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Abstract. Research on optical fiber amplifiers has gotten much more in-depth in recent years as 

a direct result of the emergence of the information age. The most effective of these materials are 

optical fibers that have been doped with rare earth elements. Lasers that have gain media 

composed of rare-earth doped optical fibers find widespread use in fields such as optical 

communication, medicine, and the processing of materials. For different rare earth ions, 

especially for bismuth-doped fiber amplifiers, bismuth-doped fiber has a good prospect in fiber 

amplifiers and lasers due to its unique luminescence characteristics and ultra-wideband near-

infrared luminescence of bismuth. Therefore, for bismuth-doped fiber amplifiers, in this paper, 

the pump wavelength is designed for the signal wavelength range, energy level structure, and 

electron transition process. The corresponding rate equation and power equation are established. 

At the same time, the gain spectrum changes with the fiber length and doping concentration are 

calculated using Matlab programming, and the maximum and minimum gain differences are 

minimized using Matlab calculations. 
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1.  Introduction 

The manufacturing of the first bismuth doped fiber (BDF) for amplifier and laser applications can be 

traced back to 2006 [1]. With the rapid development of the Internet and communication, the information 

demand in hot information fields such as big data, artificial intelligence and cloud computing is still 

growing at an annual rate of 30% to 40% [2]. In addition, people have increasingly high requirements 

for network transmission efficiency. Fiber lasers refer to a class of lasers that use fiber as a substrate, 

doped with some active ions as an active substance, or made using the nonlinear effects of the fiber itself 

[3]. Erbium-doped fiber amplifiers were once the most popular optical fiber devices. In the 1990s, the 

two cutting-edge research achievements of erbium-doped fiber amplifiers and wavelength division 

multiplexing significantly promoted the development of the optical fiber field. The high gain provided 

by erbium-doped fiber amplifiers can compensate for the loss of optical signals in fiber links, 
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significantly increasing the transmission distance of optical signals. Erbium-doped fiber amplifiers 

operate at a low loss transmission window of 1528-1563 nm, with advantages such as low noise index, 

high gain, wide bandwidth, low pump power required, low insertion loss, and insensitivity to 

polarization. However, the amplification bandwidth of EDFA is typically only 35 nm, covering only a 

tiny portion of the fiber's low-loss transmission window. Due to its narrow operating frequency band, 

its principal operating frequency band is 1565-1625 nm, which only covers a small portion of the optical 

fiber's low-loss window, significantly limiting the development of bandwidth and highlighting its 

limitations in the field of optical fiber. Therefore, besides erbium, the applications of other rare earth 

elements, transition metal elements, and leading group elements in optical fibers are gradually becoming 

known. A chaotic optimization method is suggested and effectively used to the fractional Fourier 

transform in order to address the shortcomings of conventional step-by-step search technology in two-

dimensional fractional Fourier domain extremum search [4]. The chaotic optimization algorithm will be 

applied in this study. The Chaotic Optimization Approach (COA) is an optimization technique based on 

chaotic [5]. Its main idea is to use the chaotic characteristics of chaotic systems to incrementally improve 

the goal function. Rapid convergence, strong global searchability, and good adaptability are all 

advantages of the COA algorithm, which has been widely used in a variety of fields. It uses a variety of 

methods, including population initiation, crossover and mutation operations, fitness function, chaos 

mapping function, and objective function. Due to the increasing need for transmission capacity in optical 

communication systems, efforts are being undertaken to broaden the spectrum range of rare-earth-doped 

fiber lasers and amplifiers [6]. 

2.  Method 

Bismuth-doped fiber amplifier (BDFA) is a device that uses bismuth-doped fiber to amplify optical 

signals. Compared with an Erbium-doped fiber amplifier (EDFA), BDFA has a more comprehensive 

working wavelength range and lower noise figure. It is widely used in optical fiber communication, 

sensing, and imaging. 

The operation of a laser that is used to inject pump light into a bismuth-doped fiber is the core of the 

amplifier that utilizes this type of fiber. After being put into an excited state by the absorption of the 

pump light, the bismuth atom subsequently transfers energy to the optical signal by producing stimulated 

radiation to increase the strength of the optical signal. Bismuth-doped fiber amplifier can provide high 

gain in a wide wavelength range because bismuth ion has many excited States and emission States. 

