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Abstract:
Free-space laser communication is poised to revolutionize 
next-generation space networks by offering unparalleled 
bandwidth and security. However, its deployment is 
critically challenged by the demanding requirement for 
stable pointing and tracking under dynamic disturbances 
such as satellite platform micro-vibrations and atmospheric 
turbulence. This review comprehensively surveys the 
key technologies designed to overcome these challenges, 
encompassing digital twin-driven modeling, advanced 
spot localization algorithms, optical phased arrays for non-
mechanical beam steering, and deep learning techniques 
for wavefront prediction and compensation. The 
comparative analysis reveals that while these approaches 
have significantly advanced the field—enabling sub-micro-
radian accuracy and enhanced robustness—fundamental 
bottlenecks persist. These include limited adaptability to 
extreme environments, high hardware dependency, and 
challenges in system-level integration. It is conclude that 
the future trajectory of stable tracking technology lies in 
the intelligent convergence of these domains, which is 
essential for developing the robust, autonomous systems 
required to realize seamless integrated air-space-ground 
networks.

Keywords: space laser communications; stable tracking; 
optical phased arrays; deep learning.

1. Introduction
The relentless advancement of information technol-
ogy has driven an ever-increasing demand for higher 
data transmission rates and greater capacity in space 
communications [1]. However, traditional microwave 
communication technology is approaching its fun-
damental limits, increasingly struggling to fulfill the 
requirements of future space-based networks. This 

bottleneck has propelled space laser communication 
technology to the forefront as a cornerstone solution 
for next-generation space communications, prized 
for its exceptional advantages including high band-
width, enhanced security, and low power consump-
tion. Since the 1960s, entities including the United 
States, Europe, and Japan have actively pursued its 
development. A landmark achievement was made by 
NASA in 2013, which demonstrated the first lunar la-
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ser communication link (LLCD), setting a new record for 
data rates between Earth and the Moon.
Despite significant progress, the practical deployment of 
space laser communication systems faces formidable chal-
lenges. These include beam pointing deviations induced 
by satellite platform micro-vibrations (on the order of 10⁻⁴ 
magnitude) [2, 3], interference from spatial background 
light noise, and—particularly for satellite-to-ground link 
signal attenuation and wavefront distortion caused by 
atmospheric turbulence. Furthermore, in-orbit measure-
ments confirm persistent platform micro-vibrations of 
approximately 10 mG, placing extremely stringent de-
mands on tracking precision and stability. Consequently, 
the development of high-precision, robust stable tracking 
technology is paramount for ensuring system reliability.
This article comprehensively examines the developmental 
trajectory and technical methodologies of stable tracking 
technologies in space laser communication systems. It 
provides a detailed analysis of the performance boundar-
ies and applicable scenarios of various approaches, from 
classical optical stabilization to emerging deep learn-
ing-based techniques. Based on this comparative analysis, 
the core bottlenecks currently hindering practical applica-
tion are identified. Finally, the future evolution pathways 
and application prospects for this critical technology are 
outlined.

2. A Review of Key Technologies for 
Stable Tracking in Space Laser Com-
munications

2.1 The Application of Digital Twin Framework 
in Optical Communication Modeling
High-fidelity modeling and simulation form the founda-
tional basis for developing and validating stable tracking 
control algorithms in space laser communications. In this 
context, digital twin (DT) technology, matured in terres-
trial fiber-optic communication systems, offers a novel 
paradigm for creating virtual replicas, enabling real-time 
interaction between physical systems and their digital 
models. Traditional management approaches suffer from 
limitations in scaling bandwidth, extending distances, and 
managing heterogeneous infrastructure. Specifically, phys-
ical and purely data-driven models often struggle to bal-
ance accuracy with computational efficiency. For instance, 
the Split-Step Fourier Method (SSFM) requires up to 
7280 seconds to simulate a 40-channel, 1200 km scenar-
io, while data-driven models can exhibit Q-factor errors 
exceeding 0.5 dB [4, 5]. Furthermore, parameter discrep-
ancies across multi-vendor equipment, lengthy manual 

