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摘 要 

随着网络化大数据时代的到来，互联网应用和数据通讯业务的日益剧增，对

通信网络的传输容量、速率和带宽提出了更高的需求。为了适应光纤通信系统对

高速、大容量、超长距离的传输要求，密集波分复用（DWDM）技术成为一种

能够有效挖掘和扩充光纤网络带宽资源并被广泛应用的技术方案。DWDM 系统

中新型器件的研究和开发进一步推动了光纤传输系统性能的提升。多信道光滤波

技术和全波长光放大技术是 DWDM 突破网络容量瓶颈的两项最核心的技术支

撑。其中，多信道光纤布拉格光栅（FBG）滤波器凭借其灵活的波长选择和优良

的窄带传输特性在波长复用解复用和增加系统容量中发挥重要作用；多泵浦拉曼

光纤放大器特有的分布式全波长放大，可有效降低非线性效应和噪声，在实现宽

带放大和延伸光传输距离方面具备巨大的优势。本文主要关注这两种关键光纤器

件在设计层面存在的优化问题。从智能优化角度，将 FBG 滤波器和拉曼放大器

的逆向工程设计问题转化为优化问题，运用智能计算的理论方法和技术手段，提

出解决方案提升器件性能。主要研究工作如下。 

（一）多信道 FBG 滤波器的优化研究 

FBG 凭借其尺寸小、成本低、插入损耗低、系统兼容性好等优点可以构成

有良好的波长选择特性和波长精度的多信道滤波器。但是随着信道数的递增，其

设计和制备工艺都会变得更加复杂和困难。针对这方面的研究，本文进行了以下

工作。 

 (1) 针对多信道 FBG 滤波器设计过程中存在折射率调制峰值容易超过物理

可实现范围的问题，详细剖析了造成折射率调制峰值过高的原因，提出了群延迟

变量的多信道反射光谱的滤波器模型，结合离散层析法对折射率调制分布进行调

整和降低。在此基础上建立了以最小化折射率调制峰值和色散误差为目标的优化

模型，将 FBG 参数重构问题转化为群延迟变量寻优问题。本文采用了差分进化

算法对模型进行求解，通过实验分别给出不同信道数不同光栅长度的 FBG 滤波

器的设计方案，证明了该方法的有效性。 

(2) 针对 FBG 的折射率调制峰值和色散指标之间的优化矛盾瓶颈，以 Pareto

多目标优化理论为指导，建立了一种更为合理有效的多信道 FBG 滤波器的多目
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II 

标模型，提出一种将多目标进化遗传算法（NSGA-II）和逼近理想解排序法

（TOPSIS）相结合的求解思路。采用 NSGA-II 求解出一系列 Pareto 最优解，再

利用 TOPSIS 做进一步最优解的决策。设计结果表明了该方法能够合理地处理折

射率调制峰值和色散之间的权衡，具有一定的参考价值。 

（二）多泵浦拉曼放大器的优化研究 

拉曼光纤放大器（RFA）在光纤通信系统中不仅要满足大带宽、高功率等特

性，还要考虑的一个关键问题就是其增益谱的平坦化。多泵浦技术是实现 RFA

增益平坦度控制的一种有效途径。但是，如何高效地选取最优的泵浦波长功率配

置成为多泵浦 RFA 设计的难点。针对这方面的研究，本文进行了以下工作。 

(1) 为了解决多泵浦 RFA 在数学模型计算中的效率问题，本文提出了一种基

于机器学习技术的解决思路。将拉曼耦合方程的非线性求解过程等价于以泵浦波

长和泵浦功率作为输入、增益作为输出的多输入多输出回归问题。离线训练阶段，

利用机器学习算法完成样本训练和建立 RFA 回归模型；在线优化阶段，将回归

模型融入进化算法的优化过程，完成泵浦参数的优化配置。本文分别采用了最小

二乘支持回归机（LSSVR）和极限学习机（ELM）算法进行模型构建。实验从

模型精度验证、RFA 增益分析和不同算法的性能对比等方面验证了该方法的高

效性。 

(2) 为了平衡多泵浦 RFA 设计中不同性能需求，本文提出了同时以最大化拉

曼开关增益和最小化增益波动为优化目标的多目标模型。在上述基于机器学习的

RFA 模型的基础上，利用改进的强度 Pareto 进化算法（SPEA2）获取 Pareto 前

沿，并从 Pareto 解集中选取出合适的解，最终给出详细的 RFA 设计方案。 

综上所述，本课题属于交叉学科应用基础研究，涉及信息学、光学等多学科

领域，主要围绕 DWDM 系统的滤波器和放大器技术进行了探讨和分析，采用智

能计算的理论方法和技术手段为光器件的优化提出新的解决思路和设计方案，进

一步推进智能光器件的创新，促进光网络向宽带化、智能化、综合化发展。 

 