Bismuth-doped fiber amplifier has the advantages of high gain, wide wavelength range, low noise figure, 

high stability, and reliability. It can be used to enhance optical signals, extend optical fiber transmission 

distance and improve optical transmission quality. The disadvantage is that the preparation process is 

complex, the cost is high, and the support of a high-power pump laser is needed. Bismuth-doped fiber 

amplifier has been widely used in optical communication, optical fiber sensing, medical imaging, 

biomedicine, and other fields and has attracted more and more researchers' attention. 

In this program design, it is particularly important to understand the energy level structure of bismuth 

ions to obtain the gain spectrum changes under different doping concentrations. The energy levels of 

bismuth ions are very complex, A bismuth atom's outermost layer of electrons has the configuration 

4𝑓145𝑑106𝑠26𝑝3. As a result of the strong electron-phonon coupling and the Stark splitting effects, the 

energy levels of ions are split into multiple sub-levels. Therefore, in order to represent the energy level 

as well as the electron transition process, a quasi-three-level coordination arrangement with electron-

phonon coupling is utilized. This research, however, takes a more straightforward approach by 

classifying them into a three-tiered hierarchy based on the spectral properties they exhibit. The transition 

diagram for the three-level system is depicted here, as can be seen in Figure 1. From this, the 

corresponding rate and power propagation equations may be derived, and the Fun function can be 

enhanced by combining it with other data. 

Rate equation under steady-state conditions: 

 
𝜕𝑁1(𝑧)

𝜕𝑡
= −[𝑊𝑝(𝑧) +𝑊12(𝑧)]𝑁1(𝑧) + 𝐴21𝑁2(𝑧) +𝑊21(𝑧)𝑁2(𝑧) (1) 
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𝜕𝑁2(𝑧)

𝜕𝑡
= 𝑊12(𝑧)𝑁1(𝑧) −𝑊21(𝑧)𝑁2(𝑧) − 𝐴21𝑁2(𝑧) + 𝐴32𝑁3(𝑧) (2) 

 
𝜕𝑁3(𝑧)

𝜕𝑡
= 𝑊𝑝(𝑧)𝑁1(𝑧) − 𝐴32𝑁3(𝑧) (3) 

 𝑁 = 𝑁1(𝑧) + 𝑁2(𝑧) + 𝑁3(𝑧) (4) 

 

Figure 1. The transition diagram of the three-level system [7]. 

N1, N2 are the particle number density of the ground, metastable, and excited states, respectively, and 

N is the total particle number density. Wp, W12, W21, A21, A32 are pump light absorption rate, signal light 

absorption rate, signal light excited emission rate, radiation transition probability, and non-radiation 

transition probability. Power propagation equation under steady-state conditions: 

 
dP𝑝（𝑧）

dz
= 𝑇𝑝（− 𝜎𝑝𝑁1（𝑧）− 𝛼𝑎）𝑃𝑝（𝑧） (5) 

 
dP𝑠（𝑧）

dz
= 𝑇𝑠[𝜎21𝑁2（𝑧）− 𝜎12𝑁1（𝑧）− 𝛼𝑠]𝑃𝑠（𝑧） (6) 

 
dP𝑎（𝑧）

dz
= 𝑇ase[𝜎21𝑁2（𝑧）− 𝜎12𝑁1（𝑧）− 𝛼𝑠]𝑃𝑠（𝑧）+ 𝜎21𝑁2（𝑧）hvΔ𝑣 (7) 

𝜎𝑝、𝜎12、𝜎21represents the pump light absorption cross-section, the signal light absorption cross-

section, and the radiation cross-section, respectively. The physical significance of the cross-section 

refers to the capacity of particles 𝛼，𝛥𝑣to absorb or emit light. 

The initial concept is as follows. The emission cross-section and absorption cross-section images of 

bismuth at 1200 nm to 800 nm can be drawn utilizing data obtained from published sources and Matlab 

as a tool. After writing the relevant code and utilizing the rate propagation equation to acquire an image 

of the signal's variation with fiber length and doping concentration, the difference between the maximum 

and minimum values can be determined. After that, the chaotic optimization technique is used to the 

system to make it as efficient as possible. The use of a chaotic sequence as a tool to improve search 

performance is dependent on the linear mapping of chaotic variables to search-optimized variables. The 

size of the search space has a direct bearing on the results of optimization; if the search area is too wide, 

it will be impossible to find a solution that meets all of the requirements. 

Additionally, because chaotic motion is random, it is possible to jump far when getting close to the 

best overall solution, which wastes time during optimization. Two stages make up the chaotic dynamics- 

based search process: first, the ergodic orbit produced by deterministic iteration is used to study the 

solution space. When specific termination requirements are met, the obtained ideal state is regarded to 

be close to the optimal solution for the problem, and this state serves as the starting point for the second 

stage of the search. Pay close attention to the first-stage results, and then, in the second stage, introduce 

interference with a minute amplitude in the surrounding area. Continue doing this until the algorithm's 

termination standard is met.  

