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Abstract: This paper focuses on the key
technologies of adaptive optical compensation
for atmospheric turbulence in space laser
communication. Firstly, the problems existing
in space laser communication under the
influence of atmospheric turbulence are
expounded, and the importance of adaptive
optical compensation technology is
emphasized. Then, the principle and key
components of the adaptive optical
compensation technology are analyzed in
depth, including the wavefront sensor,
wavefront corrector, etc. Then, the key
technological breakthroughs of this
technology in aspects such as wavefront
detection accuracy, correction speed and
accuracy, system integration and
miniaturization are discussed, and the
innovative explorations in aspects such as new
wavefront sensors, intelligent algorithm
applications, and multi-disciplinary
integration and innovation are introduced.
Finally, the future development trend is
prospected to provide a reference for the
further development of the adaptive optical
compensation technology for atmospheric
turbulence in space laser communication.
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1. Introduction
With the rapid development of information
technology, the demand for high-speed and
large-capacity communication is increasing day
by day. Space laser communication, with its
advantages of high bandwidth, low power
consumption and strong anti-interference ability,
has become an important development direction

in the field of space communication in the future
[1]. However, space laser communication faces
many challenges in practical applications,
among which the influence of atmospheric
turbulence is particularly significant.
Atmospheric turbulence can cause phenomena
such as phase distortion of the light beam, flicker
of light intensity and fluctuation of the arrival
angle, which seriously affect the performance
and reliability of the communication system [2].
Adaptive optical compensation technology, as an
effective means to counter the influence of
atmospheric turbulence, can detect and correct
the wavefront distortion of the beam in real time,
and improve the quality and stability of space
laser communication [3]. In recent years,
scholars at home and abroad have carried out a
large number of studies in the field of adaptive
optical compensation technology and achieved a
series of important results. However, at present,
there are still some key problems to be solved in
this technology, such as insufficient wavefront
detection accuracy, the need to improve the
correction speed and accuracy, and difficulties in
system integration and miniaturization, etc. [4]
Therefore, in-depth research on the key
technologies of adaptive optical compensation
for atmospheric turbulence in space laser
communication and innovative exploration have
significant theoretical significance and practical
application value.

2. Overview of the Influence of Atmospheric
Turbulence on Space Laser Communication
and Adaptive Optical Compensation
Technology

2.1 The Influence of Atmospheric Turbulence
on Space Laser Communication
Atmospheric turbulence is caused by the uneven
distribution of parameters such as atmospheric
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temperature, pressure and wind speed, which
will cause the refractive index of the atmosphere
to change randomly. When the laser beam is
transmitted in the atmosphere, it will be affected
by it and produce multiple main effects. Among
them, atmospheric turbulence will cause random
distortion of the wavefront of the laser beam,
resulting in the decline of beam quality and the
deterioration of focusing performance [5]. At the
same time, it will also cause the light intensity of
the laser beam to change randomly in time and
space, reducing the signal-to-noise ratio of the
signal at the receiving end and thereby affecting
the communication quality [6]. In addition,
atmospheric turbulence will also cause the
propagation direction of the laser beam to shift
randomly, resulting in the random change of the
spot position at the receiving end and thus
increasing the alignment difficulty [7].

2.2 Principle of Adaptive Light Compensation
Technology
The basic principle of adaptive optical
compensation technology is to detect the
wavefront distortion information of the light
beam in real time through the wavefront sensor,
and then transmit this information to the
wavefront corrector. The wavefront corrector
generates corresponding correction signals based
on the wavefront distortion information to
correct the wavefront of the light beam in real
time, thereby reducing the influence of
atmospheric turbulence on the light beam. The
adaptive optical compensation system mainly
consists of three parts: the wavefront sensor, the
wavefront controller and the wavefront corrector
[8].

