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Abstract.  In recent years, fiber lasers have shown significant potential for applications in
biomedical imaging and optical fiber communications. However, conventional rare-earth-
doped fibers face challenges such as low efficiency and narrow bandwidth. Bismuth (Bi)-
doped fibers have emerged as an ideal alternative due to their broadband luminescence
characteristics (1100-1800 nm), but issues such as emission cross-section optimization and
concentration quenching effects remain unresolved. Bismuth-doped phosphosilicate fibers
(BPSFs) have attracted considerable attention for covering the second transmission window.
Researchers worldwide have achieved gains exceeding 20 dB in the 1320-1460 nm band by
refining fabrication techniques and pump structures. This study focuses on a three-level
bismuth-doped fiber laser work in the 1350-1400 nm wavelength range. Through numerical
simulations, the following results were obtained: The optical power generated by the laser
exhibits a linear relationship with the input power. As the forward pump power propagates
through the fiber, it undergoes exponential decay. The backward pump power remains
negligible. The forward laser power follows a logarithmic growth distribution. The
backward laser power demonstrates an exponential decay distribution. These findings
provide theoretical support for the industrial application of fibers doped with bismuth and
advance the expansion of the operational bandwidth of fiber amplifiers in communications,
medical fields, and beyond.
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1. Introduction

In recent years, laser systems functioning within the 1350-1400 nm spectral range exhibit notable
promise for biomedical imaging and fiber-optic communication applications biomedical imaging,
optical fiber communications, and industrial processing. Conventional rare-earth-ion-doped fiber
lasers in this band face challenges such as low transition efficiency and narrow gain bandwidth.
Bismuth (Bi)-doped fibers have emerged as an ideal candidate for achieving laser output in this
range due to their unique near-infrared broadband luminescence (1100-1800 nm) and tunable active
center structures. However, key scientific issues such as emission cross-section optimization,
concentration quenching effects, and host matrix dependence remain unresolved. Bismuth-doped
phosphosilicate fibers (BPSFs), with their emission range covering the second transmission window,
have attracted widespread research attention [1]. In 2009, Dianov et al. first reported a bismuth-
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doped phosphogermanosilicate fiber that achieved a maximum gain of 24.5 dB and a noise figure of
5 dB at 1320 nm using a single-stage forward-pumping scheme, with a 3 dB gain bandwidth of 37
nm [2]. In 2016, the University of Southampton demonstrated a BPSF that delivered a flat gain of
(25 ± 1) dB with a noise figure of 4–6 dB across the 1320–1360 nm wavelength under single-stage
bidirectional pumping [3]. In 2021, the University of Southampton reported a BPSF capable of
providing over 20 dB gain in the wavelength range of 1345–1460 nm. However, due to the absence
of dehydration during fabrication, the gain was significantly affected by OH- absorption at 1380 nm
[4]. In 2022, Tian J’s team successfully developed a low-loss bismuth/phosphorus co-doped fiber,
achieving net gain across a 30 nm bandwidth in the E-band under bidirectional pumping, with a
peak gain of nearly 20 dB at 1355 nm [5]. In March 2024, Liu Shaokun fabricated a high-
germanium bismuth-doped optical fiber with a germanium dioxide (GeO₂) core mole fraction of
approximately 42%, based on an improved chemical vapor deposition (CVD) technique. Absorption
tests revealed a distinct Ge-related bismuth active center peak at 1650 nm. Through The fiber
exhibited outstanding amplification characteristics in a single-stage configuration, achieving an
unprecedented gain of 26.3 dB at 1670 nm and a corresponding efficiency of 0.165 dB/mW [6,7].

2. Models and methods

The energy level system of bismuth-doped fibers is generally considered to be a complex multi-level
system, with the specific number of energy levels complex energy level system exhibiting
composition-dependent characteristics based on bismuth species' chemical states and local glass
environment interactions. Current research suggests that the luminescence characteristics of
bismuth-doped fibers may involve several effective energy levels, though a rigorous theoretical
model might require additional levels to accurately describe their non-radiative transitions and
broadband emission behavior. For this study, a three-level system was adopted for investigation. The
schematic diagram of the energy level system under study is shown in Figure 1. And the physical
characteristics of the gain medium and the fiber laser's technical specifications are detailed in Table
1 .
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Figure 1. The schematic diagram of the energy level system under study

Table 1. The physical characteristics of the gain medium and the fiber laser's technical specifications
[8-10]

Symbol Physical Parameter value unit

Center wavelength of pump light 793 nm

Center wavelength of laser 1400 nm

τ Upper-level lifetime 420 μs

Pump absorption cross-section 1.2×10^-20 cm^2

Pump emission cross-section 0 cm^2

Laser absorption cross-section 4.2×10^-21 cm^2

Laser emission cross-section 6×10^-21 cm^2

λsp

λs

σap

σep

σas

σes
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Table 1. (continued)

Core cross-sectional area 1.6×10^-11 m^2

N Dopant ion concentration 5.535×10^19 cm^3

Pump loss coefficient 2×10^−5 cm^-1

Signal loss coefficient 4×10^−6 cm^-1

L fiber length 1 m

Pump power filling factor 0.0024

Signal power filling factor 0.82

Front mirror reflectivity 0.99

Rear mirror reflectivity 0.35

The following establishes the rate equations and power equations for the three-level system, these
are the rate equations for bismuth ions in the three-level system and the evolution of pump power
and lasing power along propagation length is governed by the power propagation equations [11].

