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In recent 20 years, �bre laser system has been developed rapidly and widely used for its high quality, high e�ciency, high
robustness, and compactness. However, there are still many factors (such as non-linear e�ect, thermal e�ect, andmode instability)
that limit the further increase of power of �bre laser system. Stimulated Raman scattering (SRS) is one of the main limitations in
the transmission process of �bre lasers. It not only reduces the output e�ciency of �bre lasers, but also increases the damage risk of
reverse Stokes light to the system. Recent studies have shown that SRS in low-mode �bres can lead to quasi-static mode
degradation in addition to mode instability. With the introduction of multi-sensor enhancement technology in the �bre �eld, it
becomes an e�ective means to popularise high-power and high-beam quality �bre lasers. Based on the multi-sensor signal
enhancement technology, this paper explores the in�uence of this technology on the output e�ciency of SRS in the mode-
reducing �bre laser, which provides a new idea and method for the output e�ciency and transmission analysis method of
�bre laser.

1. Introduction

In 1961, Snitzer of America Optical developed the world’s
�rst �bre laser [1, 2]. With the unique advantages of high
conversion e�ciency, good beam quality, and compactness,
�bre lasers have shown promise for a wide range of ap-
plications in earth sciences, strong �eld physics, atomic and
molecular physics, frequency conversion, beam synthesis,
and industrial processing. Led by pioneers such as Dr.
Charles Kao, Dr. E. Snitzer, Dr. Oleg G. Okhotnikov, and Dr.
Valentin Gapontsev, �bre laser technology is constantly
evolving and single-mode laser power has reached the 10 kW
threshold [3]. However, the special waveguide structure of
optical �bres allows the laser energy to be con�ned mainly
within the μm level of the �bre core, and as the laser power of
the �bre increases, very high energy densities will develop
within the core, causing various harmful non-linear e�ects
[4, 5]. Lawrence Livermore Laboratory (USA) and the
National University of Defense Technology (China) have

conducted theoretical analyses of the output power limit of
laser systems under semiconductor laser (LD) pumping
structure and the same band pumping structure, respec-
tively, and the results show that the SRS e�ect is one of the
main factors limiting the power increase, and the same
conclusion has been obtained experimentally. In order to
achieve high-power laser output, few-mode �bres are widely
used in high-power �bre laser systems [6]. Recent results
have shown that in few-mode �bres, SRS induces a quasi-
static mode degradation in conjunction with the excitation
of mode instabilities (TMI), and that the corresponding
threshold power is well below the threshold de�ned in the
previous model for limiting the near-di�raction output
power [7]. erefore, e�ective strategies must be adopted to
suppress SRS and improve the output of existing high-
power, high-beam quality laser systems.

With the joint e�orts of researchers, the understanding
of SRS has been deepened, and related inhibition techniques
have been developed and summarised. Early reviews on
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technologies to improve SRS transmission performance
mainly focused on fibre structure and design of long-period
Raman suppression gratings [8, 9]. In addition to fibre
design, the results also show that the system parameters have
a great influence on SRS. *erefore, it is necessary to
summarise the influence of each parameter on SRS strength
at a general level and study its optimisation direction. At the
same time, with the development of technology, new fibre
structure design and Raman suppression grating technology
emerge and show excellent performance, one of which is
multi-sensor enhancement technology [10]. In this paper,
the influence of multi-sensor enhancement technology on
transmission efficiency characteristics of SRS is analysed,
and a fibre structure design and transmission analysis
method based on multi-sensor signal enhancement tech-
nology are proposed. On this basis, the mechanism of multi-
sensor enhancement technology on improving transmission
efficiency of fibre laser is further clarified.

2. New Physical Characterisation of the SRS
Effect Based on the Multi-Sensor Signal

*e semi-classical physical formulation of SRS is that an
incident photon of frequency ωp interacts with a medium of
intrinsic frequency ωv to form a Stokes photon of frequency
ωs and an anti-Stokes photon of frequency ωa [11–13]. On
the one hand, this shifts the energy from the signal light to
the Raman scattered light, causing a decrease in the power
and energy conversion efficiency of the output beam; on the
other hand, as the Stokes light generated by the SRS is bi-
directional Stokes light, when the backward Stokes light
power reaches a certain value, it increases the risk of damage
to the optical components in the laser system, limiting the
further increase in the power of the laser system [14, 15]. As a
light intensity-dependent non-linear effect, increasing the
mode field area with a few-mode fibre can effectively sup-
press SRS; however, the increased mode field area allows the
fibre to support multiple modes. Recent studies have shown
that the SRS effect in few-mode fibres leads to mode deg-
radation of the output beam, which can be divided into
dynamic mode degradation (i.e., transverse mode instabil-
ity) and quasi-static mode degradation.