2.3 Application Significance of Adaptive
Optical Compensation Technology in Space
Laser Communication
The application of adaptive optical
compensation technology can significantly
improve the performance and reliability of space
laser communication systems [9]. It can
effectively reduce the effects such as wavefront
distortion, light intensity flicker and arrival angle
fluctuation caused by atmospheric turbulence,
improve the focusing performance and
transmission quality of the beam, and increase
the communication distance and transmission
rate. Meanwhile, the adaptive optical
compensation technology can also reduce the
alignment difficulty of the system and improve

the degree of automation and stability of the
system [10].

3. Analysis of Key Technologies of Adaptive
Optical Compensation
Adaptive optical compensation technology plays
a crucial role in the field of space laser
communication. The wavefront sensor
technology, wavefront corrector technology and
wavefront control algorithm, as its core and key
technologies, directly affect the performance and
effect of the adaptive optical compensation
system.

3.1 Wavefront Sensor Technology
The wavefront sensor is a key component for the
adaptive optical compensation system to obtain
wavefront distortion information. Common
wavefront sensors include Hartman-Schach
sensors, shear interferometers and curvature
sensors, etc. The Hartman-Schach sensor has
become one of the most widely used wavefront
sensors at present due to its significant
advantages such as simple structure, fast
measurement speed and large dynamic range. Its
working principle is to divide the incident light
beam into multiple sub-apertories with the help
of a microlens array, and then precisely measure
the centroid position of the light spot within each
sub-aperture. Based on this position information,
the specific situation of wavefront distortion is
calculated. The shear interferometer divides the
incident light beam into two sub-beams that are
offset from each other, causing them to interfere.
It measures the wavefront distortion by
analyzing the shape of the interference fringes.
This type of sensor has the advantages of high
measurement accuracy and low requirements for
light sources. However, its structure is relatively
complex and the measurement speed is slow,
which to some extent limits its application
scenarios. The curvature sensor inverts the
wavefront distortion by measuring the curvature
information of the wavefront. It has the
advantages of simple structure and fast
measurement speed. However, it has a high
requirement for the uniformity of light intensity.
If the light intensity distribution is not uniform,
it may lead to measurement results deviation.

3.2 Wavefront Corrector Technology
The wavefront corrector undertakes the
important task of real-time correction of the
beam wavefront based on the wavefront
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distortion information provided by the wavefront
sensor. Common wavefront correctors include
deformable mirrors and liquid crystal spatial
light modulators, etc. The deformable mirror is
driven by multiple independently controllable
drivers to deform the mirror surface, thereby
changing the wavefront phase of the light beam.
It has the advantages of strong correction ability
and fast response speed, and can effectively
correct the wavefront distortion in a short time.
However, its structure is complex and the cost is
high, which increases the complexity and cost of
the system to a certain extent. The liquid crystal
spatial light modulator utilizes the electro-optic
effect of liquid crystals to modulate the
wavefront phase of the light beam by changing
the orientation of liquid crystal molecules. It has
the advantages of simple structure, low cost and
easy integration, and is convenient for
installation and debugging in the system.
However, its correction ability is relatively weak
and the response speed is also slow. When facing
complex and rapid wavefront distortion, it may
not achieve the ideal correction effect.

3.3 Wavefront Control Algorithm
The wavefront control algorithm is the core
algorithm of the adaptive optical compensation
system. Its function is to accurately calculate the
correction signal required by the wavefront
corrector based on the wavefront distortion
information measured by the wavefront sensor.
Common wavefront control algorithms include
the least square method, gradient descent method
and neural network algorithm, etc. The least
square method solves the correction signal by
minimizing the sum of the squares of the
wavefront errors. It has the characteristics of
simple calculation and fast convergence speed,
and can obtain a relatively reasonable correction
signal in a short time. However, it is sensitive to
noise. In the presence of noise interference, it
may lead to deviations in the correction results.
The gradient descent method gradually adjusts
the correction signal along the negative gradient
direction of the wavefront error. It has good
robustness and can resist the influence of noise
and interference to a certain extent. However, the
convergence speed is relatively slow and more
iterations are required to achieve the ideal
correction effect. Neural network algorithms
utilize the nonlinear mapping ability of neural
networks. Through a large amount of training
data, neural networks learn the relationship

between wavefront distortion and correction
signals. They have the advantages of strong
adaptability and high correction accuracy, and
can automatically adjust the correction strategy
according to different wavefront distortion
situations. However, they require a large amount
of training data and computing resources. The
requirements for the hardware and software of
the system are relatively high.

