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ABSTRACT

This article explores the architectural design of future optical communication systems driven by digital signals. With the
deep impetus of the digitalization trend, optical communication, as the dominant transmission mode of information
networks, is facing the demands for higher transmission rates, larger capacity, and lower latency. Digital signal processing
technology, with its unique advantages, plays a crucial role in optical communication systems. This article analyzes the
current development status and challenges of optical communication systems, elaborates on the connotation and
advantages of digital signal-driven, and proposes the architectural design of future optical communication systems based
on digital signal driving, including the design of the physical layer, network layer, and application layer. Finally, it
discusses the application prospects and challenges of this architecture.
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1. INTRODUCTION

With the explosive growth of global data traffic and the widespread application of emerging technologies such as 5G/6G
networks, cloud computing, big data, artificial intelligence, and the Internet of Things, the requirements for bandwidth,
rate, latency, and reliability in information transmission have reached unprecedented heights [, Optical communication,
with its unique advantages of high bandwidth, high speed, low delay and anti-electromagnetic interference, has become
the main infrastructure of modern communication networks, contributing to the rapid development of the global
information society [, However, in order to meet the increasing service demand, the traditional optical communication
system has many problems in transmission capacity, flexibility and intelligence, and new ideas are needed to achieve
technological breakthroughs El.

In recent years, the rapid development of digital signal processing (DSP) technology provides a powerful impetus for the
improvement of optical communication system. With advanced algorithm and hardware design, DSP technology can
compensate dispersion, nonlinear effect and noise in optical fiber transmission in real time, which greatly improves the
transmission quality of optical signals and system capacity 1. For example, in coherent optical communication system,
DSP technology uses important algorithms, such as carrier synchronization, phase recovery and channel equalization, to
process optical signals with high precision, making it possible for the transmission rate of a single wavelength to exceed 1
Tbps B In addition, DSP technology also supports flexible modulation formats and advanced coding technologies, such
as probability warping and forward error correction (FEC), which further improves the spectrum efficiency and
transmission distance of the system [,

At the same time, the design of optical communication system must change from traditional rigid architecture to intelligent
and dynamic architecture. The traditional optical communication system mainly uses fixed configuration and static
resource allocation methods, which is difficult to adapt to the dynamic changes of service demand and network
environment Il However, the future optical communication system based on digital signal-driven technology introduces
software-defined network (SDN) and network function virtualization (NFV), which makes it possible to dynamically plan
and flexibly configure network resources, and greatly improves the adaptability and operating efficiency of the system [,

In addition, with the development of optical communication system towards higher speed and larger capacity, the problems
of system complexity and power consumption become more and more important. The introduction of multi-channel optical
amplifier, spatial division multiplexing (SDM) and silicon photonic integration increases the system capacity, but it also
brings new technical challenges, such as cross-channel crosstalk, stronger nonlinear effect and greater integration. The
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design of digital signal-driven architecture, using advanced signal processing algorithm and intelligent control technology,
can solve these challenges well and improve the performance and energy efficiency of the system [,

In a word, the research on the architecture design of digital signal-driven optical communication system in the future has
important theoretical significance and practical value. This paper will systematically discuss the architecture design
principles, key technologies and application scenarios of future digital signal-driven optical communication systems, and
provide theoretical support and practical guidance for the future development of optical communication systems from the
aspects of physical layer, network layer and application layer.

2. DEVELOPMENT STATUS AND CHALLENGES OF OPTICAL COMMUNICATION SYSTEMS
2.1 Development History of Optical Communication Systems

Optical communication is a system that uses optical signals as the information carrier and optical fibers as the transmission
medium, achieving information transmission through electro-optic conversion. Starting from voice communication in the
1980s, optical communication has undergone multiple generations of evolution, and the development of fixed networks
has gone through multiple stages. Nowadays, optical communication has been widely applied in various fields such as the
telecommunications market and the data communication market, providing key technical support for high-speed
information transmission and high-speed computing.

2.2 Challenges Faced by Optical Communication Systems

Although optical communication systems have achieved significant development, they still face many challenges. On one
hand, with the emergence of new businesses such as 4K/8K video, virtual reality games, the Internet of Things, and
unmanned driving, new differentiated requirements have been put forward for the bandwidth, latency, and reliability of
optical networks. Traditional optical network forms and configuration methods are difficult to meet the increasing business
traffic and differentiated service requirements. On the other hand, the scale of optical networks is constantly upgrading,
and the complexity and data volume of the network are gradually increasing. The model-driven approach is difficult to
achieve complete coverage and rapid response of ultra-large-scale networks, especially for dynamic services and network
states, it is difficult to conduct real-time modeling, making it difficult to establish an accurate network model. In addition,
although data-driven methods do not require network modeling to conduct large-scale or global search of network
parameter states, their “black box” nature makes the interpretability of the optimal network state poor, resulting in
increased difficulty in network analysis and operation management, and highly dependent on big data. The limitations of
real factors such as detection instruments and detection environments make it difficult to obtain the real data of the network,
seriously limiting the learning and analysis effects of data-driven models.