As one of the main limiting factors for the power en-
hancement of current fibre laser systems, TMI is physically
characterised by a sharp degradation of the output laser beam
quality after the average power of the output laser reaches a
threshold value, with dynamic energy transfer between
fundamental modes (FMs) and higher-order modes (HOMs)
on the order of kHz, which is manifested by transverse mode
instability of the output beam [16]. In Raman fibre amplifiers
(RFAs), the quantum loss heat generation during the SRS
process can also form thermally refractive index gratings,
resulting in TMI in Raman light and leading to dynamic
energy coupling between the fundamental and higher-order
modes [17, 18]. *is phenomenon has also been recently
observed in ytterbium-ion-Raman hybrid gain fibre laser
systems. However, the experimental results also show that
when SRS induces TMI, the distribution of the signal light

(Raman-pumped light) shows a lateral temporal instability,
while the Raman Stokes light only varies in intensity and the
lateral distribution remains unchanged, corresponding to the
temporal evolution of the spot shape and the mode de-
composition of the signal light as shown in Figure 1. *is
means that the SRS-induced TMI occurs on signal light rather
than Raman light.

Since the formation of TMI requires a certain intensity of
thermal loading, SRS-induced TMIs usually occur with a
Raman power share greater than 50% [19]. Recently, another
type of quasi-static mode degradation has been observed in
cases where the Raman power share is relatively low (see
Figure 2). Experimentally, when the Raman power share
reaches 3%, the output laser beam quality degrades rapidly
and the spot appears jittered. *is phenomenon can be
effectively suppressed by suppressing the SRS [20].*e time-
domain signal results show corresponding eigenfrequencies
in the order of Hz. *ere are currently two explanations for
the physical mechanism of quasi-static mode degradation
caused by SRS: one is the coupling of energy from the
fundamental mode of the signal light to the higher-order
mode of the Raman light due to the inter-mode mixing (IM-
WM) effect; the other is the mode degradation of the signal
light due to the core-pumped Raman effect.

3. Analysis Method on Transmission
Characteristics of SRS Based on the
Multi-Sensor Signal EnhancementTechnique

On the one hand, the new physical characterisation of SRS in
few-mode fibres further limits the power enhancement of
high-power, high-beam quality fibre laser systems; on the
other hand, as a new phenomenon, there is still a lack of a
clear and uniform understanding of the mechanisms un-
derlying the transmission properties of SRS in fibres based
on multi-sensor enhancement techniques, and experimental
results do not fully match the theoretical explanation [21].
*e active suppression strategy in SRS can dynamically
regulate the Raman intensity, which can help to further
investigate the physical mechanism behind this phenome-
non. *e use of sensors to dynamically modulate the Raman
intensity in SRS transmission properties can help to further
investigate the physical mechanisms behind this phenom-
enon. *us, in view of the fibre optic transmission efficiency
bottleneck, it is necessary to systematically review the
beneficial effects of multi-sensor signal enhancement tech-
niques on SRS transmission characteristics and further
develop relevant transmission analysis ideas and new
methods. Based on the structural design of the multi-sensor
signal enhancement technology, this paper presents an
overview of optical fibre transmission characterisation
methods from the perspective of fibre design and system
optimisation.

3.1. Optical Sensors. *e coupling equation describing the
SRS effect in continuous wave operation, neglecting the
Raman optical gain of rare earth ions, dispersion, and non-
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linear effects such as self-phase modulation (SPM) and
cross-phase modulation (XPM) on the SRS, can be for-
mulated as

dIR

dz
� ig − iα,

ig � gRIsIR,

iα � αRIR,

dIR

dz
� gRIsIR − αRIR,

dIs

dz
� −

ωs

ωR

gRIsIR − αsIs,

(1)

where Is and IR, are the signal and Raman light intensities; gR

is the Raman gain coefficient; ωs and ωR are the signal and
Raman light frequencies; and αs and αR correspond to the
loss factors of the signal and Raman light.