3. Computational analysis

This study employs numerical simulation methods to establish the rate equations and power
propagation equations for a 1400 nm bismuth-doped fiber laser, followed by their solution.

3.1. Laser output power

The power transfer characteristics between the optical pump and laser output were investigated in
Figure 2. As shown in the figure 2, when the pump power is below 1 W, the growth rate of the
output laser power is lower than when the pump power exceeds 1 W. Beyond the threshold, the
output power increases linearly. This phenomenon may be attributed to either intrinsic fiber losses or
incomplete population inversion of the active ions under low excitation conditions.
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Figure 2. Pump-output power transfer characteristics

3.2. Internal power distribution in fiber laser

By establishing and solving the power propagation equations, we obtained the spatial evolution of
forward pump power, backward pump power, forward signal power, and backward signal power
within the fiber, as shown in Figure 3.

Figure 3. Spatial distributions of forward pump power , backward pump power , forward signal
power , and backward signal power along the fiber length

Analysis of the curves reveals the forward pump power decays exponentially, reaching its
minimum value    = 0.18W at z = 5m. The backward pump power remains zero throughout, as
only forward-propagating pump light exists in this pumping scheme. Similarly, the forward signal
power grows logarithmically, achieving its maximum    = 8.20W at z = 5m, and the backward
signal power exhibits exponential decay, diminishing to     = 5.21W at z = 5m.
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3.3. Discussion

This study is based on computer numerical simulation, establishing a steady-state rate equation
model for bismuth-doped fiber lasers, with a focus on analyzing the laser output characteristics and
power distribution patterns in the 1350-1400 nm wavelength range. The main research findings are
as follows: By solving boundary value problems, the threshold pump power of the laser was
determined, and the linear growth relationship between output power and pump power was verified.
The forward pump power exhibits exponential decay along the fiber, consistent with the physical
principles of stimulated absorption and transmission loss. The laser signal shows an asymmetric
distribution, with its peak position influenced by the coupling efficiency of the mirrors. Simulation
results of backward pump power demonstrate that it approaches zero under single-end pumping
conditions, conforming to the set boundary conditions.

Through numerical simulation, this study has validated the feasibility of bismuth-doped fiber
lasers in the 1350-1400 nm wavelength range. However, further in-depth research is still required in
areas such as dynamic characteristics and application optimization. On theoretical level, future work
could introduce time variables to study relaxation oscillations and pulse dynamics and employ FEM
or FDTD methods to simulate ultrashort pulse outputs like Q-switching or mode-locking, which are
crucial for biological imaging and precision machining. In the biomedical field, this wavelength
range falls within the tissue optical window, and optimizing laser linewidth and noise can enhance
the performance of OCT and two-photon imaging. For fiber optic communications, bismuth-doped
fibers can expand the communication capacity of the O-band, with a focus on addressing gain
flattening and noise suppression. In industrial applications, lasers in this wavelength range are
suitable for polymer processing and distributed sensing, necessitating the development of high-
power amplification solutions. These studies will advance bismuth-doped fiber lasers from theory to
practical applications, providing new light source solutions for biomedical, communication, and
precision manufacturing fields. Future work should combine experimental validation, focusing on
breakthroughs in dynamic performance control and key engineering application technologies to
accelerate the industrialization process of bismuth-doped fiber lasers.

4. Conclusion

This study systematically analyzes the output characteristics of bismuth-doped fiber lasers in the
1350-1400 nm band through computer simulations, revealing the influence patterns of pump power,
doping concentration, and mirror reflectivity on laser performance. The simulation results provide a
theoretical basis for experimental design. Future research could further advance the practical
application of bismuth-doped fiber lasers through dynamic modeling, thermal simulations, and
experimental validation.

Through numerical simulations, this study verifies the feasibility of bismuth-doped fiber lasers in
the 1350-1400 nm band, confirming their characteristics of broadband gain and efficient laser
output. The results demonstrate that optimized bismuth-doped fibers can achieve stable laser
performance in this wavelength range, laying a theoretical foundation for practical applications.

This research provides new light source options for biomedical imaging, optical fiber
communications, and industrial processing. The development of bismuth-doped fiber lasers will
drive technological advancements in related fields, holding significant scientific value and
application potential. Future studies could further explore the dynamic characteristics of bismuth-
doped fibers, such as pulse output and noise optimization, to meet the requirements of different
application scenarios. Meanwhile, by combining experimental validation and engineering research,
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it is expected to accelerate the industrialization process of bismuth-doped fiber lasers, providing
more efficient and stable laser solutions for multidisciplinary development.
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