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Abstract: Multi-wavelength laser systems have broad application prospects in industrial, medical, and
communication fields. This paper introduces the fundamental principles of multi-wavelength laser systems and
analyzes their optical design processes, including wavelength selection and optimization, and the design and
selection of optical components. First, the working mechanism of multi-wavelength laser systems is discussed,
explaining the principles of laser generation and transmission. Next, the basic requirements for optical design
are described, and the optimal wavelength combinations are determined through mathematical models and
optimization algorithms, selecting appropriate optical components to ensure efficiency and stability. Finally,
design results and application analyses demonstrate the performance and advantages of multi-wavelength laser
systems in practical operations, particularly in their application in autonomous driving LiDAR systems.
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1. Introduction

Multi-wavelength laser systems play a crucial role in modern technology, with applications in industrial
processing, medical imaging, and telecommunications. By emitting multiple wavelengths simultaneously, these
systems optimize various functions, enhancing performance and application scope. Recent research has
significantly advanced multi-wavelength laser sources, optical design optimization, and component fabrication,
broadening their applications and improving performance and stability. This paper systematically introduces
optical design principles for multi-wavelength laser systems and demonstrates their practical advantages through
specific design examples, providing valuable insights for researchers and engineers in the field.

2. Fundamental Principles of Multi-Wavelength Laser Systems

Multi-wavelength laser systems generate laser outputs at multiple wavelengths by integrating multiple laser
sources or utilizing nonlinear optical effects. The fundamental principles include the design of the laser resonator,
the combination and separation of multi-wavelength lasers, and the coupling and transmission of beams of
different wavelengths. Figure 1 illustrates a typical optical structure of a multi-wavelength laser radar system.

The laser resonator is the core component of the laser system, and its design directly affects the laser output
characteristics. In multi-wavelength laser systems, various types of lasers, such as solid-state lasers, fiber lasers,
or semiconductor lasers, are typically used in combination with optimized resonator designs to achieve multi-
wavelength output. The design of the resonator needs to consider factors such as the gain spectrum of the laser
medium, the length of the resonator, the reflectivity of the mirrors, and the optical losses within the resonator.
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Figure 1. Basic Principle of Multi-Wavelength Laser Systems.

Multi-wavelength laser systems use beam combination technology to merge lasers of different wavelengths.
In Figure 1, beams pass through collimating lenses, are separated and combined by spectroscopes, and directed
to specific receiving units. Precise coupling and transmission ensure stability and efficiency.

3. Optical Design of Multi-Wavelength Laser Systems
3.1. Basic Requirements for Optical Design

The goal of optical design is to achieve high efficiency, high stability, and high precision in the system. The
design needs to consider beam quality, wavelength coverage, thermal stability, and anti-interference capability.
To ensure the optimal performance of the multi-wavelength laser system, detailed performance indicators and
basic design parameters must be set.

Table 1. Performance Indicators.

Performance Indicator Description Value Range Unit
Beam Quality Spatial mode and purity of the laser beam M= 1.2 N/A
Wavelength Coverage Range of laser wavelengths that the system can produce 355 - 1064 nm
Output Power Output power of the laser at each wavelength 1-10 w

- Stability of the system under different temperature
Thermal Stability <05 %/<T
conditions
Anti-interference ] o ]
System's resistance to external electromagnetic interference High N/A
Capability
Beam Divergence Angle Divergence angle of the laser beam <05 mrad
Wavelength Stability Stability of the laser wavelength <0.01 nm

3.2. Wavelength Selection and Optimization

Selecting and optimizing wavelengths in multi-wavelength laser systems is crucial for performance and
application range. Appropriate wavelengths depend on application requirements, laser medium characteristics,
and component matching. Optimization uses mathematical models and algorithms like Particle Swarm
Optimization (PSO) to find the best combination, enhancing efficiency and stability. Different applications, such
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as medical imaging or industrial processing, require specific wavelengths. The gain spectrum of the laser medium
and matched optical components ensure effective operation. PSO involves initializing particles, evaluating
fitness, updating velocities and positions, and iterating until optimal solutions are found.

An example of the optimization objective function is as follows:

Objective Function= min(TiL; w; [4; — A; desirea|)

where w; is the weight factor, 4; is the selected wavelength, and 4; 4esireq 1S the target wavelength. The
optimized wavelength combination and corresponding performance indicators are shown in the table below:

Table 2. Optimized Wavelength Combinations.