*e loss term of Raman light can be expressed as
αRIRLeff and the gain term as g RIsIRLeff. *erefore, in
order to improve the efficiency of SRS transmission, it is
necessary to “increase the Raman loss and decrease the
Raman gain, while ensuring the optical power and beam
quality of the output signal as much as possible.” Compared
to increasing the Raman loss, reducing the Raman gain
fundamentally reduces the production of Raman light. On
the one hand, this improves the transmission efficiency and
stability of the system; on the other hand, reducing the gain

also reduces the heat generation due to quantum losses
caused by SRS. *is is why “Raman light gain reduction” is a
common strategy in current optical sensor signalling
technology. *e latter can be achieved by optical sensors in
addition to increasing the core area using large mode field
fibres. In addition, the total gain can be reduced by de-
creasing the effective length of action.

3.1.1. Material Components. Hu et al. [22] suggested that the
SRS effect could be suppressed by using Yb: YAG-derived
fibres instead of conventional SiO2 quartz fibres to reduce
the Stokes optical gain coefficient. It was shown that an
increase in the Y2O3 +Al2O3 content in the fibre leads to a
decrease in the Raman gain coefficient, as shown in Figure 3.

In 2021, Sciortino et al. [23] summarised and collated the
effect of fibre material on the non-linear effect, stating that
the SRS power can be expressed as

P
R
s ∝VmΛ

2
, (2)

where Vm is the molar volume and Λ is the bond com-
pression factor when fibre material is under non-linear
effect.

In order to achieve low Raman gain, the fibre material
needs to be able to meet the following conditions:

(1) *e material is highly disordered, thereby broad-
ening the Raman gain spectrum and reducing the
peak.

(2) A material with a high concentration and low gain
coefficient gR is used.

(3) *e Raman spectrum of the laser system has minimal
overlap with the Raman gain spectrum corre-
sponding to the material components.

3.1.2. Large Mode Field Sensors. As a light intensity-de-
pendent non-linear effect, increasing the mode field area is
one of the most effective means of improving the SRS
transmission efficiency, which on the one hand leads to a
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Figure 1: Raman Stokes light intensity corresponding to the
temporal evolution of the signal light.
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Figure 2: Quasi-static mode degradation with the Raman power
share.
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reduction in the Raman-pumped light intensity and on the
other hand implies a reduction in the effective action
distance by increasing the mode field area. In general, the
fibre material has a high refractive index, which leads to a
further increase in the mode field area of the few-mode
fibre, thus causing a decrease in the TMI threshold re-
duction, which is related to the material used in the fibre.
*e core of the design of large mode field fibres is therefore
to suppress TMI by embedding a large mode field sensor,
thus improving the efficiency of the fibre transmission. *e
most commonly used large mode field sensor fibres are
partially doped fibres, tapered fibres, and spindle fibres
(SSC). Partially doped fibres are partially doped in the
centre to enhance the gain capability of the fundamental
mode and achieve higher-order mode suppression through
large mode field sensors; tapered fibres have a non-uniform
core size distribution along the fibre axis, which can ef-
fectively strip higher-order modes and increase the TMI
threshold; spindle fibres can be equated to a pair of tapered
fibres fused to a section of large mode field fibre. *e re-
duced mode field area at the end of the fibre further im-
proves the output laser beam quality compared to tapered
fibres. However, as the output power is further increased to
8.5 kW, the SNR rapidly decreases to 13 dB, limiting the
power increase of the laser system.

3.1.3. Off-Domain Sensors. In 2021, Yang et al. [24] designed
an Yb-doped ring-distributed filter fibre with the refractive
index distribution shown in Figure 4, where the Yb-doped
core is enveloped by a high refractive index germanium-
doped ring and the preform is ground into a “star” shape.
*e Yb-doped core is enveloped by a high refractive index
germanium-doped ring, and the preform is ground into a
“star shape” and coated with a low refractive index polymer
to achieve cladding pumping. Figure 5 shows the mode
distribution in the fibre, where the unique transverse dis-
tribution of the refractive index allows for a different mode
distribution of signal light and “noise” such as Raman
scattered light, which can be effectively attenuated by re-
ducing the overlap factor between Raman light and signal
light. In 2021, Pei et al. [25] introduced a bend-

compensating cladding that allows the fibre to maintain a
low gain over a long length, making it possible to use it for
long-distance (>20m) kW-class laser transmission.