calibration cycles, and insufficient lifecycle management 
capabilities complicate addressing link disturbances and 
equipment degradation [6, 7].
To overcome these challenges, a hybrid-driven modeling 
approach employing a ‘physical model + neural network’ 
architecture has been proposed. This method utilizes dig-
ital signal processing (DSP) algorithms to isolate linear 
and non-linear effects, combining bidirectional long short-
term memory (BiLSTM) networks to capture determin-
istic non-linearities and generative adversarial networks 
(GANs) to simulate stochastic noise [4]. In a 30.5 Tbps, 
1200 km wavelength division multiplexing (WDM) sys-
tem, this hybrid approach achieves a Q-factor error below 
0.09 dB [4]. A multi-parameter dynamic update method 
employs measured data inversion and model iteration, 
leveraging the digital longitudinal monitoring (DLM) 
technology of coherent transceivers and optical channel 
monitors (OCMs) for parameter calibration. This meth-
od requires only 6,000 symbols for model fine-tuning to 
adapt to new scenarios when errors exceed 0.5 dB [4, 6]. 
The full lifecycle management methodology encompasses 
system deployment, operation, maintenance, and up-
grades, significantly enhancing operational efficiency and 
fault-isolation capabilities [5].
However, DT technology currently faces limitations, in-
cluding inadequate adaptation to highly dynamic scenes, 
a lack of modeling for multi-vendor device interopera-
bility, and computational bottlenecks in edge deployment 
scenarios [7]. For instance, model updates lag under sud-
den channel disturbances, implicit interactions between 
multi-vendor equipment can degrade performance, and 
data scarcity in low optical signal-to-noise ratio (OSNR) 
conditions constrains model generalization capabilities 
[7]. These limitations highlight the challenges in directly 
applying such high-fidelity models to the dynamic and 
harsh environment of space laser communication tracking 
systems.

2.2 Spot Localization Algorithmsg
Accurate spot localization is a fundamental prerequisite 
for achieving high-precision tracking in space-based laser 
communication systems. In extreme ultraviolet lithogra-
phy, conventional normalization algorithms fail to account 
for the non-linear relationship between detector dead 
zones and the Gaussian distribution of the spot, resulting 
in positioning errors exceeding 20 μm [8]. Similarly, in 
the context of space laser communications, satellite plat-
form vibrations and intense background light interference 
significantly degrade the performance of conventional 
localization algorithms. For instance, the standard cen-
troid method is susceptible to noise, with reported errors 
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reaching 0.2775 pixels, while the circular approximation 
method is highly sensitive to spot distortion, leading to 
errors up to 0.3202 pixels [9]. Furthermore, atmospheric 
turbulence induces beam drift and spot distortion, which 
severely compromises positioning accuracy [10]. The 
stringent computational and memory constraints inherent 
in satellite-borne processing systems present a major chal-
lenge for deploying complex, high-precision algorithms.
To address these challenges, several advanced spot local-
ization algorithms have been developed. One approach, 
the second-order error compensation algorithm, establish-
es a mapping relationship between spot energy and photo-
current. It derives transcendental equations incorporating 
detector parameters and constructs a residual model via 
the least squares method to effectively eliminate nonlinear 
errors [8]. The Fourier phase-shift algorithm incorporates 
pre-processing steps like adaptive threshold segmenta-
tion and region-of-interest extraction, leveraging Fourier 
transform phase characteristics to calculate displacement 
and reduce system latency [9]. Alternatively, the sliding 
weighted centroid algorithm employs a mode-adap-
tive threshold segmentation technique combined with 
a non-linear weighted centroid method to mitigate drift 
errors [10]. For hardware-constrained environments, the 
adaptive interpolation segmentation algorithm balances 
positioning accuracy and resource overhead by introduc-
ing interpolation weighting factors and linear piecewise 
fitting.
Experimental results demonstrate the efficacy of these 
methods: the second-order error compensation algorithm 
yields a 63.21% reduction in root-mean-square error 
(RMSE) in a 10.6 μm CO₂ laser positioning system com-
pared to conventional algorithms [8]; the Fourier phase 
shift algorithm achieves a 51.3% error suppression rate 
under 200 Hz vibration [9]; and the sliding weighted cen-
troid algorithm reduces the offset step size by up to 21.5% 
in field experiments [10]. Despite these advancements, 
prevailing algorithms are still hindered by several limita-
tions, including poor adaptability to dynamic scenes, high 
hardware dependency, insufficient robustness under strong 
turbulence conditions, and uneven regional accuracy [8].