The secondary carrier method of "coarse search" and "fine search" establishes the chaotic search-

x1024 

Proceedings of the 2023 International Conference on Mechatronics and Smart Systems
DOI: 10.54254/2755-2721/11/20230205

48



based fundamental optimization method. Since then, the chaotic search-based optimization method has 

been extensively studied, refined, and/or combined with other approaches to form a mixed messy 

optimization method. 

In addition, the data required for the rate and power propagation equations have been obtained 

according to different literature: the speed of light in vacuum, c is 3×108 m/s. Planck constant h is 

6.626×10-24 m2∙kg/s. The dielectric loss coefficient is 0.1cm-1. The emission cross section is 0.2×10-24 

m2 at the wavelength of the pump. The absorption cross-section at wavelength is 1.3×10-24m2. The 

overlap factor Γpis 0.8 and 0.5. Fiber radius=2.5×10-6 m2. The pump wavelength measures 0.808×10-6 

mm. The signal's central wavelength is 1.3×10-6 m [8]. The bismuth emission cross section as a function 

of emission spectrum wavelength is depicted in Figure 2. Figure 2 demonstrates that the emission cross-

section of the signal wavelength increases from 1000 to 1300 nm, reaches a maximum at 1300 nm, and 

then diminishes gradually from 1300 to 1700 nm [9]. When the wavelengths of the signal are 1700 nm 

and 1000 nm, the emission cross section is practically nonexistent. 

 

Figure 2. Cross section of 

bismuth's emission as a function 

of the emission spectrum's 

wavelength [10]. 

3.  Result and discussion 

Three distinct doping concentrations were chosen for this experiment's simulation, and conclusions were 

formed as a result. Figure 3 displays the corresponding gain for various fiber lengths and wavelengths 

when the doping concentration is 1.5×1024. The equivalent wavelength and fiber length are 1370 nm 

and 8.0 m, and the maximum gain is 16.1687 dB and the minimum gain is -527.0145 dB. Figure 5 

displays the associated gain for various fiber lengths and wavelengths when the doping concentration is 

2.0×1024. The maximum gain is 16.1687 dB, the minimum gain is -527.0145 dB, and the corresponding 

wavelength and fiber length are 1370 nm and 8.0 m. When the doping concentration is 2.5×1024 ions/m3, 

the related gain for different fiber lengths and wavelengths is shown in Figure 5. Maximum gain is 

19.8186 dB, minimum gain is -527.0145 dB, and corresponding wavelength and fiber length are 1370 

nm and 7.6 m. In response to the preceding conclusions, this article focuses solely on the case in which 

the wavelength range is 1200 to 1600 nm. In different wavelength ranges, alternative conclusions are 

possible. It is expected that different doped ions will have additional gains corresponding to various 

wavelengths and fiber lengths. 

x1024 
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Figure 3. Gain corresponding to different fiber lengths and wavelengths when doping concentration 

is 1.5×1024 ions/m3. 

 

Figure 4. Gain corresponding to different fiber lengths and wavelengths when doping concentration 

is 2.0×1024 ions/m3. 

 

Figure 5. Gain corresponding to different fiber lengths and wavelengths when doping concentration 

is 2.5×1024 ions/m3. 
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4.  Conclusion 

Numerous variables influence the gain of a bismuth-doped fiber amplifier, including bismuth-doped 

concentration, fiber length, and wavelength. Consequently, the gain range of a bismuth-doped fiber 

amplifier is expansive, typically exceeding 10 to 40 dB. The maximum and minimal gains of a bismuth-

doped fiber amplifier depend on its design and parameter settings. This study's conclusion is the 

difference between these two numbers. From the point of view of doping concentration, with the gradual 

increase of doping concentration, the minimum gain of the bismuth-doped fiber amplifier has not 

changed significantly. However, the maximum gain value of the bismuth-producing fiber amplifier will 

gradually increase with the increase of doping concentration. This will make the noise, that is, the 

difference between the maximum and minimum gain of the bismuth-producing fiber amplifier, more 

extensive and larger. After using the optimization algorithm, we can search in a smaller search space 

and get the extreme value. Multiple scaling optimization can be performed, the search space can be 

reduced, and the adjustment coefficient can be changed. In this way, this model will become faster and 

less repetitive. 
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