3.1.4. Geometric Sensors. *e reduction in the perceived
length of the geometric sensor is based on the fact that
reducing the active length by increasing the absorption
coefficient of the gain fibre is an effective strategy for
transmission efficiency such as SRS, which can usually be
achieved by both increasing the doping concentration of rare
earth ions and increasing the area ratio of the inner cladding
of the core. However, increasing the doping concentration
leads to an enhanced photon darkening effect in the gain
fibre which affects the performance of the laser. Increasing
the area ratio of the core cladding increases the core area on
the one hand, i.e., large mode field fibre technology, and
reduces the diameter of the cladding on the other. In 2018,
Choi et al. [26] improved the cladding pump absorption by a
factor of 1.5 by implanting a fluorine-doped low refractive
index quartz rod (LCA) in the inner cladding of a circular
double cladding fibre (the fibre structure is shown in Fig-
ure 6). In the optical fibre oscillator (OSC), the higher pump
absorbance results in a 33% reduction in the effective action
distance length compared to a conventional 20/400 μm
double-clad fibre (DCF), while the SRS threshold is in-
creased from 1.6 kW to 2.4 kW.

Compared to other transmission efficiency strategies,
increasing the mode field area reduces the optical intensity
on the one hand and shortens the fibre length on the other,
thus providing excellent Raman suppression. High-beam
quality laser outputs of 8 kW have been achieved with
centrally doped fibres, while high-beam quality laser outputs
of 5 kW have also been achieved with spindle fibres. *e fact
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that the various fibre designs are not opposed to each other
means that a combination of design strategies is possible. By
combining multiple strategies, such as introducing central
partial doping into the spindle fibre design and improving
large mode field fibre materials, SRS can be further sup-
pressed and the output power of high-beam quality fibres
can be increased.

3.2. SRS Transmission Characterisation Method. On the one
hand, special optical fibre technology requires special fibre
designs, which are relatively complex and expensive to
prepare. On the other hand, fibres are an integral part of the
laser system and the output laser performance is determined
by all system components. *erefore, in addition to the use
of special fibres, improving SRS transmission performance
can also be achieved by optimising other system parameters
(e.g., overall structure, pumping mode, and seed charac-
teristics.) when building a high-power fibre laser system. As
a common optical component, fibre gratings also demon-
strate excellent Raman filtering properties.

3.2.1. Overall Structure. In order to suppress the SRS effect in
kW-classmulti-sensor signals, it is often necessary to use large
mode field fibres (core diameter >20 μm) to reduce the fibre
length and decrease the effective action distance. In 2017,

Berto et al. [27] suggested that the effective action distance in
dual-range amplification is twice as high as in single-range
amplification, despite the fact that the fibre length is below
3m. *e intensity of SRS produced in a dual-range fibre
amplifier with bidirectional pumping is comparable to that in
a single-range amplifier with reverse pumping. In 2017,Wang
et al. [28] investigated the SRS effect in a kilowatt cascade-
pumped ytterbium-doped fibre amplifier. *e model pointed
out that although the Raman effect can be suppressed by
lower doping concentrations and shorter fibre lengths, its
effect on pump absorption and amplification efficiency
should be considered. To avoid excessive pump light resid-
uals, the fibre length should be greater than 50m for pumping
conditions with a central wavelength of 1018 nm.

3.2.2. Embedded with Multi-Sensor Enhancement
Technology. *e single oscillation cavity fibre laser system
has the advantages of simple structural system and low
production cost, and largely eliminates the damage to the
laser system caused by material reflection. In order to in-
crease the SRS threshold in a single oscillating cavity, the
effect of the fibre Bragg grating (FBG), which is the core
component of the oscillating cavity, on the SRS has been
investigated. Lin showed that although the SRS can be
suppressed by increasing the bandwidth of the OC-FBG, the
increase in bandwidth will also increase the backward
leakage power of the HR-FBG. In addition, the reflectivity of
the OC-FBG in a single oscillating cavity structure also has
an effect on the Raman light.*e results show that the power
of the Raman light decreases as the reflectivity of the OC-
FBG decreases, but a low OC-FBG reflectivity leads to
fluctuations in the output power due to the material
reflecting back light into the resonant cavity. Analysis of
transmission is based on filtered fibre optic gratings.

When Sun et al. [29] first used multiple long-period
gratings (LPGs) in series to form a lumped filter, Raman
fibre grating filters have gained widespread attention and
developed rapidly due to their excellent Raman rejection
ratio and relatively low insertion loss.
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*e principle of operation of a long-period grating is
shown where Raman light of a specific wavelength is coupled
and leaked to the cladding after the grating, and the cor-
responding transmission spectrum is shown in Figure 7.
Earlier, Cheng et al. [30] wrote LPGs in a 10/125 μm fibre
using a CO2 laser and reduced the insertion loss of the
1030 nm signal light to 0.01 dB by a toe-cutting process,
whichmade it possible to connect several gratings in series at
the same time. In the experiment, the tandem of three long-
period gratings doubled the SRS threshold and further
additions to the number of gratings in tandem could be
made to achieve better suppression. *e resonance loss of
the Raman light reached 26 dB, and the inscription of the
long-period grating did not significantly affect the trans-
mission loss of the signal light. *e optimised 14/250 μm
long-period grating was inserted into a MOPA laser system
and achieved an SNR of 24 dB at 805W output power.