Optimized Wavelengths Output Power Wavelength Stability Beam Quality
355 nm 5W <0.01 nm M= 1.2
532 nm 8w <0.01 nm M= 1.2
1064 nm 10w <0.01 nm M= 1.2

3.3. Design and Selection of Optical Components

Optical components, including lasers, lenses, mirrors, and beam splitters, are crucial for multi-wavelength
laser systems. Factors like wavelength matching, beam quality, losses, and thermal management are vital for
system stability and efficiency. Laser diodes offer wide wavelength tuning and compact size, while fiber lasers
provide high power and beam quality. Lenses and mirrors require materials with high transmittance and low
absorption, like quartz and sapphire. Anti-reflection or high-reflection coatings enhance efficiency. Multilayer
dielectric coatings ensure mirrors have high reflectivity across different wavelengths.

The following table lists the design parameters and performance indicators for some commonly used optical

components:
Table 3. Design Parameters and Performance Metrics.
) Applicable )
Type of Optical Typical
Material Coating Type Wavelength Transmittance  Reflectance o
Component Application
Range
Multi-wavelength
Laser Diode Semiconductor None 400 - 800 nm Direct Output N/A
Laser Source
Industrial
Fiber Laser Doped Fiber None 1000 - 2000 nm Direct Output N/A
Processing
Collimating ) ) o
Quartz Glass  Anti-reflection 355 -1064 nm > 99% N/A Beam Collimation
Lens
Multilayer Beam
Mirror Silicon 355 - 1064 nm N/A > 99.9%
Dielectric Transmission
Multilayer Beam Separation
Beam Splitter Optical Glass 355 - 1064 nm > 95% > 99.9%
Dielectric and Combination
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4. Design Results and Application Analysis
4.1. Wave Aberration of Laser Emission System

Wave aberration is a key performance indicator for optical systems, affecting laser beam quality and system
performance. The figure shows wavefront distortion at 400 nm, which can cause beam defocusing and
aberrations. Minimizing wave aberrations through optical design optimization improves beam quality and system
stability. Tools like Zemax and Code V help simulate and reduce aberrations. Controlling wave aberrations within
0.1 wavelengths ensures high-quality beams. In applications like LiDAR and industrial processing, low
aberration enhances precision and efficiency, significantly improving multi-wavelength laser system
performance.
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Figure 2. Wave Aberration of Laser Emission System.

4.2. Visible Light Reception System

The visible light reception system is vital for multi-wavelength laser systems, converting received laser
beams into images or signals. The system includes primary and secondary mirrors, beam splitters, and CCD
sensors. Mirrors focus the beam, directing it to beam splitters, which separate wavelengths for different reception
paths. Minimizing optical losses and improving efficiency are key challenges, requiring precise design of beam
splitters and mirror coatings. These systems are used in industrial inspection, medical imaging, and
communication, enhancing accuracy, speed, and stability. Optimizing this system improves the overall
performance of multi-wavelength laser systems.
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Figure 3. Visible Light Reception System.
4.3. Monochromatic Echo Reception System

The monochromatic echo reception system plays a crucial role in multi-wavelength laser systems, primarily
tasked with receiving and processing echo signals of specific wavelengths. The design result shown in the figure
illustrates a typical structure of a monochromatic echo reception system, including primary mirrors, secondary
mirrors, beam splitters, filters, and photomultiplier tubes. This system achieves efficient reception and processing
of echo signals from specific wavelengths through reflection and beam splitting technology.
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Figure 4. Monochromatic Echo Reception System.

In this design, the primary and secondary mirrors focus the echo beam and direct it to the beam splitter
through reflection. The beam splitter is responsible for separating the laser echo beams of different wavelengths
and directing them to different reception paths. The system shown in the figure uses two beam splitters, achieving
efficient separation and reception of echo signals from specific wavelengths through a clever optical path design.
The filter is used to further select the optical signals of specific wavelengths, and the photomultiplier tube
converts the received optical signals into electrical signals for subsequent processing and analysis.

A key challenge in designing this system is how to achieve efficient reception and processing of
monochromatic echo signals in complex optical environments. In multi-wavelength laser systems, the intensity
and quality of echo signals are affected by various factors, including atmospheric scattering, reflective surface
characteristics, and system noise. Therefore, when designing the monochromatic echo reception system, it is
essential to precisely design and optimize optical components. For instance, the design of beam splitters and
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filters needs to ensure high selectivity and high transmittance at specific wavelengths to improve the system's
signal-to-noise ratio and detection sensitivity.

