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Review of acousto-optic spectral
systems and applications

Yajun Pang1,2*, Kai Zhang1,2 and Liying Lang1,2

1Center for Advanced Laser Technology, Hebei University of Technology, Tianjin, China, 2Hebei Key
Laboratory of Advanced Laser Technology and Equipment, Tianjin, China

Acousto-optic devices represented by acousto-optic tunable filters (AOTFs),

have the advantages of wide wavelength range from the ultraviolet to the long-

wave infrared and fast wavelength switching speed. Nowadays, acousto-optic

spectral systems have become very important scientific instruments in

laboratory. There are many factors to be considered when we choose

different solutions for acousto-optic spectral systems, but there is no

comprehensive analysis and summary of them. This paper explains the

working principle of the acousto-optic devices and summarizes the most

common optical schemes for acousto-optic spectral systems. We also

analyzed their characteristics of application conditions. In addition, specific

applications of acousto-optic spectral systems in some common fields are

presented.

KEYWORDS

spectral devices, imaging spectrometer, acousto-optic tunable filter (AOTF), optical
schemes, acousto-optic effect

1 Introduction

The study of acousto-optic interactions began in the 1920s and was limited to

isotropic media such as water and glass [1, 2]. When ultrasonic waves pass through the

medium, the refractive index of the medium changes periodically by themodulation of the

strain. The acousto-optic medium is equivalent to a dislocation grating, and diffraction

occurs when light passes through it. With the emergence of lasers and high-performance

acousto-optic crystals, the study of acousto-optic devices has broadened from isotropic to

anisotropic media and from normal to anomalous interactions [3–5]. As the research of

acousto-optic theory continues to progress, the principles of isotropic and anisotropic

acousto-optic interactions need to be unified. We can consider the acousto-optic effect as

a parametric interaction process, which is described by the relationship between the non-

linear polarization vector and the strain [6–8].

The first AOTF was proposed by Harris and Wallace utilizing the collinear acousto-

optic interaction [9]. In 1974, I. C. Chang proposed the idea of a non-collinear acousto-

optic tunable filter design, which laid a solid foundation for the development of acousto-

optic devices [10]. When an excitation RF signal of a certain frequency is applied to the

transducer, the piezoelectric crystal transducer converts it into an ultrasonic signal of the

corresponding frequency and couples it into the birefringent crystal. The refractive index

of the crystal then changes periodically, which is equivalent to the formation of a bit-phase

grating in the crystal, and the grating constant is the wavelength of ultrasonic waves
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[11–14]. The acousto-optic interaction wave vector diagram,

which takes place in AOTF, is shown in Figure 1A. The

incident light wave vector ki, diffracted light wave vector kd,

and the acoustic wave vector ka are strictly matched to the

momentum triangle closure condition:

kd
�→ � ka

→
± ki
→

(1)
ki � 2πni

λ
, kd � 2πnd

λ
, ka � 2πf a

νa
(2)

Where ni is the refractive index of the crystal to the incident light,
and nd is the refractive index of the crystal to the diffracted light.

The incident angle θi and diffraction angle θd are shown in

Figure 1A. λ is the optical wavelength in vacuum, f a is the

acoustic frequency, and υa is the speed of the ultrasonic wave.

In the case of collinear acousto-optic interaction, the incident

light wave vector, the diffracted light wave vector and the

ultrasonic wave vector are in the same direction. The

momentum matching triangle at this point is simplified to a

straight line. The geometric relationship between the vectors can

be turned into an algebraic sum. Bringing Eq. 2 into Eq. 1, the

tuning equation of the common-linear acousto-optic tunable

filter can be obtained as

λf a � ± va nd − ni( ) (3)

In the non-collinear case, the diffracted light and the incident

light propagate in different intrinsic modes in the crystal, and the

incident light wave vector and the diffracted light wave vector are

not parallel. The incident light wave vector, the ultrasonic wave

vector and the diffracted light wave vector are in a vector triangle

relationship (i.e., momentum matching condition). Usually, in

the design of AOTF, the tangents of the incident and diffracted

light wavevectors are parallel to each other at the corresponding

wavevector surface in order to have a large incident angle

aperture. In this case, the design parameters are related as follows

ni � cos 2θi
n2
o

+ sin 2θi
n2
e

[ ]
−1 ∕ 2

(4)

nd � no (5)

no and ne are the refractive indices of ordinary ray and

extraordinary ray which are perpendicular to the optical axis,

FIGURE 1
(A) Non-collinear acousto-optic interaction wave vector diagram in TeO2, (B) collimating scheme, (C) confocal scheme, (D) tandem scheme,
(E) double-pass single-crystal AOTF based spectral scheme, (F) double-path scheme (Obj, object; L, lens; P, polarizer; R, retroreflector; BS, beam
splitter; CCD, charge-coupled device).
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and they are a function of the wavelength of light. According to

the tangential parallelism condition, the relationship between the

diffracted light polar angle and the incident light polar angle is

tan θd � no/ne( )2 (6)

The tuning relationship between optical wavelength and

ultrasonic frequency can be expressed by

f a �
va
λ

n2
i + n2

d − 2nind cos θi − θd( )( ) 1
2 (7)

Combining Eqs 1–3, we can simplify Eq. 4 to

f a �
va
λ

ni − nd( ) sin 2 2θi + sin4θi( ) 1
2 (8)

Exceptionally, when θi � 90°, the equation reduces to the

tuning relationship for the common-linear interaction.

Therefore, the collinear interaction can be viewed as a special

case of non-collinear interaction. The non-collinear AOTF keeps

the tangents of the incident light and the diffracted light on the

wave vector trajectory parallel to each other, so that when there is

a small change for the incident angle, the momentum matching

condition still holds.

There are many applications based on acousto-optic action,

such as acousto-optic modulators, deflectors, frequency shifters,

and tunable filters. The AOTFs are becoming a widely used tool

for these applications. Spectral imagers based on AOTF have a

wide range of applications in science and engineering [15–17].

Although there have been many reports on the generation and

application of AOTF acousto-optic spectral instruments, there is

no comprehensive summary of the characteristics of different

schemes. In this paper, we summarize in detail the commonly

used optical schemes for AOTF-based acousto-optic spectral

systems and compare them with examples, and finally present

specific applications in major representative fields.

2 Acousto-optic spectral system
schemes

AOTFs have a variety of applications, and researchers have

used a variety of different optical solutions for purposes [18, 19].

Different schemes differ in image quality, the number of coupling

components, size, and alignment complexity [20–22]. To

properly select the optical system for an AOTF-based spectral

system, many factors must be considered [23–25]. Although

various acousto-optic filtering schemes have been tested and

discussed in various articles, a summary of them is not available

so far. In this section, the four most common optical schemes

based on the AOTF module as shown in Figure 1 are presented:

collimating scheme, confocal scheme, tandem scheme, and

double-path scheme. We will compare and analyze their main

features with some examples. Although these schemes are

derived from both collimation and confocal schemes, this

division makes them easier to be summarized as well as to be

understood.

2.1 Collimating scheme

For conventional acousto-optic spectral systems, the

collimating scheme is the most common and structurally

simple scheme, and the optical path diagram is shown in

Figure 1B. The adopted scheme is to filter the light directly

using a single AOTF, which is also the basis of other schemes [26,

27]. The light entering the optical system from the object under

test is collimated by L0, the mutually parallel light is filtered by

the AOTF, and then be focused on the CCD by the focusing lens

L1. Non-uniformity of the central wavelength of the filtered light

across the field of view can lead to specific image spectral

distortions [28].

The conventional acousto-optic spectral system can satisfy

the needs of many tasks. But, the optimization of this system is

necessary, and the integration of the optimized AOTF units into

other schemes can multiply the efficiency. In 2021, proposed a

method for optimizing the size of piezoelectric transducers of

quasi-collinear AOTF [29]. In this scheme, they used an AOTF

with a large interaction length. From the experimental results, it

is shown that the variation of the transducer size can minimize

the RF power consumption of the AOTF. Comparing the

optimized transducer dimensions with those commonly used

ones in quasi-collinear AOTF, the optimized AOTF energy

efficiency can be improved about twice.

2.2 Confocal scheme

Confocal optics can compensate for almost any degree of

AOTF diffraction aberration. Unlike wedge compensation, this

optical system does not require dispersion and can be used with

any type of AOTF [30–32]. The confocal optics scheme is shown

in Figure 1C. The use of telecentric confocal optics can eliminate

errors caused by inaccurate focus. In addition, the system has the

advantage of uniform image field with the same resolution and

diffraction efficiency over the scene [33, 34]. However, the focal

length of the lens in the system must be shot enough to prevent

diffraction from limiting resolution.