In 2016, De et al. [31] first proposed the use of chirped
tilted Bragg gratings to suppress SRS, as shown in Figure 8,
where the chirped tilted Bragg grating suppresses Raman light
by reflecting it backwards at an angle into the cladding
compared to a long-period grating. Compared to long-period
gratings, the spectrum of a chirped tilted Bragg grating is
continuous and can be tuned by varying the tilt angle with
relatively low sensitivity to the environment. However, the
suppression principle of chirped tilted Bragg gratings allows
(a) some of the reflected light to propagate backwards along
the core, lowering the TMI threshold and causing non-linear
effects such as four-wave mixing (FWM); (b) the light leaking
from the tilted reflections to the cladding heats up the coating
of the CTFBG, necessitating the addition of a cladding photo
stripper (CPS) on the grating surface at high power, making
the grating more difficult to fabricate, increasing the process
difficulty, and reducing the lifetime of the grating. All-fibre
single oscillators, kW-level LD-pumped fibre amplifiers, and
kW-level cascaded fibre amplifiers have been implemented
using chirped tilted Bragg gratings. *e output spectra of the
cascaded fibre amplifier with 0, 1, and 2 CTFBGs based on the
multi-sensor signal are shown in Figure 8, and it can be seen
that the SRS is significantly suppressed as the number of
inserted chirped tilted Bragg gratings increases.

3.2.3. Analysis of Optical Fibre Transmission Based on
Pumping Methods. *e common pumping methods used in
high-power multi-sensor signal systems are end-face
pumping and distributed lateral pumping (DSCCP). In the
end-face pumping method, the effective propagation dis-
tance of the high-power signal light is shorter (at the end of
the Yb-doped fibre) in the backward pumping strategy, thus
significantly reducing the distance between the signal light
and Raman light and suppressing the SRS effect. Although
the SRS threshold is lower for distributed lateral pumping
compared to end-face pumping for the same fibre size, this
pumping method results in a more uniform thermal load in
the fibre and therefore significantly mitigates the thermal
effects in the fibre. High-beam quality kW-class fibre os-
cillators and fibre amplifiers using distributed lateral
pumping have also been implemented.

3.2.4. Transmission Analysis Based on Seed Characteristics
and Self-Pulsation. In 2019, Koushki et al. [32] investigated
the evolution of SRS with seed optical power in an Yb-doped
fibre amplifier.*e results showed that the SRS threshold was
inversely proportional to the injected seed optical power.
However, due to the limited pumping power, the reduction of
the seed optical power decreases the output optical power. At
the same time, the stability of the fibre optic amplifier is
reduced by spontaneous radiation amplification (ASE) when
it is operated at high power. In addition, studies have shown
that ASE can also act as Raman seed light to cause Raman
amplification, leading to a reduction in the SRS threshold.
Lang et al. [33] investigated the effect of Raman scattering
noise in the seed light on the SRS and gave a formula for
calculating the Raman threshold of a high-power amplifier
when considering Raman scattering noise in the seed light,
showing that when the Raman scattering noise in the seed
light is greater than 10–8W, it plays an important role in the
Raman threshold of the high-power amplifier.

Shi et al. [34] showed that in high-power continuous fibre
lasers, relaxation oscillations can cause self-pulses with high
peaks, which may trigger a series of non-linear effects such as
SRS when their peak power reaches the non-linear threshold.
According to Shi, the generation of self-pulses significantly
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lowers the SRS threshold and mainly increases the forward
Stokes optical power, so effective strategies are needed to
suppress them. *e commonly used improving SRS trans-
mission performance includes using a single-frequency seed
source with phasemodulation, increasing the FBG bandwidth
of the seed oscillation stage, and increasing the length of the
energy transfer fibre between the seed and amplification
stages. Figure 9 shows the corresponding simulation results,
which show that the combination of FBG bandwidth increase
and energy transfer fibre lengthening strategy can further
suppress SRS.*e combination of the two strategies results in
a high SNR of ∼50 dB at ∼1 kW output power.