3. THE ESSENCE AND ADVANTAGES OF DIGITAL SIGNAL DRIVEN
3.1 The Connotation of Digital Signal Driven

Digital signal driven refers to the use of digital signal processing technology to collect, analyze, process and feedback
signals in optical communication systems, in order to achieve intelligent control and optimization of the optical
communication system. Digital signal processing technology can well compensate for the damage of optical fiber
transmission, achieve carrier synchronization of the transmitted signal light and local oscillator light, overcome signal
distortion and loss, and improve the transmission performance of the optical communication system. Through digital signal
processing technology, the optical communication system can more accurately perceive the physical layer status, optimize
the resource allocation of the network layer, customize the slice of the business layer, and thus meet the differentiated
requirements of different services for the optical network.

3.2 The Advantages of Digital Signal Driven

Digital signal driven has many advantages in optical communication systems. Firstly, digital signal processing technology
can make up for the shortcomings of model-driven methods by analyzing and learning historical data, establishing more
accurate network models, achieving real-time modeling of dynamic services and network states, and improving the
utilization efficiency of network resources. Secondly, digital signal driven can overcome the “black box” problem of data-
driven methods by analyzing and processing signals, providing interpretable network optimal states, reducing the difficulty
of network analysis and operation management. In addition, digital signal driven can also reduce the reliance on big data
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by collecting and analyzing network data in real time, achieving dynamic optimization configuration of network resources,
improving the adaptive ability and robustness of the optical communication system.

4. DESIGN OF FUTURE OPTICAL COMMUNICATION SYSTEM ARCHITECTURE BASED ON
DIGITAL SIGNAL CONTROL

4.1 Overview of the Overall Architecture

The future optical communication system based on digital signal control adopts a hierarchical architecture design,
including the physical layer, network layer, and application layer. The physical layer is responsible for the transmission
and perception of optical signals, the network layer is responsible for the allocation and scheduling of optical network
resources, and the application layer is responsible for providing various optical communication application services.
Digital signal processing technology runs through all layers to achieve intelligent control and optimization of the optical
communication system.

4.2 Design of the Physical Layer
4.2.1 Physical Layer State Perception

Physical layer state perception is the foundation of digital signal control. In the process of information transmission in the
optical network, it needs to pass through multiple physical devices, such as optical fibers, amplifiers, optical
multiplexing/demultiplexers, etc. The manufacturing process, life cycle, and working environment of these physical
devices have strong uncertainty, resulting in the uncertainty of the optical path transmission state. In addition, the dynamic
changes of different types of data services require continuous resetting and adjustment of optical network resource
allocation to ensure the transmission performance of the network. However, the frequent dismantling and reconstruction
of optical paths will seriously aggravate the uncertainty of the transmission state and seriously affect the reliability of
network transmission.

Based on digital signal control, multi-dimensional fusion perception technology is introduced in the physical layer to
achieve accurate perception of the physical layer state of the optical path. At the same time, combined with digital signal
processing technology, the optical signal transmission impairment is compensated to improve the transmission quality of
the optical signal. For example, using coherent optical communication technology, by fully exploiting the modulatable
dimensions of the optical signal, the spectral efficiency is improved, and the transmission capacity of a single optical fiber
is further enhanced under unchanged available frequency band resources.

4.2.2 Physical Layer Resource Optimization

Based on the results of physical layer state perception, digital signal processing technology is used to optimize the
allocation of optical network resources. For example, by analyzing the optical path transmission state and service
requirements, the gain of optical amplifiers and the wavelength selection of optical multiplexing/demultiplexers are
dynamically adjusted to achieve efficient utilization of optical network resources. At the same time, combined with
intelligent algorithms based on digital signal control, the optical network resources are predicted and pre-configured to
anticipate network failures and changes in business traffic, thereby improving the reliability and stability of the optical
network.

4.3 Design of the Network Layer
4.3.1 Network Layer Resource Linkage

The network layer is responsible for the allocation and scheduling of optical network resources. With the increase in the
diversity and heterogeneity of optical networks, multiple transmission resources coexist, and the transmission of data
information requires passing through end-to-end transmission links composed of various devices such as wireless
equipment, optical transmission equipment, and information processing, which makes the optical, wireless, and other
heterogeneous networks interwoven, increasing the complexity and heterogeneity of the network, thereby increasing the
difficulty of network resource allocation and deployment. At the same time, the dynamic change of business traffic makes
the allocation of optical network resources more complicated, and it is difficult to achieve efficient and flexible allocation
of network resources with a single control method.