In 2019, combined AOTF with a rigid borescope, a flexible

fiberscope, and a video endoscope, and designed an acousto-optic

spectral imaging endoscopic analysis system for observing

cancerous tissue [35]. This scheme uses a confocal optical

design that can provide high-quality spectral images. This

solution can be very effective in solving different specific tasks

in biomedical and industrial fields. The main aberration in the

confocal scheme is from the presence of longitudinal color focus

shift and lateral chromatic image drift. However, this color

difference can be almost completely compensated by adjusting
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the tilt of the output side of the acousto-optic unit to the input

side. While, in the collimating scheme, the main aberration is the

transverse chromatic aberration, which can be eliminated by

choosing a different tilt angle [36, 37].

Collimating and confocal optical schemes both have their

own advantages and disadvantages, the confocal scheme is not

the optimization of the collimated scheme. In 2021, a super-

angular aperture scheme was proposed by [38]. They used both

schemes to quantify the change in radiation flux caused by the

super-angular aperture scheme and the response of the AOTF

element at tilted incidence. They analyzed the system response of

the collimated and confocal optical schemes and verified the

simulation results. The collimated optical path was found to be

more suitable for the super-angular aperture scheme by

comparing the two optical schemes. This is because its

spectral bandwidth is better than that of the confocal optical

scheme, and the central wavelength shift can be corrected by

calibration.

2.3 Tandem scheme

The most common and straightforward application of the

double filter structure is to connect two AOTFs in series. In

2018, Lei Shi et al. designed a series of double filtering schemes

[39]. They compared the spectral widths at different

frequencies by analyzing the experimental data. It was

finally found that the double-filter structure reduced the

spectral width by an average of 37% and improved the

spectral resolution by an average of 57% compared to the

single filter. By analyzing and comparing the theoretical

calculations and experimental measurements of the

properties of single and double filter structures, we can find

that the spectral width of the double filter structure is smaller

than that of the single filter structure for equal central

wavelengths. This situation illustrates the superiority of the

double-filter technique in improving the spectral width and in

increasing the spectral resolution [40].

In 2019, Vitoid E. Pozhar et al. designed a system architecture

to address the problem of creating hyperspectral optoelectronic

systems for unmanned aerial vehicles [41]. The developed

hyperspectrometer uses a dual compact AO monochromator

as a spectral element. It consists of two identical AO cells,

deployed by 180°, which provides compensation for most

spatial spectral aberrations. The device’s small size, low power

consumption, and ability to obtain both spectral and color

images with high spectral (~5 nm) and spatial

(600–500 elements) resolution over a sufficiently wide

wavelength range (450–850) nm make it possible to use it

effectively on unmanned aerial vehicles. In fact, back in 2005,

Pozhar and other researchers proposed a double-AOTF spectral

imaging system for microscopic analysis in the visible and near-

infrared range, and it was shown that double AOTF

monochromator ensures improved image quality than single

imaging AOTF [42].

Tandem AOTF is only one way to realize double filtering, in

addition, there are different ways such as the single-crystal

double filtering technique. The optical scheme design diagram

is shown in Figure 1D. Double filtering is realized using a single

crystal, but structurally it is similar to double filtering using two

AOTFs. It is simpler and more economical to realize double

filtering using a single crystal. Therefore, the scheme of the series

connection is less used in practical applications, and nowadays,

the single crystal double filtering technique is more often used.

In 2019, Xiaofa Zhang et al. designed a single-crystal double

filtering hyperspectral microscopic imaging system [43]. By

analyzing the experimental results of diffracted light

spectrograms of single-crystal double-filtering scheme, we can

find that the comparison yielded a double-filter structure with an

average 32% reduction in spectral width compared to single-

filtering at a fixed ultrasound frequency of 120 MHz. In the

visible range, the spectral resolution can be improved by 37.08%–

59.95%. In addition, in 2021, Vladislav Batshev et al. similarly

devised a method to improve the spectral resolution of a single

AOTF by using a single-crystal for secondary filtering [44]. The

structure is similar to Figure 1E. From the results, the

transmission spectral width at the 0.5 level (FWHM) is about

1.3 times smaller than that of the classical single-pass scheme.

Among the three schemes mentioned above, the series

double-filtering system designed by Shi Lei et al. works best

from the results. But unfortunately, the specific series filtering

method does not appear in the article. The double-filtering

technique can effectively improve the spectral resolution of

the acousto-optic filters. In addition, the primary filtered

signal after the AOTF is accompanied by an obvious side flap

phenomenon, which comes from the acousto-optic interaction

[45–48]. There is no way to eliminate the side flaps by using the

primary filtering technique. After double-pass filtering, the side

flaps are suppressed very significantly, which can improve the

spectral purity of the diffracted light [49].

2.4 Double-path scheme

For double-path acousto-optic spectroscopy systems or

multi-path analysis systems, they are often used in special

scenarios to meet specific requirements [50, 51].

Khoptyar et al. published two articles back and forth in

2012 and 2013 on the use of double-path optical schemes to

fabricate novel photon time-of-flight spectrometers for the

analysis of turbid media [52, 53]. The wide spectral range of

the instrument helps to characterize the structure of the sample

and to obtain excellent accuracy in the measurement of

absorption and scattering coefficients. Photon time-of-flight

spectrometers are used for the evaluation of pharmaceutical

chemical composition analysis with proven results. Therefore,
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TABLE 1 Comparison of acousto-optic spectral analysis system schemes.

Type Advantages Disadvantages Spectral
range/nm

Angular
aperture/°

Spectral
band/nm

Ref

Collimating scheme 1. The structure is simple
and easy to build

1. Non-uniformity of the central
wavelength of the filtered light across the field of view
can lead to specific image spectral distortions

700–1,150 0.04 0.3@633 [27]

2. It is stable and can be used
as a component in various systems

2. The scheme has transverse chromatic aberration

Confocal scheme 1. The structure is simple
and easy to build

1. The presence of longitudinal color focus shift and
lateral chromatic image drift produce aberration

450–750 — 4.5@632 [33]

2. Compensate for almost any degree of AOTF diffraction aberration

Tandem scheme 1. It can reduce the spectrum width and improve the spectral resolution 1. Diffraction efficiency will
be reduced

400–1,000 2.83 2.9@632.5 [37]

2. The scheme can effectively lower the side flaps 400–1,000 3 3.44@651.62 [39]

450–850 4 3@600 [40]

Double-path scheme 1. The structure can obtain more complete and richer
spectral information

1. Specific solutions in different applications
need to be designed

450–850 — ~3@625 [50]

2. The design of the structures in different practical applications will be flexible
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double-path optical systems and triple-path spectral systems tend

to demand high precision as well as wide spectrum.

In 2019, Ramy Abdlaty and Qiyin Fang both designed an

AOTF-based hyperspectral imaging system [54]. Object

illumination is provided from both sides to provide uniformly

distributed illumination and to avoid shadowing problems. The

light reflected from the object is captured by the zoom lens and

beam shaping optics. Polarization beam splitter (PBS) splits the

collimated beam into two orthogonally polarized beams of

transmitted and reflected light. The polarization of the PBS

reflected beam is rotated using a half-wave plate to match the

PBS transmitted beam. The two PBS beams have the same

polarization matched to the AOTF crystal, and this

polarization matching allows them to come to the maximum

diffraction efficiency.

In 2020, Alexander Machikhin et al. proposed a new concept

of spectral stereo imaging [55]. The stereo imaging optical system

is shown in Figure 1F. This stereo imaging system is based on

simultaneous wide-aperture acousto-optic diffraction of two

beams through a conventional AOTF. Experimental results

have shown that the quality of the spectral images is quite

high, which is necessary for the stereo reconstruction process.

In 2021, A. A. Naumov proposed an optical stereo system [56],

and this system is very similar to the structure of Figure 1E. The

characteristics of such optical systems depend to a large extent on

three parameters: the focal length of the incident lens, the focal

length of the matrix sensor lens, and the diameter of the incident

optical pupil of the acousto-optic filter. The variability of these

parameters allows the optical system to be adapted to different

tasks [57].

The photon time-of-flight spectrometer utilizes an AOTF

module with only partial overlap of the two spectral bands, and

the results of the two spectral bands are stitched together to

obtain broad-spectrum information. In contrast, in the

hyperspectral imaging system, the information of both line

polarized beams is processed and retained to obtain the

complete spectrum. The two cases of stereo imaging have the

same principle, both of which collect the spectral information

observed in different orientations and then reorganize them.

From the previous analysis, it can be known that both double-

path acousto-optic spectral analysis systems aim to obtain more

complete spectral information, only the way and results are

different. The double-path scheme allows for a wider spectral

range than other optical schemes as well as a more complete

spectral information from different angles of the same object. At

the same time, the flexible placement of the device may also bring

more possibilities for spectral system detection. The double

pathway acousto-optic spectroscopy system has been used in

practical devices for stereoscopic imaging, drug characterization,

and multi-directional evaluation after continuous

experimentation and is still being improved.

