generation (5G) Release 17 NTN 
specification, which utilizes the n255 and n256 bands, require s a
comprehensive upgrade of both network and terminals [8], yet this 
only constitutes a foundational step toward achieving interoper-
ability. As the number of heterogeneous terminals increases, opti-
mizing the network topology becomes increasingly complex. Such 
optimization is likely to include dynamic deployment strategies for 
temporary base stations and the selection of the most suitable 
emergency mode based on a specific scenario, where the formu-
lated problems typically have highly complex solutions that are 
difficult to adapt to dynamically changing network environments. 
Moreover, SAGIENs incorporate specific performance metrics such 
as service recovery time, which can be defined as the time interval 
from the onset of a disaster to the system achieving initial opera-
tional readiness. Considering the hierarchical nature of the net-
work, the service recovery time includes the time required for
portable base stations to establish satellite connections and for
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drones to reach their designated service areas. Hence, the compat-
ibility of heterogeneous terminals is the foundation for rapid net-
work recovery.

1.3. Dramatically increasing demands for emergency services

When ground communication infrastructure is damaged, the 
demand for mobile communication in affected areas often grows 
explosively, potentially increasing by more than 50 times within 
a very short period. This sudden surge in demand can rapidly over-
whelm valuable satellite link resources, leading to a sharp decline 
in key quality of service (QoS) metrics such as latency, throughput, 
and connection reliability. It may even result in cascading failures 
across the entire communication system. Moreover, due to the lim-
itations of multidimensional resources such as spectrum, comput-
ing power, and storage, the service capacity of SAGIENs can
encounter significant challenges. Notably, in hybrid network archi-
tectures that incorporate low-Earth-orbit (LEO) satellites, the high-
speed mobility of the network nodes introduces pronounced time-
varying characteristics into the network topology, further compli-
cating resource scheduling. Thus, the fundamental challenge in
designing a robust emergency communication system is to formu-
late a multidimensional optimization problem that jointly consid-
ers time-varying connectivity patterns and heterogeneous
resource constraints [9]. SAGIENs must also meet highly diversified 
service requirements, where different services have significantly 
different sensitivities to latency, bandwidth demands, and reliabil-
ity requirements, making the problem of how to guarantee differ-
entiated QoS under severely resource-constrained conditions the
most challenging core issue in system design.

2. Research directions

To improve the efficiency of SAGIENs in complex emergency 
scenarios, we propose the promising future research directions
shown in Fig. 2, with the aim of igniting valuable discussion on 
emergency communication scenarios. These research directions
are presented in more detail below.
2.1. Crowd-sensing-based emergency environm ental modeling

A multi-source heterogeneous perception network can be con-
structed by integrating satellite remote sensing, low-altitude aerial 
imagery, and ground-based sensing terminals. Concurrently, wire-
less environment-perception reconstruction and online channel-
prediction methods [10] can be employed to establish a compre-
hensive channel model for an emergency environment. Next, a fed-
erated learning (FL) framework can be implemented to perform 
distributed data cleaning and alignment while preserving privacy. 
By integrating the training process with a Bayesian network, a 
dynamic environmental feature matrix can be constructed to cap-
ture the evolving characteristics of the disaster scene. Moreover,
generative artificial intelligence (GenAI) has demonstrated strong
applicability for complex tasks centered on data reconstruction
and modeling, and can be used to effectively address the chal-
lenges posed by limited, noisy, or incomplete datasets [11]. Subse-
quently, to characterize the inherent spatiotemporal correlations 
that occur as the effects of a disaster spread, lightweight semantic 
segmentation models, such as MobileViT, combined with simulta-
neous localization and mapping (SLAM) technology, can be used 
for the three-dimensional (3D) semantic reconstruction of the
affected areas. Additionally, for decision support, an edge–cloud
collaborative computing architecture can be adopted, in which a
closed-loop iterative mechanism integrating active learning and
expert knowledge bases continuously enhances the model’s
adaptability and decision-making accuracy. Finally, multidimen-
54
sional situational awareness can be achieved through visualization 
on a digital twin platform, and seamless integration with emer-
gency command systems can be realized via standardized
interfaces.