Based on digital signal control, Software Defined Network (SDN) technology is introduced in the network layer to realize
efficient deployment of optical and wireless network resources and cross-domain resource links. SDN can greatly improve
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the network capacity by introducing an open architecture with separation of control and transmission. By using digital
signal processing technology to analyze and predict network traffic, SDN controller can dynamically allocate optical
bandwidth and give priority to high-bandwidth resources, such as high-bandwidth channels for autonomous driving
applications, to ensure the service quality of key services. At the same time, SDN technology can also realize the unified
management of optical network resources, establish an optical network resource pool, and realize resource sharing among
multiple systems, thus improving the utilization efficiency of network resources.

4.3.2 Network Layer Slice Customization

With the development of ultra-wide connection, ultra-high bandwidth and ultra-low delay technology, the types of services
that optical networks must carry are increasing day by day. Different services have different requirements for bandwidth,
latency, reliability, etc. of optical networks. Traditional optical networks are difficult to meet the increasing business traffic
and differentiated service requirements. Based on digital signal driving, network slicing technology is introduced at the
network layer to allocate dedicated low-latency channels for different services. For example, for emergency braking
instructions in autonomous driving, a dedicated low-latency channel is allocated through optical network slicing
technology to ensure the timely transmission of instructions and improve the safety of autonomous driving. At the same
time, combined with digital signal processing technology, the network slicing is dynamically adjusted and optimized, and
the size and resource allocation of the slices are adjusted in real time according to changes in business traffic to improve
the utilization efficiency of network resources.

4.4 Application Layer Design
4.4.1 Application Layer Service Customization

The application layer is responsible for providing various optical communication application services. Based on digital
signal driving, the application layer can customize optical communication services according to the needs of different
services. For example, in the intelligent network system, application services such as vehicle-road collaboration and remote
driving are constructed through optical communication. By using digital signal processing technology to process and
analyze optical signals in real time, we can realize real-time cooperation between cars and roads, cars and clouds. This
provides good optical communication support for smart grid system. At the same time, with the help of artificial
intelligence, we intelligently manage and improve optical communication applications, making the user experience better
and the service quality higher.

4.4.2 Application Layer Security Assurance

In the application layer, optical encryption technology based on digital signal driving is used to protect the transmission of
optical communication. For example, in the case of distributed optical sensing and quantum key distribution (QKD), digital
signal processing technology is used to encrypt and decrypt optical signals, thus realizing unconditional secure
transmission. At the same time, through physical isolation technology, dark fiber is used in important optical channels to
prevent attacks on the physical layer and improve the security of optical communication systems.

5. THE APPLICATION PROSPECTS AND CHALLENGES OF FUTURE OPTICAL
COMMUNICATION SYSTEM ARCHITECTURES DRIVEN BY DIGITAL SIGNALS

5.1 Application Prospects

The future optical communication system architectures driven by digital signals have broad application prospects. In
intelligent network systems, these architectures can realize vehicle-road collaboration, remote driving, and other
applications, providing reliable optical communication support for intelligent transportation. In data center interconnection,
based on digital signal-driven optical communication system architectures, high-speed backbone networks can be
constructed, supporting real-time processing of massive data, and meeting the needs of emerging businesses such as cloud
computing and big data. In industrial internet, these architectures can achieve real-time communication and data
transmission between devices, providing a high-speed and stable optical communication network for intelligent
manufacturing. Moreover, the digital signal-driven future optical communication system architectures can also be applied
in smart grids, satellite communication, fiber optic sensing, aerospace and aviation, and other fields, providing high-speed
and reliable optical communication support for the development of these fields.
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5.2 Challenges

The development of the future optical communication system architectures driven by digital signals also faces many
challenges. Firstly, the algorithm complexity and computational volume of digital signal processing technology are large,
and the hardware performance of the optical communication system requires a high level of improvement, which needs to
continuously enhance the computing capacity and processing speed of optical communication equipment. Secondly, digital
signal-driven requires a large amount of real data for analysis and learning, and the collection, storage, and security of data
are urgent problems to be solved. In addition, the standardization and interoperability of the future optical communication
system architectures driven by digital signals are also key points that need to be focused on. The compatibility and
collaborative work between different manufacturers and devices need to be further studied and standardized.

6. CONCLUSION

Digital signal-driven approaches provide new ideas and methods for the architecture design of future optical
communication systems. The future optical communication system architecture based on digital signal-driven technology
achieves physical layer state awareness, network layer resource linkage, and application layer service customization
through hierarchical design, meeting the differentiated requirements of different services for optical networks. This
architecture has broad application prospects, but it also faces many challenges. In the future, with the continuous
development of digital signal processing technology, optical communication technology, and artificial intelligence
technology, the digital signal-driven architecture of future optical communication systems will be continuously improved
and optimized, providing more high-speed, reliable, and intelligent optical communication support for the development of
the information society.
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