Each scheme have different features and resolutions, the

comparison is shown in Table 1.

3 Applications

Acousto-optic devices are used more frequently in

representative fields such as medical and healthcare,

aerospace, and food safety. Due to the small mass, small

size, absence of removable elements, and compact

construction of the AOTF, acousto-optic filters are ideally

suited for use with devices used to view hard-to-reach

objects, such as rigid lenses and flexible fiberoptic

endoscopes [58–61]. The application of acousto-endoscopic

imaging spectroscopy will significantly reduce the cost of

laboratory testing and increase the information density of

research [62–64]. In addition, the development of space

instruments based on AOTFs has enhanced the detection

capabilities of various space probes. In 2019, He et al.

summarized the acousto-optic spectrometers used by China

in recent years for lunar exploration [65]. The study include the

infrared imaging spectrometer on Chang’e 3 and Chang’e

4 lunar rovers, and the lunar mineral spectrometry analyzer

on the Chang’e 5 and Chang’e 6 lunar landers. Acousto-optic

devices are becoming widely used in planetary observation,

laser observation, surface positioning, and remote sensing

[66–69].

Acousto-optic hyperspectral imaging detection technology

has also been applied to the detection of microorganisms. In

2018, Y. Seo et al. used acousto-optic spectral image processing

techniques for extracting information related to morphological

characteristics of 15 different foodborne bacterial species and

serotypes [70]. This study achieved a cost-effective classification

of foodborne bacteria. In addition, acousto-optic spectroscopy

detection systems are also used to test meat, grains and even

liquid foods [71–77]. For example, in 2021, I. Baek et al. proposed

a short-wave infrared hyperspectral imaging system for the

detection of total volatile basic nitrogen content in fresh pork.

This system can be used for rapid non-destructive assessment of

pork freshness and can be an effective alternative to traditional

methods for assessing pork freshness [78].

In addition, acousto-optic spectroscopy systems are also

widely used in agriculture, forestry, pharmaceutical analysis,

and environmental monitoring [79]. Hong Liu et al. designed

a drone-based hyperspectral imaging remote sensing system in

2021 [80], which can be used for activities such as water surface

remote sensing, imaging, and spectral analysis. In agriculture, a

commercial AOTF-based near-infrared spectrometer is already

available for the non-destructive detection of agricultural

products such as dried apples and olive fruit [81]. Acousto-

optic spectroscopy systems are becoming more and more

relevant to our lives.

With the development of various new technologies, the

miniaturization and intelligence of spectrometers equipped

with acousto-optic spectral analysis systems are becoming

more obvious. Like the applications of acousto-optic

spectral analysis instruments in various fields described
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above, acousto-optic devices are now used in a large

number of fields. The application of acousto-optic spectral

systems is likely to be associated with the development of new

materials and new energy sources in the future. Not only for

the test of new materials, but also for improving the

performance of acousto-optic spectral systems in

combination with new materials. The acousto-optic spectral

analysis systems are expected to get more long-term

development.

4 Conclusion

This article focuses on review of the basic construction of

four different optical schemes based on AOTF. Due to the

simplicity of the acousto-optic spectral systems, these four

optical schemes can be easily embedded in different

application scenarios. We summarize the advantages and

disadvantages of the different schemes by analyzing the

characteristics of the four optical schemes. At the same time,

we compare the different schemes with each other and provide

theoretical references for the application in different scenarios.

Acousto-optic spectral systems have great potential for

development in various fields, but in order to adapt to

different application scenarios, the requirements for each

parameter of the acousto-optic device become higher. The

relevant summary and the analysis of characteristics described

are expected to provide references for further applications of

acousto-optic spectral technology.
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10kHz repetition rate picosecond
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Picosecond pulse laser is themain light source for satellite laser ranging. In this paper,
a 10 kHz repetition rate picosecond green laser with an average output power of
5.3 W is demonstrated. The laser generates a pulse width of 18.6 ps at a center
wavelength of 532.20 nm with a spectral width of .066 nm. The beam quality is well
preserved with M2 of 1.1 with the beam divergence measured to be .62 mrad and
pointing stability of 7 μrad over 30 min of operation. The laser system was then
applied to measure the BeiDou satellite (Compass-I3) and generated a single range
accuracy of 3.2 mm, which is the highest reported range accuracy for synchronous
orbit satellite laser ranging.

KEYWORDS

picosecond, regenerative amplifier, second harmonic generation, green laser, satellite laser
ranging

Introduction

Satellite laser ranging (SLR) which uses a laser to detect the variation of a satellite from
its predicted orbit is the most accurate satellite ranging technique [1–3]. With laser as the
core light source, SLR uses the time-of-flight (TOF) measurement method for ranging [4,
5]. Generally, a laser with narrower pulse width contributes to higher ranging accuracy;
meanwhile, a higher repetition rate leads to a higher probability of range echoes. At
present, along with the technological breakthrough of kilohertz picosecond lasers, lasers
with high repetition rate are rapidly becoming the landmark light source for fourth-
generation satellite laser ranging [6–11]. Mode-locking technology is the main approach
to achieve picosecond pulses, but the energy of the ultrashort pulses generated by mode-
locked is low (~nanojoule) [12, 13]. In order to increase the pulse energy while
maintaining the narrow pulse width, laser amplifiers (viz. regenerative amplifier and
traveling wave amplifiers) are usually used to amplify the pulses output from picosecond
oscillators [14–17]. Regenerative amplifiers have been widely applied to amplify the
picosecond pulses from the nanojoule level to the millijoule level with a peak power
enhancement of 106 times [18, 19].

In this letter, a picosecond green laser with a high repetition rate, high beam quality,
high pointing stability and high-power stability is presented. In this system, a regenerative
amplifier is used to increase the single pulse energy while keeping the pulse width constant.
Then, the energy is further amplified using a traveling wave amplifier. Finally, the green
laser output is achieved by second harmonic generation (SHG) with a conversion efficiency
of up to 81.5%. The laser generates 10 kHz repetition rate picosecond pulses with an average
output power of 5.3 W and pulse width of 18.6 ps. The center wavelength of the laser is
532.20 nm with a spectral width of .066 nm. It has a beam divergence angle of .62 mrad and
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a beam quality factor (M2) of 1.1. The peak-to-peak energy
fluctuations of the laser are 1.32% at .5 h.

Experiment and results

The experimental setup of the green picosecond laser is shown
in Figure 1, which mainly consists of a picosecond seed source
module, a regenerative amplifier module, a power amplifier
module, and an electric control module. The seed source
outputs 1,064 nm ps pulses with a pulse energy of 2 nJ and a
pulse width of 20 ps at a repetition rate of 84 MHz. The seed
passes through the optical isolator and then enters the
regenerative amplifier. The optical isolator which is to prevent
the amplified laser from returning and causing damage to the
picosecond seed source consists of a polarizer, a half-wave plate,
and a Faraday rotator. The regenerative amplification module
consists of a polarizer, a quarter-wave plate, a gain medium, an
electro-optical switch—Pockels cells (PC), a pump source, and a
highly reflective mirror. The seed light pulse energy is amplified to
.32 mJ in the regenerative amplification module with a repetition
rate of 10 kHz. In the regenerative amplification module, the gain
medium uses .3 at % doped Nd: YVO4 crystal, which has a large
excited emission cross-section and a wide pumping bandwidth.
And the laser output is linearly polarized due to its natural
birefringence property, which can mitigate thermogenic
birefringence [20]. By using a semiconductor laser to end-
pump the gain medium, a better mode matching of the pump
light to the signal light is achieved and a better beam quality is
obtained. The in-band pumping method is used to excite the
particles directly to the upper energy level of the laser (4I9/2→4F3/
2), which can avoid the non-radiative leap process (4F5/2→4F3/2),

reduce the quantum loss, reduce the thermal effect, and improve
the beam quality and stability [21, 22]. The size of Nd:YVO4 is
3 mm × 3 mm × 20 mm. The pump light with a power of 25 W is
injected into the Nd: YVO4 crystal after being collimated and
focused by a coupling lens set.

The seed light is output from the regenerative amplifier module
and then enters the traveling wave amplifier module, which
consists of a pump source, a gain medium, and a highly
reflective mirror. Similar to the regenerative amplification
module, the gain medium of the traveling wave amplification
module is selected as .5 at % doped Nd: YVO4 crystal with a
size of 4 mm × 4 mm × 32 mm, using the same pumping geometry.
The pump power is 90 W. After the signal light is amplified by the
traveling wave module, the pulse energy is amplified to .65 mJ and
the repetition rate is 10 kHz. The signal light amplified by the
traveling wave amplifier module enters the frequency doubling
module. It consists of a lens, a frequency doubling crystal, a
dichroic mirror, and a highly reflective mirror. The frequency
doubling crystal is selected as LBO crystal, which has a wide
transmission range, good optical uniformity, high damage
threshold, good mechanical properties, and high frequency
doubling conversion efficiency [23, 24]. LBO adopts a
combination of angular phase matching and temperature phase
matching. The LBO is cut at θ = 90° and φ = 10.6° with dimensions
of 4 mm × 4 mm × 12 mm. In the experiment, the LBO achieves the
best matching at around 50°C. This matching method can avoid the
system disturbance caused by the high local temperature of the
system, and at the same time suppress the micro-dampness of the
crystal to improve the service life.