2.3 Coherent Beam Combining and Tracking 
via Optical Phased Arrays
Optical phased arrays (OPAs) offer a promising solution 
for agile beam steering and tracking in free-space laser 
communications, owing to their solid-state nature and 
absence of moving parts. However, their performance is 
severely degraded by atmospheric turbulence—which 
induces wavefront distortion and scintillation—and by 
the high relative motion between satellites. Under strong 

turbulence, uncompensated perturbations can degrade co-
herent beam combining efficiency to below 30% [11]. The 
high relative velocities (e.g., ~7 km/s in LEO inter-sat-
ellite links) exacerbate beam alignment challenges. This 
makes OPAs a compelling alternative to conventional 
mechanical steering mechanisms, which are often incom-
patible with the stringent size, weight, and power (SWaP) 
constraints of satellite platforms [12]. Intrinsic challenges 
of OPAs themselves include phase modulator response de-
lays and thermal crosstalk, leading to multi-channel phase 
synchronization errors exceeding 0.1 rad. Additionally, 
large-scale arrays face issues of low yield and high cost, 
which currently hinder their widespread adoption in space 
systems [12].
To overcome these limitations, integrated solutions com-
bining turbulence-adaptive compensation with dynamic 
beam tracking have been developed. One prominent 
approach employs a wavefront sensorless architecture, 
utilizing the stochastic parallel gradient descent (SPGD) 
algorithm to dynamically adjust OPA phases based on 
feedback from the received light intensity. This method 
has demonstrated remarkable resilience, elevating the co-
herent beam synthesis efficiency to over 85% under severe 
turbulence conditions. For compensating high-speed rel-
ative motion, a pre-aiming module (PAA) integrated with 
an inertial measurement unit (IMU) enables predictive 
motion compensation and two-stage alignment. Advances 
in high-precision phase modulator design and integration 
are also critical. For instance, electro-optic (EO) p-i-n 
phase modulators achieve nanosecond-scale response 
times. The development of III-V/Si hybrid integration 
platforms has reduced power consumption to 1.8 W [12].
Experimental validations underscore the potential of these 
integrated approaches: the adaptive compensation scheme 
achieves a combining efficiency of 82% under moder-
ate-to-strong turbulence, supporting a transmission bit 
error rate (BER) better than 1×10⁻⁶ at 10 Gbps; a 16-chan-
nel OPA terminal on an InP platform exhibits an align-
ment error of <5 μrad under simulated high-speed relative 
motion, maintaining a BER below 1×10⁻⁷ over one hour 
of continuous communication [12]. Notwithstanding these 
promising results, OPA technology must overcome several 
hurdles before full-scale deployment, including perfor-
mance degradation in extreme environments, the high cost 
of large-scale integration, and limited compatibility for 
multi-user access scenarios.