4. Breakthroughs in Key Technologies of
Adaptive Optical Compensation

4.1 Wavefront Detection Accuracy
Improvement Technology
In terms of improving the accuracy of wavefront
detection, the design of high-resolution
wavefront sensors has become a key approach.
For the Hartman-Schach sensor, its measurement
accuracy can be significantly improved by
optimizing the parameters of the microlens array,
enhancing the resolution and sensitivity of the
detector, etc. Specifically, the use of microlens
arrays with small apertures and high numerical
apertures can increase the number of
sub-apertures, thereby improving the spatial
resolution of wavefront measurement. This
enables the sensor to capture the minute changes
in the beam wavefront more precisely, providing
more accurate data support for subsequent
wavefront correction. Multi-wavefront sensor
fusion technology is another effective method to
improve the accuracy and reliability of
wavefront detection. Combining different types
of wavefront sensors, such as Hartman-Schach
sensors, with shear interferometers can
comprehensively utilize their advantages. The
Hartman-Schach sensor has a fast measurement
speed, while the shear interferometer has high
measurement accuracy. After the combination of
the two, while ensuring the measurement speed,
the measurement accuracy is effectively
improved, providing a more reliable solution for
wavefront detection in complex environments.

4.2 Wavefront Correction Speed and
Accuracy Improvement Technology
In terms of improving the speed and accuracy of
wavefront correction, the research and
development of high-speed deformable mirror
driving technology is an important breakthrough
point. By developing new types of high-speed
deformable mirror drivers, such as piezoelectric
ceramic drivers and electromagnetic drivers, the
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response speed of deformable mirrors can be
significantly improved. These new types of
drivers can enable the deforming mirror to
achieve high-speed deformation, thereby
responding quickly to wavefront distortion,
making timely corrections and improving the
real-time performance of the system. Meanwhile,
optimizing the existing wavefront control
algorithm is also the key to improving the speed
and accuracy of wavefront correction. The
adoption of gradient descent with adaptive step
size, improved neural network algorithms, etc.,
can accelerate the convergence speed of the
algorithm and improve the correction accuracy.
The gradient descent method with adaptive step
size can automatically adjust the step size
according to the magnitude of the wavefront
error, making the step size of the algorithm
smaller when approaching the optimal solution,
avoiding oscillation and improving the
convergence speed. The improved neural
network algorithm enhances the algorithm's
ability to identify and correct wavefront
distortion by optimizing the network structure
and training methods.

4.3 System Integration and Miniaturization
Technology
In terms of system integration and
miniaturization, the design of integrated
wavefront sensors and wavefront correctors
provides an effective way to reduce the volume
and weight of the system. The fabrication of
miniature wavefront sensors and wavefront
correctors by using micro-electromechanical
systems (MEMS) technology can achieve a high
degree of system integration. MEMS technology
has the advantages of small size, light weight
and low power consumption, which enables the
wavefront sensor and wavefront corrector to be
integrated on a tiny chip, greatly reducing the
volume and weight of the system and facilitating
installation and deployment in space laser
communication equipment. The design of
lightweight optical systems is also an important
means to achieve system miniaturization. By
adopting new optical materials and structures,
such as manufacturing optical frames with
carbon fiber composite materials and using
free-form surface optical components, the
volume and weight of the optical system can be
reduced while ensuring optical performance.
Carbon fiber composite materials have the
characteristics of high strength and low density,

which can effectively reduce the weight of
optical frames. Free-form surface optical
elements can be designed with more complex
optical surfaces according to actual requirements,
reducing the number of optical elements and
thereby decreasing the volume of the optical
system.