The amplified pulse is focused by the lens and then enters the LBO
crystal for frequency doubling. The frequency doubled light is
separated from the fundamental frequency light at the dichroic

FIGURE 1
Schematic showing the layout of the laser system. PC, BBO crystal Pockels cell; HWP, half-wave plate; FR, Faraday rotator; M, mirrors; F, focus lens; P,
Brewster angle polarizer.
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mirror, and the fundamental frequency light is output at the dichroic
mirror and collected by the collector, while the frequency doubled
light is reflected by the dichroic mirror and then reflected and output
by the high reflector. After the frequency doubling crystal, the pulse

energy was converted from .65 to .53 mJ, and the frequency doubling
efficiency was 81.5%. The central wavelength of green light is
532.20 nm, with a single pulse energy of .53 mJ, a repetition rate of
10 kHz, and a pulse width of 18.6 ps.

FIGURE 2
Compilation of output characteristics of the green laser. (A) Encapsulated lasers; (B) Normalized wavelength spectrum of the amplified laser output; (C)
Characteristic of a single output pulse with an autocorrelation trace; (D)Normalized pulse characteristics of the output (E) plot of the focusing characteristics
of the output beam (inset: beam profile).
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The encapsulated laser is shown in Figure 2A. The output laser
parameters are measured. The spectrum of the output laser is
measured by using a spectrometer (AQ6374 OPTICAL
SPECTRUM ANALYZER) as shown in Figure 2B. The central
wavelength of the output laser is 532.20 nm and the linewidth is
.066 nm. The pulse width of the output laser is measured by using
an autocorrelator as shown in Figure 2C. The pulse width of the
output laser is about 18.6 ps. The repetition rate of the output
laser is measured by using an oscilloscope, as shown in Figure 2D.
The beam quality of the output laser is measured by using a beam
quality analyzer, as shown in Figure 2E. The beam quality factor
of the output laser is Mx

2 = 1.09, My
2 = 1.12, and the beam

divergence angle is about .62 mrad. The laser has good power
stability (.11% at 2 h) and energy stability (Pulse Energy
Peak—Peak Fluctuation 1.32% at .5 h). Output laser pointing
stability is 7 μrad at .5 h.

According to the above experimental results, the green picosecond
laser output laser has a narrow pulse width, which can improve the
measurement accuracy of a single pulse; high energy stability, which
can reduce the main wave timing jitter and further improve the
measurement accuracy; narrower spectral width can better match
the narrow band filter and improve the reception efficiency; high
repetition rate of 10 kHz can obtain more effective data and reduce the
fitting error. In summary, the laser can effectively improve the satellite
laser ranging accuracy.

Applied to the satellite laser ranging system of Shanghai
Astronomical Observatory, the Compass-I3 satellite in
geosynchronous orbit (36,000 km) was measured, as shown in
Figure 3, and a single ranging accuracy of 3.2 mm was obtained.

To the best of our knowledge, this is the highest SLR accuracy obtained
in synchronous orbit.

Conclusion

In this paper, a green picosecond laser with high beam quality, high
pointing stability and high power stability is demonstrated. The final
output laser has a power of 5.3W, a central wavelength of 532.20 nm, a
spectral width of .066 nm, a pulse width of 18.6 ps, and a repetition rate of
10 kHz. The laser has high beam quality and repetition rate, as well as very
high power, energy, and pointing stability, and was applied to a satellite
laser ranging system to measure the Compass-I3 satellite in
geosynchronous orbit (36,000 km). The final single range accuracy of
3.2 mmwas obtained, which is the highest range accuracy we know of for
laser ranging of satellites in synchronous orbit. This research provides a
high-quality laser source for high-precision space detection.
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Experimental comparison of Yb/Al/
Ce and Yb/Al/P co-doped fibers on
the suppression of transversemode
instability

Zhilun Zhang, Yonghui Luo, Yingbin Xing*, Haiqing Li,
Jinggang Peng, Nengli Dai and Jinyan Li

Wuhan National Laboratory for Optoelectronics (WNLO), Huazhong University of Science and Technology,
Wuhan, Hubei, China

We presented an experimental comparison of the core-composition difference on
the suppression of the photodarkening and transverse mode instability effects. Two
core-composition fibers, entailing Yb/Al/Ce and Yb/Al/P co-doped fibers, were
fabricated by MCVD process combined with solution doping technique. The
parameters of two fibers were almost the same. The PD-induced loss at
equilibrium was 3.94 dB/m at 702 nm in Yb/Al/Ce fiber, while it was 0.99 dB/m in
Yb/Al/P fiber. To obtain a deeper understanding of the impact of PD on laser
performance, a bidirectional pumping fiber amplifier was constructed. Compared
with Yb/Al/Ce co-doped fiber, the TMI thresholds of Yb/Al/P co-doped fiber were
enhanced in co-pumped and counter-pumped schemes. Meanwhile, the slope
efficiency in bidirectional scheme was promoted by 4%. Moreover, the
transmittance at 638 nm confirmed the superior PD resistance of Yb/Al/P co-
doped fiber. These experimental results pave the way for the further
development of high-power fiber lasers.

KEYWORDS

Yb-doped fiber, core composition, photodarkening, transverse mode instability, stimulated
Raman scattering

1 Introduction

High power fiber lasers (HPFLs), attributed to their considerable advantages of excellent
beam quality, high conversion efficiency, efficient heat dissipation, and compact structure
[1–3], have been broadly utilized in industrial processing, military defense, medical treatment
and other fields [4, 5]. With the development of the double-clad fibers, high-power laser diodes
(LDs) and passive devices, the output powers of fiber lasers and amplifiers have been
unprecedentedly promoted, exceeding 20 kW [6]. However, the remarkable evolutions of
continuous-wave broadband fiber lasers and amplifiers are hindered by non-linear effects
(NLEs), such as stimulated Raman scattering (SRS) [7–10]. In recent years, the threshold-like
onset of transverse mode instability (TMI) is the main limitation for the further power scaling in
the fiber laser systems [11–20].

It is well known that HPFLs are impressionable for the photodarkening (PD) effect, which
might weaken the long-term stability of fiber lasers [21]. PD effect, by producing color centers,
can lead to broadband absorption from the ultraviolet to the near infrared, inducing the
significant decline of signal laser output power [22]. Additionally, the absorption range of color
centers contains the absorption and emission band of Yb-doped fibers, which will absorb both
pump light and signal light and generate a large amount of thermal load [23].
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Further, PD-induced thermal load will result in a series of issues.
By theoretically calculating the thermally-induced mode loss
evolution, it showed that the refractive index of the Yb-doped fiber
would be changed by the thermo-optic effect, which affected the
waveguide structure and altered the bending loss of different
modes [24]. Moreover, the phase of the beam could be distorted by
PD-induced thermal load [25]. Meanwhile, PD effect would
significantly increase the thermal load of the active fiber and
aggravate thermally induced refractive index grating, which
eventually triggered the occurrence of TMI effect [26]. It was also
expected that even a slight reduction of the PD-induced loss would
cause the significant increment of the TMI threshold. Furthermore,
researchers theoretically demonstrated that the PD effect might bring
about the quasi-static mode degradation on a time scale of minutes to
hours [27]. They considered that the energy of the fundamental mode
(FM) unidirectionally transferred to high order mode (HOM), which
caused by a phase-shifted refractive index grating. One year later, the
PD-induced mode degradation was experimentally observed [28].
After 532 nm photobleaching, the beam profile recovered to
Gaussian-shape profile, which agreed with the theory of quasi-
static mode degradation.