2.4 Deep Learning for Wavefront Prediction 
and Compensation
The random and non-stationary nature of atmospheric 
turbulence poses a significant challenge for conventional 
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wavefront prediction methods, limiting their effectiveness 
in adaptive optics (AO) systems. Traditional methods 
based on the Kolmogorov turbulence model exhibit pre-
diction errors exceeding 30% under strong or non-station-
ary turbulence [13]. These models also typically fail to 
capture the complex spatio-temporal correlations inherent 
in distorted wavefronts. Similarly, traditional machine 
learning approaches often lack the capacity for deep fea-
ture extraction, resulting in positioning errors of up to 0.98 
pixels in multi-object scenarios and inference times ex-
ceeding 2 ms in resource-constrained environments [13].
Deep learning techniques, with their powerful feature 
extraction and pattern recognition capabilities, provide a 
promising alternative for accurate and efficient wavefront 
prediction. A dual-path convolutional neural network 
(CNN) architecture has been proposed, where one path 
performs direct phase reconstruction and another predicts 
Zernike coefficients, effectively reducing computation-
al complexity [14]. To model the temporal dynamics of 
wavefront evolution, Long Short-Term Memory (LSTM) 
layers have been integrated into networks, enabling longer 
prediction strides [15]. To enhance physical consistency, a 
Physics-Informed Collaborative Learning (PBCL) frame-
work integrates the refractive index structure constant (Cₙ²) 
as a constraint during training, thereby improving the 
model’s generalization capability across different turbu-
lence conditions.
Experimental results are compelling: in wavefront pool 
experiments, a DL model reduced the wavefront phase 
standard deviation from 7.51 to 1.79 radians and increased 
the focused spot intensity by a factor of 2.5 [14]. In a 1-km 
terrestrial laser communication link, such algorithms have 
facilitated 10 Gbps transmission with a bit error rate (BER) 
below 1×10⁻⁶ under moderate turbulence [15]. Despite 
their impressive performance, deep learning approaches 
face persistent challenges, including limited adaptability 
to unseen scenarios, a strong dependence on high-quality 
training data and computational hardware, and constrained 
generalization capabilities [14, 15].

3. Comparative Analysis and Discus-
sion
The realization of stable tracking in space laser communi-
cation systems relies on the integration of several critical 
technologies. As summarized in Table 1, these include 
digital twin-driven modeling for fiber-optic systems, spot 
positioning algorithms, optical phased array (OPA) beam 
control, and deep learning-based wavefront prediction. 
These technologies address distinct functional layers—
network management, link alignment, inter-satellite 

transmission, and intelligent optimization—and exhibit 
significant differences in their performance metrics, such 
as precision, efficiency, robustness, and core application 
scenarios.
Digital twin (DT) technology enables dynamic, full-lifecy-
cle management and control of optical networks. Its core 
functionality stems from the real-time mapping between 
physical systems and their digital counterparts, effective-
ly addressing issues like equipment aging and parameter 
drift that are intractable for traditional static methods. This 
approach achieves a Q-factor error below 0.1 dB in broad-
band WDM systems, with computational efficiency 1200 
times higher than conventional split-step Fourier methods 
[4]. It also demonstrates superior robustness against pow-
er drift and optical signal-to-noise ratio (OSNR) fluctua-
tions. However, its performance in extreme temperature 
environments remains inadequate, and it exhibits a strong 
dependence on high-frame-rate sensors and specialized 
hardware like FPGAs [4, 6].
Spot positioning and precision tracking technologies are 
central to enhancing the stability and accuracy of ATP 
(Acquisition, Tracking, and Pointing) systems. They 
primarily mitigate spot distortion and displacement 
induced by atmospheric turbulence and platform vibra-
tions. Advanced algorithms, such as second-order error 
compensation, Fourier phase shift, and sliding weighted 
centroid, have significantly improved positioning accura-
cy—achieving a static root mean square error as low as 
0.001 pixels [8] with sub-1 μs response times [10]. These 
methods maintain robust performance under vibration and 
background light interference. Nevertheless, their effica-
cy diminishes under strong turbulence conditions, errors 
increase markedly at low sampling rates, and positioning 
accuracy in the peripheral regions of detectors requires 
further improvement [10].
OPA technology provides a high-speed, agile beam control 
solution for inter-satellite links, supporting alignment er-
rors below 5 μrad and ground transmission rates up to 80 
Gbps [11]. Its nanosecond-scale response and low power 
consumption (<1.8 W) make it exceptionally suitable for 
the stringent size, weight, and power (SWaP) constraints 
of satellite platforms [12]. Significant progress has been 
made in mitigating thermal crosstalk and enabling high-
speed motion tracking. However, this technology is still 
constrained by the low yield rates of large-scale arrays, 
the limited lifespan of mechanical components, and a high 
sensitivity to atmospheric attenuation [11, 12].
Deep learning techniques demonstrate powerful data-driv-
en capabilities for wavefront prediction and channel 
modeling. Representative results include reducing the 
wavefront phase standard deviation from 7.51 to 1.79 in 
turbulence tank experiments [14], achieving over 99% 
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accuracy in orbital angular momentum (OAM) mode rec-
ognition [16], and reducing training data requirements by 
60%. Their anti-interference performance under strong 
turbulence and non-ideal spot conditions surpasses that 
of traditional methods. However, they exhibit a strong 
dependence on high-quality training datasets and suffer 
from limited generalization ability. Furthermore, their 
substantial computational demands hinder deployment in 
resource-constrained scenarios, such as onboard satellites 
[14, 15].