4.4. Modulation Transfer Function of Visible Light Reception System

The Modulation Transfer Function (MTF) is a crucial indicator for evaluating the imaging quality of an
optical system. It describes the system's imaging capability at different spatial frequencies and is an essential
tool for measuring the system's resolution and contrast. The figure shows the MTF curve of the visible light
reception system, with the horizontal axis representing the spatial frequency (cycles per millimeter) and the
vertical axis representing the modulation (contrast) value. The higher the MTF curve, the better the system
maintains high contrast and resolution at high spatial frequencies.

When designing the visible light reception system, MTF is a critical performance parameter. This system
includes optical components such as primary mirrors, secondary mirrors, beam splitters, and CCD sensors. The
height of the MTF curve directly reflects the quality of these components and the rationality of the optical path
design. As shown in the figure, the system's modulation value approaches 1 at low spatial frequencies, indicating
very high contrast at low frequencies. However, as the spatial frequency increases, the MTF curve gradually
declines, indicating a decrease in the system's imaging capability at high frequencies.

To improve the MTF performance of the visible light reception system, various optimization measures can
be taken. Firstly, high-quality optical components can be selected to reduce aberrations and scattering in lenses
and mirrors. Secondly, the optical path design can be optimized to minimize losses and distortions during beam
transmission. For example, using aspheric lenses can effectively reduce spherical aberration and improve the
system's imaging quality. Additionally, optical coating technology can significantly enhance the system's
transmittance and reflectance, thereby improving MTF performance. Through these optimization measures, the
system's imaging capability at high spatial frequencies can be significantly improved, meeting the demands of
high-precision imaging applications.
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Figure 5. Modulation Transfer Function of Visible Light Reception System.
4.5. Application Analysis of LIDAR Systems for Autonomous Driving
LiDAR systems for autonomous driving play a crucial role in autonomous driving technology. Their primary
task is to achieve real-time 3D modeling and obstacle detection of the surrounding environment through laser

beam scanning and echo reception. The application of multi-wavelength laser systems in LiDAR can
significantly enhance the system's resolution and detection accuracy. This section provides a detailed analysis of

21



Electronics Science Technology and Application (2024) Volume 11 Issue 2 ISSN: 2424-8460(0)
2251-2608(P)

the application of multi-wavelength laser systems in LiDAR for autonomous driving, based on the previous
design content.

Multi-wavelength laser systems can achieve multi-angle detection of target objects' different features by
emitting laser beams at multiple wavelengths simultaneously. Different wavelengths of laser light have varying
penetration abilities, reflection characteristics, and scattering properties, allowing multi-wavelength LiDAR
systems to perceive the environment more comprehensively. For example, short-wavelength lasers can provide
high-resolution surface detail information, while long-wavelength lasers have better penetration capabilities,
making them suitable for detecting objects hidden behind foliage or fog.

In autonomous driving LIiDAR systems, the application of multi-wavelength lasers can significantly
enhance the system's robustness and reliability. Single-wavelength lasers may be affected by environmental
interference under specific conditions, such as rainy or snowy weather or strong light interference. Multi-
wavelength laser systems can mitigate the impact of environmental factors through the complementary
advantages of different wavelengths, ensuring stable operation of the system in various complex environments.

5. Conclusion

This paper provides a detailed exploration of the optical design and applications of multi-wavelength laser
systems, covering fundamental principles, the design and selection of optical components, and application
systems such as visible light reception systems, monochromatic echo reception systems, and LiDAR systems for
autonomous driving. Through research on laser resonator design, wavelength selection and optimization, and
meticulous design of optical components, the significant advantages of multi-wavelength laser systems in
enhancing resolution, robustness, and detection accuracy are demonstrated.

In practical applications, the efficient performance of multi-wavelength laser systems has been validated in
various fields, including autonomous driving, industrial processing, medical imaging, and environmental
monitoring. Through reasonable design and optimization, these systems can not only meet the demands of
various complex environments but also provide high-quality data and precise detection results. Future research
will continue to focus on enhancing system performance and expanding its application scope, providing more
advanced solutions for the development of modern technology.
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