Up to now, there are many strategies to mitigate the PD effect.
Firstly, efficient structural design of the active fiber was beneficial
to the mitigation of the PD effect. In 2009, a novel reduced mode
overlap fiber design was proposed and demonstrated, which could
reduce the mode overlap and thus decrease the PD loss [29]. And
after 1,500 h operation, less than 7% slope efficiency degradation
was found and further 500 h operation showed no degradation.
Then, photobleaching and thermal bleaching were also commonly
used in bleaching the existing PD loss [22, 30, 31]. They
significantly bleached the photo-darkened fiber and mitigated
the PD effect of the active fiber. Additionally, the PD effect
would be restrained by H2 or O2 loading [32–34]. Afterwards,
our previous work revealed that there was no PD loss in the H2-
loaded fiber, while it was 114.4 dB/m at 702 nm in the pristine fiber
[35]. Meanwhile, in the H2-loaded fiber, the output power
remained stable and no TMI was observed, while the TMI effect
in the pristine fiber occurred at a lower power level. Finally, by
optimizing the co-doped composition including Ce, P, Al, and Na
ions, it could effectively inhibit the PD effect [36–38]. It has been
demonstrated that Yb/Ce co-doped and Yb/Al/P co-doped fibers
were conducive to suppress the PD effect in HPFLs [39–41].
However, there are still lack of the impacts of the PD
differences of co-doped Ce and P ions on the high-power laser
performances, especially in the TMI effect.

In this contribution, the experimental comparisons of the core-
composition difference were carried out. The parameters of Yb/Al/Ce
and Yb/Al/P co-doped fibers fabricated by MCVD process were
almost the same. Then, the PD-induced excess loss, laser
performance, and the transmittance at 638 nm were successively
measured. The PD-induced excess loss of Yb/Al/Ce and Yb/Al/P
co-doped fibers were 3.94 dB/m and 0.99 dB/m at 702 nm. The
TMI thresholds of Yb/Al/Ce and Yb/Al/P fibers in co-pumped
amplifier were 1,803 W and 1,934 W, while they were 2434 W and
3314 W in counter-pumped amplifier, respectively. Meanwhile,
compared with Yb/Al/Ce fiber, the slope efficiency of Yb/Al/P fiber
in bidirectional scheme was promoted by 4%. Moreover, the 638 nm
transmittance of Yb/Al/P co-doped fiber was superior than that of Yb/
Al/Ce co-doped fiber.

2 Fiber fabrication and characterization

The Yb-doped fiber preform fabrication by modified chemical
vapor deposition (MCVD) combined with solution doping technique
(SDT) could be composed of the following steps [42]: deposition and
pre-sintering of soot layers, solution soaking, dehydration, vitrification
and collapsing into preforms. Generally speaking, the uniform
preform profile could be realized by controlling the dopants
incorporation such as soot porosity, soot oxidation temperature,
solution doping condition [43] and collapse pressure.

The refractive index profiles (RIPs) of the fabricated preform were
measured by PK104 (PHOTO KINETICS), as depicted in Figure 1. The
RIPs of Yb/Al/Ce co-doped and Yb/Al/P co-doped preforms, which were
measured at the positions of 100 mm and 200 mm along the longitudinal
direction, were almost coincidental, manifesting excellent uniformity.
Compared with Yb/Al/Ce preform, there was central RIP dip in the
core of Yb/Al/P preform. It was because that the sublimation of P2O5

would take away part of the doped Yb2O3 and Al2O3 during MCVD
process [44]. Additionally, compared with Yb/Al/Ce co-doped preform,
more soot layers are deposited in Yb/Al/P co-doped preform and the
deposition temperature was different. Thus, it would present that the RIP
of Yb/Al/P co-doped preform was more fluctuant. From the Figures 1A,
B, the core NAs of Yb/Al/Ce and Yb/Al/P preforms were 0.061 and 0.06,
respectively, almost the same.

Subsequently, the above-mentioned fabricated preforms would be
milled into an octagonal shape, and drawn and coated to form the
double-cladding Yb-doped fiber on the drawing tower. As exhibited in
Figure 2, The concentration distributions of the doped elements of two
fibers across the core region were characterized by electron probe
microanalysis (EPMA). For the Yb/Al/Ce co-doped fiber, as described
in Figure 2A, the concentrations of Yb3+, Ce3+, Al3+, and F− were
measured to be ~0.75 wt%, ~0.25 wt%, ~0.3 wt%, and ~0.1 wt%,
respectively. For the Yb/Al/P co-doped fiber, as shown in
Figure 2B, the concentrations of Yb3+, P5+, Al3+, and F− were
measured to be ~1.1 wt%, ~1.4 wt%, ~0.9 wt%, and ~0.05 wt%,
respectively. The insets in Figure 2 were the microscope images of
the cross sections of two fibers, respectively. The pump absorption
coefficients of Yb/Al/Ce and Yb/Al/P fibers were measured to be
1.214 dB/m and 1.217 dB/m at 976 nm, respectively. For meeting the
sufficient absorption, the utilized fiber lengths of two fibers were both
20 m. Notably, the Yb3+ ions concentration of Yb/Al/P fiber was higher
than that of Yb/Al/Ce fiber. This was because that the Yb-doped fiber
core with Al3+ and P5+ would alter the effective cross-sections of the
fiber, which reduced the absorption of pump power [41]. Thus, it was
necessary to improve a higher Yb3+ ion concentration to reach a
certain desired pump absorption. By several exploration, Yb/Al/Ce
and Yb/Al/P co-doped fibers were successfully fabricated with almost
the same pump absorption, as shown in the above results. In addition,
the detailed parameters of two fibers were presented in Table 1.

For purpose of a proper bending condition, bending losses at different
bend radiuses were calculated using the finite element method with
perfectly matched layer. In order to achieve the effective single-mode
operation, the bending loss of the FM was less than 0.1 dB/m and the
bending loss of the HOMs was more than 1 dB/m [45, 46]. Here, the
values of core NA, core diameter, and center wavelength were set to be
0.06, 20 μm, and 1,080 nm, respectively. Thus, the normalized frequency
V parameter was easily calculated to be 3.49, which indicated that there
were only two transverse modes, LP01 and LP11, supported in the fiber
core. The calculated results of the bend losses and the effectivemode areas
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(EMAs) as functions of the bend radiuses were illustrated in Figures 3A, B,
respectively. It was obvious that, as the increment of the bend radius, the
bend losses of the transverse modes gradually decreased, while the EMAs
gradually increased. From the results of Figure 3A, for the theoretical
implementation of the single-mode operation, we considered that the
proper bend radius region was between 4.5 cm and 8 cm and the
corresponding EMA was between 256 μm2 and 264 μm2. Hereon, the
bend radius of 5 cm was selected and corresponding LP01 loss, LP11 loss,
and EMA were 0.03 dB/m, 36 dB/m, and 259 μm2, respectively, so as to
achieve the better laser performances in the laser test.

3 Experimental setup

The experimental setup for PD-induced excess loss measurement
was illustrated in Figure 4. The signal light source was a halogen lamp
ranging from 600 to 1,650 nm and was free spaced into a single mode
fiber (SMF). Three 976 nm wavelength-locked laser diodes (LDs)
could achieve 160 W pump power output, which could provide
46% population inversion. The broadband signal light from SMF
and pump light from 976 nm LDs were both injected into the Yb-
doped fiber through a combiner. The length of the tested fiber was kept

FIGURE 1
Refractive index profiles of (A) Yb/Al/Ce co-doped and (B) Yb/Al/P co-doped preforms at the positions of 100 mm and 200 mm along the longitudinal
direction.

FIGURE 2
The elemental distribution of (A) Yb/Al/Ce co-doped and (B) Yb/Al/P co-doped fibersmeasured by electron probemicroanalysis. (Insets: themicroscope
images of the cross sections of two fibers).

TABLE 1 Fiber parameters.

Core composition Core diameter (μm) Core NA Pump absorption Fiber length (m)

Yb/Al/Ce 21.41 0.061 1.214 dB/m 20

Yb/Al/P 21.71 0.06 1.217 dB/m 20
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FIGURE 3
(A) The bend losses and (B) the effectivemode areas as the functions of the different bend radiuses. Simulation parameters: core/inner cladding diameter
of 20/400 μm, NA of 0.06 and center wavelength of 1,080 nm.

FIGURE 4
Schematic diagram of the experimental setup for PD loss measurement.

FIGURE 5
Schematic diagram of the experimental setup for laser performance measurement. LD, laser diode; PC, pump combiner; HR-FBG, high reflectivity fiber
Bragg grating; OC-FBG, output coupler fiber Bragg grating; CLS, cladding light stripper; MFA, mode field adaptor; F- and B-PSC, forward- and backward-
pump and signal combiner; PD, photodetector; QBH, quartz block holder; CM, collimatingmirror; BS, beam splitter; DM, dichroicmirror; NDF, neutral density
filter; BSQ, beam squared.
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about 15 cm to maintain uniform inversion level. The cladding light
would be stripped by cladding light stripper (CLS) between the Yb-
doped fiber and SMF. To avoid heat accumulation, two air-cooling
fans were employed to cool the LDs, Yb-doped fibers and CLS in the
whole experiment. The absorption spectra of two Yb-doped fibers
were recorded every 5 min.