In summary, while each technology offers distinct ad-
vantages within its specific domain, all face cross-cutting 
challenges related to environmental adaptability, hardware 
dependency, system compatibility, and computational 
complexity. Future research must therefore focus on the 
integration and co-optimization of these technologies to 
enhance real-time performance, robustness, and system 
integration levels, ultimately supporting the development 
of seamless integrated air-space-ground communication 
networks.

Table 1. Performance comparison of key technologies for stable tracking

Metric Digital Twin Modeling
Spot Positioning Algo-
rithms

Optical Phased Arrays
Deep Learning Wavefront 
Prediction

Accuracy
Q-factor error <0.1 dB (30.5 
Tbps, 1200 km WDM) [4]

Positioning MSE: 0.001 
pixels (static) [8]

Alignment error <5 μrad 
(CONDOR terminal) 
[11]

Wa v e f r o n t  p h a s e  σ : 
7.51→1.79 [14]

Efficiency
- 1200× faster than SSFM 
(<1.3 s runtime) [4]

Response time <1 μs [10]
Power consumption: 1.8 
W [12]

Inference time <2 ms (GPU) 
[14]

Robustness
Error <0.121 dB for OSNR 
16.2–20.1 dB [4]

MSE <0.001 pix under 
bg light [8]

Thermal crosstalk re-
duced by 60% [12]

Error <30% at Cₙ²=2×10⁻¹² 
m⁻²/³ [14]

Core  Appl i ca -
tions

Backbone/metro network 
mgmt.

ATP systems; ground-at-
mospheric links

LEO inter-satellite links; 
deep-space comms.

Atmospheric wavefront 
prediction; channel model-
ing

Existing limita-
tions

Poor extreme temp. adapta-
tion; high HW dependency [4, 
6]

Accuracy ↓15% at high 
Cₙ²;  sensit ive to low 
sampling [9]

Low large-array yield; 
mech. lifespan <10⁵ cy-
cles [11, 12]

High data dependency; poor 
generalization [14]

4. Future Applications and Outlook

4.1 Integrated Satellite-Terrestrial Networks
Integrated satellite-terrestrial networks hold immense 
potential for enabling Internet of Things (IoT) data ser-
vices and global environmental monitoring, particularly 
in remote and underserved regions. This potential stems 
from their broad coverage and inherent collaborative com-
puting capabilities [17]. Technologies such as the TAEER 
algorithm effectively address coverage gaps in terrestrial 
networks, enhance model training efficiency via hierar-
chical learning frameworks, and optimize overall energy 
consumption. The future integration of these systems with 
edge computing and distributed machine learning tech-
nologies is poised to overcome key challenges, includ-
ing dynamic network topologies and stringent resource 
constraints, thereby paving the way for seamless global 
connectivity in the 6G era. These advancements will lay 
the groundwork for critical applications, from deep space 
exploration to emergency rescue operations.