关键词：光纤布拉格光栅；拉曼光纤放大器；进化计算；机器学习；多目标优化
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Abstract 

 With the coming of the big data era, the demands for the optical communication 

network with large capacity, high speed, and wide bandwidth have increased 

dramatically. The dense wavelength division multiplexing (DWDM) technology can 

effectively utilize the huge bandwidth resource to meet the bandwidth requirement 

and has been widely applied. The advanced devices in DWDM system will further 

promote the performance of the optical transmission system. The multichannel fiber 

Bragg grating (FBG) filters are useful for DWDM system owning to their flexible 

multi-wavelength selection. The Raman fiber amplifiers (RFAs) exhibit various merits 

such as low noise, flexible amplification bandwidth and high gain, and become 

promising devices to expand DWDM system bandwidth. In the thesis, the 

optimization issues in the synthesis of the FBG filters and RFAs are addressed by 

utilizing the intelligent computation methods. The detailed work is described as 

follows. 

1. Optimization of multichannel fiber Bragg grating filter design  

FBG featuring a multichannel spectral response has its advantageous 

characteristics of small size, low cost, low insertion loss, and good compatibility. 

However, when channel count increases, the design and fabrication of a multichannel 

FBG filter is a challenging task. The following work is carried on in this study. 

(1) An optimization method based on evolutionary algorithm for multichannel 

FBG filter synthesis is proposed. The approach synthesizes the grating by introducing 

the group delay parameter and transforming the inverse problem into an optimization 

problem. Differential evolution (DE), a powerful evolutionary algorithm, is employed 

to search the appropriate group delay parameters. The results show that the method 

reduces maximum index modulation and meanwhile optimize the dispersion profile in 

FBG channel. 
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(2) A Pareto-based multiobjective optimization technique for multichannel FBG 

filters synthesis is proposed. The goal is to optimize the maximum index modulation 

and to optimize the dispersion of the FBG. A two-stage method is proposed. NSGA-II 

algorithm is used to obtain the Pareto front and then the TOPSIS approach is 

employed to select an appropriate solution. The design results show that the approach 

can get a good balance of the two objectives and improve the performance.  

2. Optimization of multi-pump gain-flattened Raman fiber amplifiers design 

The gain spectrum flattening is a key problem in the design of RFA. Multiple 

pumping technique is commonly used as an effective solution. The shape of the 

Raman gain spectrum largely depends on the different pump wavelength and pump 

power level combinations. Hence, finding the ideal and optimized pump configuration 

that can generate the flat gain spectrum with low gain ripple and expand the 

bandwidth is necessary. The main work is completed as follows. 

(1) An efficient method to design the multi-pump Raman fiber amplifier is 

proposed based on machine learning technique. A multi-input multi-output RFA 

model is introduced to replace the complicated solving process of the nonlinear 

coupled Raman amplification equation. The proposed approach contains two phases: 

offline training phase and online optimization phase. During the offline phase, the 

RFA model is trained. During the online phase, the well-trained RFA model is 

incorporated into the evolutionary algorithm to find the optimal pump configuration. 

Two promising machine learning method, least squares support vector regression 

(LSSVR) and extreme learning machine (ELM) is employed to establish the RFA 

model. The design results demonstrate that the proposed method greatly shortens the 

computation time and enhances the efficiency of the pump parameter optimization for 

RFA design. 

(2) Multi-objective Raman amplifier design is presented to balance the 

conflicting requirements of the on-off gain and ripple specifications. This study 

attempts to find the optimal pump configuration. Based on the machine learning RFA 

model, the strength Pareto evolutionary algorithm (SPEA2) is applied to obtain the 

Pareto front. The appropriate solution is selected from the Pareto solutions to provide 

厦
门
大
学
博
硕
士
论
文
摘
要
库



V 

the pump parameters. The design examples show that the method is capable of 

determining high-quality solutions for multipump RFA design. 

The study belongs to the applied basic research within the interdisciplinary fields 

involving informatics and optics. Based on the intelligent computation technique, the 

thesis resolves the optimization problems of the multichannel FBG filters and the 

multipump RFAs design. The proposed novel ideas and effective methods enhance the 

intelligence of the optical devices. The trend of the optical communication network 

will be more broadband, intelligent, and comprehensive. 

 

 

Keywords: fiber Bragg grating; Raman fiber amplifier; evolutionary 

computation; machine learning; multiobjective optimization. 
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