For the measurement of laser performance, an all-fiberized
bidirectional-pumped master oscillator power amplifier (MOPA) was
constructed, as depicted in Figure 5. First of all, themaster oscillator (MO)
constituted by a pair of gratings and an active fiber was pumped by three
915-nmLDs from JDSUwith eachmaximumpumppower of 130W.The
high reflectivity fiber Bragg grating (HR-FBG) and the output coupler
fiber Bragg grating (OC-FBG) fabricated by Teraxion could provide the
reflectivity of 99.950% and 11.252%, the core NA of ~0.07, the center
wavelength of ~1,080 nm, the core and inner cladding diameter of 14 μm
and 250 μm, and the 3 dB bandwidth of 2.962 nm and 1.022 nm,
respectively. The homemade 14/250 Yb-doped fiber was employed
with the core NA of ~0.07 and the fiber length of 21 m. After
stripped by CLS, the pure seed light in the fiber core was obtained,
with the center wavelength of ~1,080 nm and the beam quality M2 factor
of ~1.2. Finally, a mode field adaptor (MFA) was used to match the signal
fiber of the forward combiner, which possessed the core/cladding
diameter of 14/250 μm on one end and 20/250 μm on the other.

Then, the seed light from the MO and the pump light from the
forward/backward 976 nm LDs were poured into the power amplifier
(PA). The forward pump and signal combiner (F-PSC) and the backward
pump and signal combiner (B-PSC) were employed to permit the passage
of the pump and signal lasers. Herein, the pigtails of the commercial
F-PSC and B-PSC were passive fibers manufactured by Nufern and their
core NAs were both about 0.06. The above-mentioned Yb/Al/Ce and Yb/
Al/P fibers with the same length of 20 m were coiled in a racetrack-typed
water-cooled plate with minimum and maximum bending diameter of
10 cm and 22 cm, respectively. The amplified signal laser propagated
through CLS to strip the cladding light, which was received by a InGaAs
photodetector to collect the time-domain signal and monitor the TMI
process. Finally, the signal laser was exported through the quartz block
holder (QBH).

As for the measurement of laser performance, the diverging signal
laser output from QBH was collimated by a collimating mirror with the
focal length of 150 mm, and then, the collimated laser was split by a high-
reflectivity beam splitter (BS) with the reflectivity of >99%. A dichroic
mirror (DM)was utilized to further eliminate the residual pump light, and
subsequently, the purer laser was attenuated by a set of neutral density
filter (NDF). The beam quality evolution was recorded by the Beam
Squared (BSQ) and the optical spectra of the output laser was also
measured with an optical spectrum analyzer (OSA).

4 Results and discussion

4.1 Photo-darkening excess losses of Yb/Al/
Ce and Yb/Al/P fibers

Several absorption spectra of two Yb-doped fibers were obtained
by PD loss measurement. Based on our previous investigation [35], the
PD-induced excess losses at 633 nm, 702 nm, 810 nm, and 1,041 nm
were selected to characterize the PD properties. Meanwhile, the data
were also fitted by the classical stretched exponential function used in
[47]. Additionally, the excess loss at 633 nmwas commonly used in the

characterization of PD properties. However, 633 nm was at the edge of
the detection range of our measurement, and the data fluctuates
greatly. Thus, for accuracy, 702 nm was chosen for comparison in
this work.

The PD-induced excess losses of Yb/Al/Ce co-doped and Yb/Al/P
co-doped fibers were depicted in Figures 6A, B. Overall, the excess
losses of Yb/Al/Ce co-doped fiber at chosen wavelengths were more
than twice as much as those of Yb/Al/P co-doped fiber. Concretely, by
stretched exponential function fitting, the PD-induced equilibrium
excess losses of Yb/Al/Ce co-doped fiber at 633 nm, 702 nm, 810 nm,
and 1,041 nm were calculated to be 6.73 dB/m, 3.94 dB/m, 1.37 dB/m,
and 0.58 dB/m, respectively. For Yb/Al/P co-doped fiber, the excess
losses at 810 nm and 1,041 nm were nearly 0 and only the excess losses
of 633 nm and 702 nm were fitted. And the PD-induced equilibrium
excess losses of Yb/Al/P co-doped fiber at 633 nm and 702 nm were
calculated to be 3.14 dB/m, 0.99 dB/m. Here, for 702 nm, the excess
losses of Yb/Al/Ce and Yb/Al/P fibers were 3.94 dB/m and 0.99 dB/m,
respectively, which was 3.98 times as much as that of Yb/Al/P fiber. In
conclusion, the Yb/Al/P co-doped fiber presented superior PD
resistance.

4.2 Laser performances of Yb/Al/Ce and Yb/
Al/P fibers

For the laser performances of two fibers, we measured the laser
efficiencies, the TMI thresholds and output laser spectra in co-
pumped, counter-pumped, and bidirectional pumping amplifiers.
For a start, the laser performances of Yb/Al/Ce and Yb/Al/P fibers
were verified in co-pumped amplifier and depicted in Figure 7. The
output power as a function of pump power of Yb/Al/Ce and Yb/Al/P
fibers were recorded and the results were shown in Figures 7A, C,
respectively. The maximum output powers of Yb/Al/Ce and Yb/Al/P
fibers in co-pumped amplifier were 1,803 W and 1,934 W, with the
slope efficiencies of ~78.9% and 81.7%, respectively. From the time-
and frequency-domain signals as illustrated in Figures 7B, D, there
were obvious fluctuations at the output power of 1803 W in Figure 7B
and at the output power of 1,934 W in Figure 7D. The fluctuations in
time- and frequency-domain signals indicated the onsets of TMI.
Thus, we considered that the TMI thresholds of Yb/Al/Ce and Yb/Al/P
fibers in co-pumped amplifier were 1,803 W and 1,934 W,
respectively. Meanwhile, the further power scaling was limited by
TMI effect.

Then, the laser performances of Yb/Al/Ce and Yb/Al/P fibers were
verified in counter-pumped amplifier and described in Figure 8. The
output powers of Yb/Al/Ce and Yb/Al/P fibers continuously increased
to 2434 W and 3314 W without power rollover and the slope
efficiencies were linearly fitted to ~81.5% and 84.6%, as shown in
Figures 8A, C, respectively. Furthermore, the time- and frequency-
domain spectra were also observed by oscilloscope and there were
obvious fluctuations at the output power of 2,434 W in Figure 8B and
at the output power of 3,314 W in Figure 8D, respectively. Thus, we
considered that the TMI thresholds of Yb/Al/Ce and Yb/Al/P fibers in
counter-pumped amplifier were 2,434 W and 3,314 W, respectively.
Meanwhile, the further power scaling was limited by TMI effect.

Finally, the output laser performances of Yb/Al/Ce and Yb/Al/P
fibers with bidirectional pump were measured and recorded, as
exhibited in Figure 9. The output powers of two fibers as a
function of pump powers were depicted in Figures 9A, D,

Frontiers in Physics frontiersin.org05

Zhang et al. 10.3389/fphy.2023.1124491

2423

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2023.1124491


respectively. By continuously increasing the pump powers from the
bidirectional 976-nm LDs, the output powers of Yb/Al/Ce and Yb/Al/
P fibers enhanced to 2846 W and 3536 W, which the slope efficiencies
were linearly fitted to ~80.0% and ~84.0%, respectively. Meanwhile,
the beam quality M2 factors of Yb/Al/Ce and Yb/Al/P fibers at the
maximum output powers were measured to be 1.42 and 1.45,

respectively. From the Figures 9B, E, the signal lasers of Yb/Al/Ce
and Yb/Al/P fibers were both centered at the wavelength of ~1,080 nm,
and the full width at half maximum increased to ~3 nm of 2,846 W
and ~4 nm of 3,536 W, respectively. Simultaneously, there were
Raman Stokes light in the optical spectra. The Stokes intensity was
~44 dB below that of signal laser of Yb/Al/Ce fiber, while the intensity

FIGURE 6
PD excess losses and fitting curves at 633 nm, 702 nm, 810 nm, and 1,041 nm of (A) Yb/Al/Ce co-doped fiber and (B) Yb/Al/P co-doped fiber.

FIGURE 7
Laser performances in co-pumped amplifier. Yb/Al/Ce fiber: (A) output power and O-O efficiency dependence on the pump power; (B) time- and
frequency-domain signals. Yb/Al/P fiber: (C) output power and O-O efficiency dependence on the pump power; (D) time- and frequency-domain signals.
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was ~41 dB below that of signal laser of Yb/Al/P fiber. Thus, further
power scaling was not pursued to avoid the exponential increase of the
Raman Stokes light. In addition, the time- and frequency-domain
signals of Yb/Al/Ce fiber at the output power of 2,846 W remained
stable without any fluctuation, while those of Yb/Al/P fiber at the
output power of 3,536 W were also stable, as described in Figures 9C,
F, respectively. The results of the time- and frequency-domain signals
of two fibers indicated the absence of the TMI effect.