4.2 Emergency and Special Scenario Communi-
cations
For ground-based emergency response and operations in 
challenging environments, stable and resilient commu-
nication links are paramount. Satellite systems (e.g., In-
marsat) are critical for disseminating critical disaster data 
within the first 72 hours—the most crucial window for 
rescue operations. Complementarily, unmanned aerial ve-
hicles (UAVs) can be rapidly deployed to establish ad-hoc 
aerial networks, restoring immediate connectivity in dis-
rupted areas [17]. In remote or inaccessible locations, con-
stellations like Starlink, integrated with terrestrial mesh 
networks, can provide reliable connectivity. The Secure 
Aerial-Ground-Integrated Network (SAGIN) framework 
further enhances these systems by employing advanced 
anti-jamming technologies, thereby ensuring secure and 
resilient communications under adversarial conditions 
[18]. The high-precision tracking and beamforming tech-
nologies discussed in preceding sections are fundamental 
enablers for these low-SWaP, high-reliability terminals 
required in such demanding scenarios.
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4.3 Technology Convergence and Industrial Ex-
pansion
The advent of 6G technology is catalyzing the deep inte-
gration of diverse advanced technologies. For instance, 
the fusion of terahertz communications with reconfigu-
rable intelligent surfaces (RIS) helps mitigate propaga-
tion losses; the convergence of quantum key distribution 
(QKD) with blockchain frameworks enhances security 
in sensitive transmissions; and edge intelligence (EI), 
formed by the synergy of edge computing and artificial 
intelligence, substantially reduces latency and enables 
autonomous network optimization [19]. At the industrial 
level, 6G serves as the backbone for the transition to “In-
dustry X.0”, facilitating disruptive applications such as 
telesurgery, vehicle-to-everything (V2X) connectivity and 
autonomous driving, as well as emerging fields like space-
based Internet and brain-computer interfaces (BCI), there-
by fundamentally reshaping the operational landscape 
across multiple industrial sectors [20].

5. Conclusion
Stable tracking technology is the linchpin for realizing the 
full potential of high-speed space laser communications. 
This review has systematically analyzed the current state-
of-the-art, revealing that significant advancements in ac-
curacy, speed, and robustness have been achieved through 
digital modeling, advanced algorithms, photonic beam 
steering, and artificial intelligence. However, the journey 
from laboratory validation to ubiquitous in-orbit deploy-
ment is fraught with shared challenges centered around 
environmental robustness, resource constraints, and sys-
tem complexity.
The future of this field lies not in incremental improve-
ments within technological silos but in their intelligent 
convergence. The proposed hierarchical framework, lever-
aging the complementary strengths of each technology, of-
fers a promising roadmap toward achieving autonomous, 
resilient, and efficient tracking. By prioritizing research 
in lightweight AI, advanced integration, and standardized 
benchmarking, the community can overcome existing bot-
tlenecks. Success in this endeavor will not only secure the 
reliability of laser links but will also serve as the founda-
tional bedrock for the development of truly seamless and 
integrated global communication networks spanning air, 
ground, sea, and space.

References
[1] Li Rui, Lin Baojun, Liu Yingchun, et al. A survey on laser 
space network: terminals, links, and architectures. IEEE Access, 