5. Innovative Exploration of Adaptive Light
Compensation Technology
At present, with the continuous development of
space laser communication technology, the
innovative exploration of adaptive optical
compensation technology has become the key to
improving communication performance. The
development of the new type of wavefront
sensor has brought new possibilities for
accurately detecting wavefront distortion.
Quantum wavefront sensors, by leveraging
unique quantum properties such as quantum
entanglement, demonstrate extremely high
measurement accuracy and sensitivity. In space
laser communication, even weak wavefront
distortion can have a significant impact on
communication quality. Quantum wavefront
sensors are expected to achieve precise detection
of these weak distortions with their outstanding
performance, providing more accurate data
support for subsequent wavefront correction,
thereby enhancing the stability and reliability of
the entire communication system. The optical
fiber wavefront sensor is based on optical fiber
sensing technology and has many advantages
such as small size, light weight and strong
anti-electromagnetic interference ability. In the
special and complex environment of space laser
communication, traditional wavefront sensors
may be affected by space limitations and
electromagnetic interference. However, fiber
wavefront sensors can adapt well to these
environments, ensuring the accuracy and
stability of wavefront detection, and providing a
strong guarantee for the reliable operation of
space laser communication.
The application of intelligent algorithms in
adaptive optical compensation has opened up a
new way for the improvement of system
performance and the intelligent development.
After the deep learning algorithm is introduced
into the adaptive optical compensation system,
by training the deep neural network, the system
can achieve intelligent recognition and
correction of wavefront distortion. The powerful
nonlinear mapping ability and adaptive ability of
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deep learning algorithms enable them to handle
complex and variable wavefront distortion
situations, automatically adjust the correction
strategy, and improve the performance and
intelligence level of the adaptive optical
compensation system. When confronted with
wavefront distortions of different intensifies and
types, deep learning algorithms can respond
quickly and accurately to achieve efficient
wavefront correction. Reinforcement learning
algorithms enable the adaptive light
compensation system to continuously learn and
optimize the control strategy in the interaction
with the environment. In the complex and
changeable atmospheric environment, the
wavefront distortion situation is constantly
changing. The reinforcement learning algorithm
enables the system to automatically adjust
parameters according to the real-time
atmospheric conditions, continuously optimize
the wavefront correction effect, achieve the
optimal correction performance, and improve the
stability and reliability of space laser
communication.
Multidisciplinary integration and innovation
have injected new vitality into the development
of adaptive optical compensation technology.
The deep integration of optics and electronics
has given rise to a new type of photoelectric
integrated adaptive optical compensation system.
The adoption of high-speed and high-precision
electronic signal processing technology can
significantly improve the speed and accuracy of
wavefront detection and correction. In space
laser communication, rapid wavefront detection
and correction are crucial for ensuring the
real-time performance of communication. The
electro-optical integrated system can better meet
this requirement and improve communication
efficiency and quality. The integration of optics
and materials science combines the research
achievements of new optical materials to
develop wavefront sensors and wavefront
correctors with special performance. By using
new types of photoelectric materials,
magneto-optical materials, etc., the sensitivity of
the wavefront sensor can be enhanced, enabling
it to perceive wavefront distortion more acutely.
At the same time, it can also enhance the
correction ability of the wavefront corrector,
achieve more accurate wavefront correction, and
provide stronger technical support for the
development of space laser communication
technology.