3.2.5. Analysis of Transmission Based on Four-Wave Mixing.
In high-power multi-sensor signal systems, when the phase-
matching conditions are met, photons at frequencies ω1 and
ω2 pass through the parametric process to produce Stokes and
anti-Stokes photons at frequencies ω3 and ω4. *is process is
called four-wave mixing (FWM) when the four frequencies are
in the same fibre transversemode in a few-mode fibre, or inter-
mode four-wave mixing (IM-FWM) if they correspond to
different fibre transverse modes. Shatarah et al. [35] showed
that the normalised phase mismatch ∆B changes the effective
Raman gain coefficient when FWM occurs

ΔB �
2βL − βS − βa( 

g0
,

geff

g0
� Re

�����������������

2 1 − f + fχ0(  − ΔB
 ���

ΔB
√

 ,

geff � Re
�����������������

2 1 − f + fχ0(  − ΔB
 ���

ΔB
√

 g0,

X0 � 1.38i,

(3)

where βL, βS, and βa correspond to the propagation con-
stants of the signal, Stokes, and Raman light; g0 is the small-
signal Raman gain coefficient; the value of the parameter f is
0.18; and χ0 �1.38i corresponds to the peak of the imagi-
nary part of the Raman non-linear polarisation rate. *e
simulations suggest that the coupling between FMW and
SRS may lead to a significant enhancement of SRS (∼1.8
times), and therefore, a fibre with a suitable dispersion
value needs to be selected to suppress SRS by optimising the
parameter ∆B.

Gorelik et al. [36] theoretically analysed the effect of
FWM and IM-FWM on RFL. *rough the control vari-
ables method, the model states that FWM leads to a
second-order Stokes optical power enhancement, which
reduces the Raman threshold by 50%. Meanwhile, the
effect of IM-FWM on RFL is explored by varying the
power share of the LP11 mode in the seed light while
ignoring FWM, and the results show that the Raman
threshold decreases significantly as the power share of the
LP11 mode increases, and IM-FWM has a stronger effect
on the Raman threshold than FWM when the share is
higher than 10−3. *e FWM can be effectively suppressed
by adopting a time-domain stable pump source, while the
IM-FWM can be suppressed by introducing higher-order
mode losses.

*e theoretical optimisation of the system parameters
affecting the SRS threshold is summarised. It should be
noted that, on the one hand, multi-sensor enhancement
techniques cause changes in many important parameters
that are often coupled with each other in affecting the SRS,
and they in turn determine other characteristics of the laser
system. *erefore, when designing the system, all factors
should be taken into account in the context of the re-
quirements and improving SRS transmission performance
should not be pursued blindly.
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4. Conclusion

As one of the main limiting factors for the single-link power
increase of fibre laser systems, SRS increases the risk of
system damage in addition to the reduction of system power
and efficiency by backward Stokes light. In addition, a new
phenomenon of mode degradation due to SRS has recently
been observed in few-mode fibres. As a new physical
characterisation of SRS in few-mode fibres, the available
experimental results do not fully match the theoretical ex-
planation and need further investigation. *e study of
strategies to enhance the transmission efficiency associated
with combing SRS can, on the one hand, improve the power
output of existing high-power, high-beam quality fibre laser
systems; on the other hand, the dynamic adjustment of SRS
intensity throughmulti-sensor means can help to deepen the
understanding of the analytical methods for SRS trans-
mission characteristics. As a result of continuous efforts by
researchers, various Raman-enhanced transmission tech-
niques have been developed and are now divided into two
main categories: special fibre design techniques and overall
system structure optimisation. *e introduction of multi-
sensor enhancement techniques in special fibre design
techniques has shown excellent capabilities for improving
transmission characteristics and high-power applications. In
addition to the use of fibre gratings as Raman filtering
components, the optimisation of the system structure is
based on the influence of various sensor enhancement
techniques (e.g., ASE, self-pulsing, and FWM) on the Raman
light and the optimisation of the relevant parameters to
achieve the upgrading of the transmission characteristics. In
the next step, we will continue to explore the physical
mechanism of SRS transmission characteristics optimisation
and the corresponding analysis methods in conjunction with
SRS transmission techniques based on multi-sensor en-
hancement techniques andmode decomposition techniques.
*e feasibility study of introducing new multi-sensor en-
hancement techniques will also be carried out to further
enhance the power level of existing high-power, high-beam
quality fibre laser systems to provide a reference.
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