2022, 10: 34815-34834.
[2] Wang Tanshu, Lin Peng, Dong Fang, et al. Current Status and 
Prospects of Space Laser Communication Technology. Chinese 
Journal of Engineering Science, 2020, 22(3): 92-100.
[3] Lin Li, Gong Xue, Zhu Feihu, et al. Simulation and 
Experiment on the Influence of Micro Vibration on Pointing 
Measurement of High-Performance Spacecraft. Journal of Deep 
Space Exploration, 2023, 10(3): 277-282.
[4] Yang H, Niu Z K, Fan Q R, et al. The Digital Twin 
Framework for the Physical Wideband and Long‐Haul Optical 
Fiber Communication Systems. Laser & Photonics Reviews, 
2024, 18(10): 2400234.
[5] Wang D S, Zhang Z G, Zhang M, et al. The role of 
digital twin in optical communication: fault management, 
hardware configuration, and transmission simulation. IEEE 
Communications Magazine, 2021, 59(1): 133-139.
[6] Faruk M S, Savory S J, et al. Measurement informed models 
and digital twins for optical fiber communication systems. 
Journal of Lightwave Technology, 2023, 42(3): 1016-1030.
[7] Song Yuchen, Zhang Min, Zhang Yao, et al. Lifecycle 
management of optical networks with dynamic-updating digital 
twin: a hybrid data-driven and physics-informed approach. IEEE 
Journal on Selected Areas in Communications, 2025.
[8] Bao Rui, Yu Deyang, Chen Fei, et al. Research on high-
precision position detection based on a driven laser spot in an 
extreme ultraviolet light source. Photonics, 2024, 11(1): 75.
[9] Fang Fan, Hou Xia, Huang Yingxia, et al. Design and 
Verification of Small and Light Tracking Turntable for Space 
Laser Communication. Current Optics and Photonics, 2025, 
9(3): 304-316.
[10] Wu Pengfei, Wang Huiliang, Lei Sichen, et al. Research on 
Spot Center Localization Algorithm in Atmospheric Turbulence 
Environment. Acta Photonica Sinica, 2022, 51(3): 0301002.
[11] Wang Guanhua, Yang Fang, Song Jian, et al. Free space 
optical communication for inter-satellite link: Architecture, 
potentials and trends. IEEE Communications Magazine, 2024, 
62(3): 110-116.
[12] Guo Yongjun, Guo Yuhao, Li Chunshu, et al. Integrated 
optical phased arrays for beam forming and steering. Applied 
Sciences, 2021, 11(9): 4017.
[13] Liu Qinghui, Di Yihang, Zhang Mengmeng, et al. Research 
progress on atmospheric turbulence perception and correction 
based on adaptive optics and deep learning. Advanced Photonics 
Research, 2025, 6(7): 2400204.
[14] Wang Kaiqiang, Zhang Mengmeng, Tang Ju, et al. Deep 
learning wavefront sensing and aberration correction in 
atmospheric turbulence. PhotoniX, 2021, 2(1): 8.
[15] Wang Ning, Zhu Licheng, Ma Shuai, et al. Deep learning-
based prediction algorithm on atmospheric turbulence-induced 
wavefront for adaptive optics. IEEE Photonics Journal, 2022, 
14(5): 1-10.
[16] Zhu Jingyang, Shi Yuanming, Zhou Yong, et al. Hierarchical 

6



Dean&Francis
ISSN 2959-6157

learning and computing over space-ground integrated networks. 
IEEE Transactions on Mobile Computing, 2025.
[17] Wang Qian, Li Wenfeng, Yu Zheqi, et al. An overview of 
emergency communication networks. Remote Sensing, 2023, 
15(6): 1595.
[18] Qi Fei, Ge Mang, Zhang Shaowei, et al. A multi-layer 
architecture for space-air-ground network and IoT services. 2021 
International Wireless Communications and Mobile Computing, 
IEEE, 2021: 1809-1813.

[19] Banafaa Mohammed, Shayea Ibraheem, Din Jafri, et al. 
6G mobile communication technology: Requirements, targets, 
applications, challenges, advantages, and opportunities. 
Alexandria Engineering Journal, 2023, 64: 245-274.
[20] Chowdhury Mostafa Zaman, Shahjalal Md, Ahmed Shakil, 
et al. 6G wireless communication systems: Applications, 
requirements, technologies, challenges, and research directions. 
IEEE Open Journal of the Communications Society, 2020, 1: 
957-975.

7