2.2. Hypergraph-based rapid deployment of emergency forces

Efficient dynamic networking in SAGIENs cannot be achieved 
through traditional network models, which are characterized by 
device heterogeneity and protocol incompatibility. To address this 
critical issue, it is essential to enhance technologies such as time– 
frequency synchronization, random access, hybrid automatic repeat 
request, modulation, codin g, and security, in order to establish corre-
sponding standards [12]. In addition, hypergraph-based modeling 
techniques offer a powerful alternative to conventional graph mod-
els, which are inherently limited to represen ting binary relationships
[13]. In an emergency scenario, entities such as rescue units, disaster 
sites, and resource nodes can be abstracted as vertices, while collab-
orative relationships—includingmulti-drone transportationmissions 
and cross-departmental coordination—can be modeled as hyper-
edges. To optimize the network topology, hypergraph partitioning 
algorithms such as weighted hypergraph partitioning can be applied 
to restructure the communication network by grouping tightly cou-
pled nodes into the same subnets, thereby reducing inter-subnet 
communication latency. Concurrently, network connectivity can be 
evaluated using a hypergraph Laplacian matrix, enabling the real-
time adjustment of relay node deployment to improve the robust-
ness and stability of heterogeneous networks operating in disaster-
affected areas. Additionally, considering mobility management 
requirements, hypergraph embedding techniques allow multidi-
mensional relationships to be projected into low-dimensional vector 
spaces. Through spatiotemporal hy peredge prediction mechanisms,
potential trajectory conflicts and resource contention risks among
mobile nodes can be proactively identified, supporting the genera-
tion of optimal scheduling strategies.
2.3. Intent-driven dynamic allocation of emergency resources

Because rescue resources are heterogeneously distributed and 
multi-service demands must be met in a timely fashion, the tradi-
tional static resource-allocation mode based on fixed rules cannot 
meet the complex and changing requirements of SAGIENs. There-
fore, an intent-driven mechanism must be introduced to ac hieve
intelligent dynamic resource adaptation [14]. This framework 
should be able to integrate natural language processing and knowl-
edge graph technologies through a multimodal intent-perception 
layer in order to accurately parse the semantic intent of the emer-
gency environment; it should then be able to combine real-time 
situation-awareness data to generate quantifiable emergency task 
goals. To address the potential spectrum conflicts in SAGIENs, net-
work slicing technology enabled by software-defined networking 
(SDN) can be adopted to achieve cross-domain resource isolation, 
through which the multidimensional resources, such as transmit 
power, sub-channels, computing power, and storage involved in 
terminal access and data processing, can be reallocated. Addition-
ally, a deep reinforcement learning algorithm enhanced by a large 
language model (LLM) can be introduced to intel ligently and collab-
oratively optimize multidimensional resources such as spectrum
access, task offloading, and content caching [15], significantly 
improving the resource-utilization rate while ensuring the QoS of 
critical rescue services. Finally, an intent-driven closed-loop opti-
mization mechanism can be established to continuously evaluate 
the effects of task execution through online reinforcement learning 
and to dynamically adjust the intent mapping strategy in order to
support resource reconfiguration.
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Fig. 2. Research directions for SAGIENs. FL: federated learning; GenAI: generative artificial intelligence; SLAM: simultaneous localization and mapping.
In summary, this paper investigated SAGIENs as a resilient solu-
tion for disaster response, capable of enabling accurate emergency 
environment modeling, rapid network deployment, and dynamic 
resource allocation in complex and dynamically changing emer-
gency scenarios. Furthermore, the study identified several key
challenges and outlined promising directions for future research
on SAGIENs.

CRediT authorship contribution statement

Bo Xu: Writing – original draft. Haitao Zhao: Funding acquisi-
tion. Jiawen Kang: Writing – review & editing. Dusit Niyato:
Validation.