The output power stability of two fibers was monitored at ~2.5 kW
for an hour and the power values were recorded with an interval of
0.133 s. For Yb/Al/Ce co-doped fiber, the output laser power presented
a power fluctuation within a range from 2,437 W to 2,506 W, ~2.8%.
For Yb/Al/P co-doped fiber, the output power was recorded from
2,488 W to 2,512 W with the power fluctuation of less 1%. It indicated
that the Yb/Al/P co-doped fiber owned a better power stability.

4.3 638nm transmittance of Yb/Al/Ce and Yb/
Al/P fibers

Moreover, the 638 nm transmittances of Yb/Al/Ce and Yb/Al/P
co-doped fibers were measured and compared. The experimental
setup of the 638 nm transmittance was depicted in Figure 10A.
30 mW 638 nm single-mode laser was injected to two fibers by
MFA. After stripped by CLS, the remanent laser was received by a
milliwatt-level PM. The input end was kept unchanged and the active

fiber was cut off from the output end to measure the output power at a
different position. To avoid the influence of splicing loss, the output
power of 638 nm laser injected in 1 cm Yb-doped fiber was measured
as the initial injection power. The measured results were depicted in
Figure 10B. The transmittance of Yb/Al/Ce co-doped fiber presented a
rapid declining trend and the transmittance in the position of 20 m
was only 30%. For Yb/Al/P co-doped fiber, the declining trend was
slow and the transmittance was still up to 84% in the position of 20 m.
The transmittance results demonstrated that there was more seriously
distributed PD loss along the longitudinal length of Yb/Al/Ce co-
doped fiber, compared with Yb/Al/P co-doped fiber.

The aforementioned experimental results were all measured by the
same setups and conditions, which ensured the credibility of the
contrast experiment. Thus, we considered that the PD resistance of
Yb/Al/P co-doped fiber was superior to that of Yb/Al/Ce co-doped
fiber, and meanwhile the TMI thresholds and laser efficiencies of Yb/
Al/P co-doped fiber in co-pumped and counter-pumped amplifiers
were higher than those of Yb/Al/Ce co-doped fiber. Concretely, the
excess losses of Yb/Al/Ce and Yb/Al/P fibers at 702 nm were 3.94 dB/
m and 0.99 dB/m, respectively. The TMI thresholds of Yb/Al/Ce and
Yb/Al/P fibers in co-pumped amplifier were 1,803 W and 1,934 W,
while they were 2,434 W and 3,314 W in counter-pumped amplifier,
respectively. Meanwhile, by replacing Yb/Al/Ce co-doped fiber with
Yb/Al/P co-doped fiber, the slope efficiency of the signal laser was also
enhanced by ~4%. Moreover, the 638 nm transmittance confirmed
that there was lower PD loss in the Yb/Al/P co-doped fiber.

FIGURE 8
Laser performances in counter-pumped amplifier. Yb/Al/Ce fiber: (A) output power and O-O efficiency dependence on the pump power; (B) time- and
frequency-domain signals. Yb/Al/P fiber: (C) output power and O-O efficiency dependence on the pump power; (D) time- and frequency-domain signals.
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In our experiment, most of parameters of two fibers were
remained the same, entailing core and inner cladding diameters,
core NA, pump absorption, and fiber length. Thus, the core
composition became the key point for reducing the PD loss, and
further suppressing the TMI effect. Meanwhile, thanks to the superior
PD resistance, the TMI thresholds of Yb/Al/P co-doped fiber were
higher than those of Yb/Al/Ce co-doped fiber under co-pumped and
counter-pumped schemes. For Yb/Al/Ce co-doped fiber, Ce had
different valence states, Ce3+/Ce4+. Through their valence-state

transition, both electrons and holes related to color centers could
be trapped to suppress PD effect [48]. The suppression of PD effect
would mitigate the TMI effect. However, Ce-doping would introduce
new heat sources to Yb-doped fiber lasers [49].

For Yb/Al/P co-doped fiber, it would effectively inhibit the
generation of aluminum oxygen hole centers (Al-OHCs) and
Oxygen Deficiency Centers (ODCs) by forming [AlPO4] structure
[39]. Meanwhile, this structure would shift the charge-transfer band to
a shorter wavelength region. Thus, Yb/Al/P co-doped fiber would

FIGURE 9
Laser performances in bidirectional pumping amplifier. Yb/Al/Ce fiber: (A) output power andO-O efficiency dependence on the pump power; (B) optical
spectra at several output powers; (C) time- and frequency-domain signals. Yb/Al/P fiber: (D) output power and O-O efficiency dependence on the pump
power; (E) optical spectra at several output powers; (F) time- and frequency-domain signals.

FIGURE 10
(A) Schematic diagram of the experimental setup for 638 nm transmittance measurement; (B) the measured results of the 638 nm transmittance of Yb/
Al/Ce and Yb/Al/P co-doped fibers.
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present low PD sensitivity, which was beneficial for mitigating the
TMI effect. Additionally, when the value ofCP2O5/(CP2O5 + CAl2O5)was
greater than 0.49, the PD effect would be effectively suppressed and the
average heat load would also be weakened [41]. In our experiment, this
value was about 0.6. Although it was not the optimal value, it still
maintained a lower heat load and a higher TMI threshold, according
the simulated results of Ref. [41]. Meanwhile, our experimental results
manifested that, compared with Ce co-doping, P co-doping would
induce a lower average heat-loaded distribution, which would
contribute to mitigating the TMI effect.

5 Conclusion

In summary, we reported on an experimental comparison of
the core-composition difference. Based on MCVD process
combined with SDT, Yb/Al/Ce and Yb/Al/P co-doped fibers
were fabricated, whose parameters were almost the same. Firstly,
the PD-induced excess loss of Yb/Al/Ce and Yb/Al/P co-doped
fibers were 3.94 dB/m and 0.99 dB/m at 702 nm, which indicated
the superior PD resistance of Yb/Al/P fiber, Then, a bidirectional
pumping fiber amplifier was constructed to verify the impact of PD
on laser performance. The TMI thresholds of Yb/Al/P co-doped
fiber were higher than those of Yb/Al/Ce co-doped fiber in co-
pumped and counter-pumped schemes. The slope efficiency of Yb/
Al/P co-doped fiber in bidirectional scheme was enhanced by 4%.
In addition, the results of 638 nm transmittance manifested the
lower PD loss of Yb/Al/P co-doped fiber. These experimental
results could provide a good reference for realizing high-power
fiber lasers.
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All-fiber probing of aluminized RDX
particle micro-explosion
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Investigating the thermal decomposition characteristics and mechanisms of nano-
and submicron-aluminized 1,3,5-trinitro-1,3,5-triazine (RDX) is essential to optimize
the formulations and improve combustion/detonation efficiencies. However, no
research has focused on the microscopic scale of a single aluminized RDX particle.
We demonstrate an all-fiber probing method for the violent thermal decomposition
of a single nano-aluminized micron-RDX particle, which we address as micro-
explosion in this paper. We believe studying micro-explosion will be beneficial to
the research of thermal decomposition. In experiments, we first characterize the
micro-explosion as a three-step process, i.e., melting, first decomposition, and
second decomposition. Then, we measure micro-explosion properties,
i.e., shockwave-like flow velocity, initiation energy threshold, and shockwave-like
flow pressure. Among the aluminized RDX particles with 0%, 5%, 10%, 15%, 20%, 25%,
and 30% surface coverage ratios (SCRs), the sample with 20% surface coverage ratio
shows the highest flow velocity and force, which are about 69.9 mm/s and 39.4 μN,
respectively. Moreover, the threshold decreases with rising surface coverage ratios,
and the mean threshold of 30% surface coverage ratio is 75 μJ. The experimental
results prove that the all-fiber micro-explosion probing method is feasible, safe, and
robust.

KEYWORDS

fiber optics, fiber optics sensor, aluminized RDX, nano-Al particle, thermal decomposition

1 Introduction

Energetic materials, e.g., explosives, pyrotechnics, and propellants, have a wide range of
civilian and military applications. As a solid-propellant and an explosive, 1,3,5-trinitro-1,3,5-
triazine (RDX) has drawn extensive attention [1, 2]. To improve combustion/detonation
performance, RDX is usually mixed with metallic fuel particles (e.g., Al, Mg, B, and Zr) [3]. Al is
the most popular additive for RDX due to its high enthalpy of combustion and low cost.

The combustion/detonation performance of aluminized RDX depends on the size of Al
particles [4]. Coarse Al powder with a limited surface area has a high ignition threshold and low
energy release rate, while nano- and submicron-Al particles with excellent dispersity have
features of rapid combustion and large heat generation [5, 6]. It is known that thermal
decomposition is the initial process of aluminized RDX combustion and detonation. Therefore,
investigating the thermal decomposition characteristics and mechanisms of nano- and
submicron-aluminized RDX is essential to optimize the formulations and improve
combustion/detonation efficiencies.