6. Outlook on Future Development Trends
Under the background of the rapid development
of science and technology, adaptive optical
compensation technology shows broad prospects
for development and will present significant
development trends in multiple aspects in the
future.
The continuous improvement of technical
performance is the core direction of the
development of adaptive optical compensation
technology. In the field of space laser
communication, the requirements for
communication speed and capacity are
increasing day by day. This requires adaptive
optical compensation technology to have higher
wavefront detection accuracy and correction
speed and accuracy. Researchers will be
committed to developing new types of wavefront
sensors, constantly optimizing their structure and
performance to achieve the capture of more
subtle changes in wavefront distortion.
Meanwhile, the research and development of
new wavefront correctors will also be
accelerated, striving to achieve more accurate
wavefront correction in a shorter time.
Furthermore, the optimization of the wavefront
control algorithm is equally crucial. By
introducing more advanced mathematical
models and calculation methods, the
convergence speed and stability of the algorithm
can be enhanced, thereby ensuring that the
adaptive optical compensation system can
respond quickly and accurately to wavefront
distortion and meet the urgent demand for
high-speed and large-capacity communication in
space laser communication.
The continuous improvement of system
integration is an inevitable trend in the
development of adaptive optical compensation
technology. With the continuous advancement of
micro-electromechanical systems (MEMS)
technology and nanotechnology, adaptive optical
compensation systems will develop in the
direction of high integration. An integrated
system can integrate the wavefront sensor,
wavefront corrector and related control circuits,
etc. into a tiny chip or module, significantly
reducing the volume and weight of the system
and lowering power consumption. This highly
integrated adaptive optical compensation system
is convenient for application on space platforms
such as satellites and aircraft. It not only saves
valuable space resources but also enhances the
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reliability and stability of the system, providing
more convenient and efficient solutions for
applications such as space laser communication.
The significant improvement of the intelligent
level will bring new breakthroughs to the
adaptive optical compensation technology. The
vigorous development of artificial intelligence
technology provides strong support for the
intelligence of adaptive optical compensation
systems. The future adaptive optical
compensation system will have a stronger
environmental perception capability and be able
to automatically sense the changes in the
atmospheric environment, such as the influence
of factors like temperature, humidity, and
turbulence intensity on the wavefront of the
beam. Based on these perceptual information,
the system will adjust the control strategy in real
time to achieve adaptive wavefront correction.
This intelligent adaptive light compensation
system does not require manual intervention and
can automatically optimize the correction effect
according to different environmental conditions,
greatly improving the degree of automation and
adaptability of the system.
The continuous expansion of application fields
will further highlight the important value of
adaptive optical compensation technology. In
addition to playing a key role in the field of
space laser communication, adaptive optical
compensation technology will also be more
widely applied in multiple fields such as
astronomical observation, laser processing, and
biomedicine. In astronomical observations,
adaptive light compensation technology can
effectively overcome the influence of
atmospheric turbulence on telescope imaging,
improve the resolution of telescopes, enable
astronomers to observe more distant and faint
celestial bodies, and provide richer information
for cosmic exploration. In the field of laser
processing, this technology can enhance the
quality and stability of laser beams and achieve
more precise processing results. In the field of
biomedicine, adaptive optical compensation
technology is expected to be applied in aspects
such as optical imaging and laser treatment,
improving the clarity of imaging and the
accuracy of treatment.

7. Conclusion
The adaptive optical compensation technology
for atmospheric turbulence in space laser
communication is a key technology for

improving the performance and reliability of
space laser communication. This paper analyzes
the principle and key components of adaptive
optical compensation technology, discusses the
key technological breakthroughs of this
technology in aspects such as wavefront
detection accuracy, correction speed and
accuracy, system integration and miniaturization,
and introduces the innovative explorations in
new wavefront sensors, intelligent algorithm
applications, and multi-disciplinary integration
innovations. In the future, adaptive optical
compensation technology will continue to
improve in terms of technical performance,
system integration, and intelligence level, and its
application fields will also continue to expand.
Through continuous research and innovation, it
is expected to solve the problem of the influence
of atmospheric turbulence in space laser
communication and promote the rapid
development of space laser communication
technology.
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