Acknowledgment 

This work was supported in part by the National Natural
Science Foundation of China (U2441226).

References 

[1] [Emergency communications industry development research report (2023)] 
[Internet]. Beijing: China Academy of Information and Communications 
Technology, Emergency Communication Industry Alliance; 2023 Jun [cited
2025 Aug 14]. Available from: http://www.caict.ac.cn/kxyj/qwfb/ztbg/202306/ 
P020230615703456578477.pdf. Chinese. 

[2] Deepak GC, Ladas A, Sambo YA, Pervaiz H, Politis C, Imran MA. An overview of
post-disaster emergency communication systems in the future networks. IEEE
Wirel Commun 2019;26(6):132–9. 

[3] Liu J, Shi Y, Fadlullah ZM, Kato N. Space–air–ground integrated network: a
survey. IEEE Commun Surv Tutor 2018;20(4):2714–41. 
55
[4] Medina-Acosta GA, Mungara RK, Eriksson SG, Khan T. 3GPP Release-18
physical layer enhancements for IoT-NTN. IEEE Commun Stand Mag 2024;8
(3):18–24. 

[5] Yang J, Sun K, He H, Jiang X, Chen S. Dynamic virtual topology aided
networking and routing for aeronautical ad-hoc networks. IEEE Trans Commun
2022;70(7):4702–16. 

[6] [China’s emergency communications industry panorama in 2024] [Internet]. 
Shenzhen: China Forward Industry Research Institute Co., Ltd.; 2024 Jun [cited
2025 Aug 14]. Available from: https://www.qianzhan.com/analyst/detail/220/ 
240607-1e46541c.html. Chinese. 

[7] Zhou D, Sheng M, Bao C, Hao Q, Ji S, Li J. 6G non-terrestrial networks-enhanced
IoT service coverage: injecting new vitality into ecological surveillance. IEEE
Netw 2024;38(4):63–71. 

[8] Majamaa M. Toward multi-connectivity in beyond 5G non-terrestrial
networks: challenges and possible solutions. IEEE Commun Mag 2024;62
(11):144–50. 

[9] Huang C, Chen G, Xiao P, Xiao Y, Han Z, Chambers JA. Joint offloading and
resource allocation for hybrid cloud and edge computing in SAGINs: a decision
assisted hybrid action space deep reinforcement learning approach. IEEE J Sel
Areas Commun 2024;42(5):1029–43. 

[10] Bakhsh ZM, Omid Y, Chen G, Kayhan F, Ma Y, Tafazolli R. Multi-satellite MIMO
systems for direct satellite-to-device communications: a survey. IEEE
Commun Surv Tutor 2025;27(3):1536–64. 

[11] Xu M, Niyato D, Kang J, Xiong Z, Guo S, Fang Y, et al. Generative AI-enabled
mobile tactical multimedia networks: distribution, generation, and
perception. IEEE Commun Mag 2024;62(10):96–102. 

[12] Sun Y, Peng M, Zhang S, Lin G, Zhang P. Integrated satellite–terrestrial
networks: architectures, key techniques, and experimental progress. IEEE
Netw 2022;36(6):191–8. 

[13] Ganesan A. On some distributed scheduling algorithms for wireless networks
with hypergraph interference models. IEEE Trans Inf Theory 2021;67
(5):2952–7. 

[14] Ouyang Y, Lin J, Feng T, Yang C, Zhang L, Li T, et al. Intent-driven CoX resource
management for space–terrestrial networks. IEEE Wirel Commun 2024;31
(3):339–47. 

[15] Zhang R, Du H, Liu Y, Niyato D, Kang J, Xiong Z, et al. Generati ve AI agents with
large language model for satellite networks via a mixture o f experts
transmission. IEEE J Sel Areas Commun 2024;42(12):3581–96.

http://www.caict.ac.cn/kxyj/qwfb/ztbg/202306/P020230615703456578477.pdf
http://www.caict.ac.cn/kxyj/qwfb/ztbg/202306/P020230615703456578477.pdf
http://refhub.elsevier.com/S2095-8099(25)00562-4/h0010
http://refhub.elsevier.com/S2095-8099(25)00562-4/h0010
http://refhub.elsevier.com/S2095-8099(25)00562-4/h0010
http://refhub.elsevier.com/S2095-8099(25)00562-4/h0015
http://refhub.elsevier.com/S2095-8099(25)00562-4/h0015
http://refhub.elsevier.com/S2095-8099(25)00562-4/h0020
http://refhub.elsevier.com/S2095-8099(25)00562-4/h0020
http://refhub.elsevier.com/S2095-8099(25)00562-4/h0020
http://refhub.elsevier.com/S2095-8099(25)00562-4/h0025
http://refhub.elsevier.com/S2095-8099(25)00562-4/h0025
http://refhub.elsevier.com/S2095-8099(25)00562-4/h0025
https://www.qianzhan.com/analyst/detail/220/240607-1e46541c.html
https://www.qianzhan.com/analyst/detail/220/240607-1e46541c.html
http://refhub.elsevier.com/S2095-8099(25)00562-4/h0035
http://refhub.elsevier.com/S2095-8099(25)00562-4/h0035
http://refhub.elsevier.com/S2095-8099(25)00562-4/h0035
http://refhub.elsevier.com/S2095-8099(25)00562-4/h0040
http://refhub.elsevier.com/S2095-8099(25)00562-4/h0040
http://refhub.elsevier.com/S2095-8099(25)00562-4/h0040
http://refhub.elsevier.com/S2095-8099(25)00562-4/h0045
http://refhub.elsevier.com/S2095-8099(25)00562-4/h0045
http://refhub.elsevier.com/S2095-8099(25)00562-4/h0045
http://refhub.elsevier.com/S2095-8099(25)00562-4/h0045
http://refhub.elsevier.com/S2095-8099(25)00562-4/h0050
http://refhub.elsevier.com/S2095-8099(25)00562-4/h0050
http://refhub.elsevier.com/S2095-8099(25)00562-4/h0050
http://refhub.elsevier.com/S2095-8099(25)00562-4/h0055
http://refhub.elsevier.com/S2095-8099(25)00562-4/h0055
http://refhub.elsevier.com/S2095-8099(25)00562-4/h0055
http://refhub.elsevier.com/S2095-8099(25)00562-4/h0060
http://refhub.elsevier.com/S2095-8099(25)00562-4/h0060
http://refhub.elsevier.com/S2095-8099(25)00562-4/h0060
http://refhub.elsevier.com/S2095-8099(25)00562-4/h0065
http://refhub.elsevier.com/S2095-8099(25)00562-4/h0065
http://refhub.elsevier.com/S2095-8099(25)00562-4/h0065
http://refhub.elsevier.com/S2095-8099(25)00562-4/h0070
http://refhub.elsevier.com/S2095-8099(25)00562-4/h0070
http://refhub.elsevier.com/S2095-8099(25)00562-4/h0070
http://refhub.elsevier.com/S2095-8099(25)00562-4/h0075
http://refhub.elsevier.com/S2095-8099(25)00562-4/h0075
http://refhub.elsevier.com/S2095-8099(25)00562-4/h0075

	Key Challenges and Research Directions for Space–Air–Ground Integrated Emergency Communication Networks
	1 Key challenges for SAGIENs
	1.1 Limited perceptual and predictive capability in complex emergency environments
	1.2 Incompatible terminals in heterogeneous emergency networks
	1.3 Dramatically increasing demands for emergency services

	2 Research directions
	2.1 Crowd-sensing-based emergency environmental modeling
	2.2 Hypergraph-based rapid deployment of emergency forces
	2.3 Intent-driven dynamic allocation of emergency resources

	CRediT authorship contribution statement
	Acknowledgment
	References