Through simulations, some research has been performed to investigate the thermal
pathways of nano-aluminized RDX. For example, X. -H. Ju et al. examined the thermal
decomposition of RDX on nano-Al particles by reactive dynamics simulations using a
parameterized reactive force field with low gradient correction (ReaxFF-lg). They confirmed
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that the energy release rate of RDX was dramatically enhanced by
nano-Al [7]. Then, X. -H. Ju et al. simulate the thermal decomposition
of RDX systems with Al, surface-nitrided Al, and surface-oxidized Al
nano-particles. They found different thermal decomposition pathways
for these particles [8]. S. Zhang et al. mixed partially passivated nano-
Al particles with RDX, TNT, and TNT/RDX supercells. They proved
that the thermal decomposition process of TNT/RDX/nano-Al has six
stages by numerical calculations [4].

Because of lacking prior knowledge, it is not easy to acquire all
intermediate processes in simulations. Therefore, much work has been
dedicated to nano- and submicron-aluminized RDX decomposition
experiments. For instance, D. E. G. Jones et al. studied the thermal
decomposition behaviors of nano-Al, submicron-Al, and aluminized
RDX powders. They proved Al’s reactivity decreased with rising
particle diameter using differential scanning calorimetry (DSC),
simultaneous thermogravimetry and differential thermal analysis
(TG-DTA), and accelerating rate calorimeter (ARC) [9]. C. An
et al. focused on the influence of nano-Al particles on the thermal
decomposition of RDX. They found that the decomposition peak
temperature of RDX was reduced by nano-Al particles [10]. H. Ren
et al. integrated RDX with nano-Al particles and Viton using a two-
solvent strategy. The thermal analysis indicated that nano-Al particles
could accelerate the energy release of decomposition [11].

Despite the efforts on the thermal decomposition of nano- and
submicron-aluminized RDX, no research has focused on the dynamic
physiochemical process of a single aluminized RDX particle. Experiments
of a single aluminized RDX particle could provide a better understanding
of how Al particles affect the thermal decomposition of RDX.

This paper demonstrates an all-fiber probing method for the
thermal decomposition of a single nano-aluminized micron-RDX
particle. A microfabricated fiber probe locally coated with gold
absorbs energy from laser pulses and transfers heat to the surface
of an aluminized RDX particle. As a result, the particle absorbs heat
rapidly and undergoes a violent thermal decomposition.We find that a
single particle’s violent thermal decomposition shows micro-scale
phenomena (e.g., dispersion of product particles and gas flow with
a shockwave-like morphology) that mimic the macro-scale
phenomena of an explosion [12–14]. Thus, we define the violent
thermal decomposition of a single particle as micro-explosion. Note
that the definition of micro-explosion here differs from the one
applied in the combustion process of slurry droplet fuels [15–18].
The micro-explosion process is simultaneously recorded by a
homemade fiber Fabry-Perot (F-P) pressure sensor and a high-
speed camera. The all-fiber micro-explosion probing method is
cost-effective, robust, and environmentally insensitive. In addition,
as the mass of the aluminized explosive is minimal, it is safe to carry
out the experiments in labs without explosion protection equipment.
Therefore, we believe the micro-explosion probing method could be
an alternative to conventional methods (e.g., DSC, TG-DTA, ARC) for
studying aluminized RDX thermal decomposition.

2 Materials and methods

2.1 Materials

2.1.1 Nano-aluminized micron-RDX particle
We use magnetron sputtering to coat nano-Al particles (purity

99.999%) on the surface of a micron-RDX particle, maximizing

reactive surface area. The mean particle sizes of nano-Al and
micron-RDX are about 400 nm and 10 μm, respectively. The radio
frequency sputter (JS-1600, HTCY) works under vacuum conditions.
Figure 1A shows the optical micrograph of an uncoated micron-RDX
particle. Figure 1B shows that the surface of the micron-RDX particle
is uniformly coated with nano-Al. The density of nano-Al deposited
on the surface of RDX particles is controllable by adjusting the
sputtering time. For subsequent experiments, aluminized micron-
RDX particles with different surface coverage ratios (SCRs, i.e., 0%,
5%, 10%, 15%, 20%, 25%, and 30%) are obtained. The SCRs are
calculated using micrographs like Figure 1B with ImageJ (RRID: SCR_
003070).

2.1.2 The fiber probe for heat generation
We micro-fabricate a segment of single-mode fiber (SMF, FullBand

G.652, YOFC) to acquire a fiber probe with a gold-coated parabolic-
shaped tip using a unique three-step procedure. The SMF fiber has an
effective group index of refraction of 1.476 at 1,550 nm and a mode field
diameter of ~10.3 μm at 1,550 nm. The first step is selective chemical
etching. The chemical etching solution comprises hydrofluoric acid (HF)
and xylene C8H10 [19]. The volume ratio for HF and C8H10 is 1.5:1. The
SMF is inserted into the etching solution for 60 min at room temperature,
and a cone-shaped fiber tip is achieved. The second step is discharged
current fusion molding. We generate a single arc discharge with a short
fusion time using a fusion splicer (FSM-100P+, Fujikura). The arc
discharge molds the cone-shaped fiber tip into a parabolic-shaped one.
In the final step, we use the sputter JS-1600 to realize gold coating on the
surface of the parabolic-shaped fiber tip. When pumped with a pulsed
laser, the fiber probe can efficiently absorb heat from laser pulses due to
multiple total reflections, generating a thermal field to initiate micro-
explosion (Figure 1C). Figure 1D shows the optical micrograph of the
fiber probe.

2.1.3 The fiber F-P pressure sensor
We combine an SMF (FullBand G.652, YOFC), a silica capillary,

and a gelatin diaphragm to fabricate a fiber F-P pressure sensor. First, a
gelatin diaphragm is fixed on an end face of a small segment of silica
capillary with ultraviolet glue. The thickness of the gelatin diaphragm
is 800 nm, and the glass capillary has an inner diameter of 400 μm.
Then, an SMF is inserted in the silica capillary through the other end
face. The position of the SMF is adjusted by a motorized
micromanipulator (MP-225, Sutter Instrument). Next, we coaxially
align the SMF and the silica capillary, whose end faces are separated by
89 μm. As a result, a microcavity is formed between the SMF and the
gelatin diaphragm. At last, we seal the microcavity and fix the SMF
with ultraviolet glue. When the SMF is pumped with a laser, the fiber
F-P microcavity can detect external pressure variation through the
deflection of the gelatin diaphragm (Figure 1E). Figure 1F shows the
optical micrograph of the F-P pressure sensor.

2.2 Methods

As shown in Figure 2, the experimental setup comprises three
parts, the micro-explosion initiation module, the pressure sensing
module, and the microscope.

The micro-explosion initiation module includes a 1,550-nm
pulsed laser (VFLS-1550-M-PL, Connet), the motorized
micromanipulator (MP-225, Sutter Instrument), and the micro-
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fabricated fiber probe. The 1,550-nm pulsed laser characterizes a 1-
MHz repetition rate and a 10-ns full-width-at-half-maximum
(FWHM) pulse width. The pulsed laser’s single-mode pigtail (SMF-
28, Corning) is spiced to the micro-fabricated fiber probe. The pulses
from the laser are injected into the fiber probe, providing a thermal
field to initiate the micro-explosion. The motorized micromanipulator
holds part of the laser pigtail, controlling the micro-explosion
initiation position on the aluminized RDX.

The pressure sensing module is composed of the fiber F-P pressure
sensor, a C-band wavelength-tunable continuous wave (CW) laser
(VLSP-C-M-TL, Connet), a circulator, an InGaAs photoreceiver
(Model 2117-FC, New Focus), and a digital storage oscilloscope
(SDS6000A, Siglent). The CW laser’s single-mode pigtail (SMF-28,
Corning) and the fiber sensor are spiced to Port 1 and Port 2 of the
circulator, respectively. The photoreceiver and Port 3 of the circulator
are connected. The laser is pumped into the microcavity of the fiber

FIGURE 1
Preparation of the materials. (A) An uncoated micron-RDX particle. (B) A micron-RDX particle coated with coated nano-Al. (C) Schematic of the fiber
probe. (D) Picture of the fiber probe. (E) Schematic of the fiber F-P sensor. (F) Picture of the fiber F-P sensor. The micro-cavity length is 89 μm.

FIGURE 2
Experimental setup for probing micro-explosion. This figure is not to scale.
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F-P pressure sensor through the circulator. The photoreceiver collects
the reflected light from the sensor through the circulator and sends the
amplified electrical signal to the digital storage oscilloscope through a
variable bandpass filter. The pressure variation originating from the
micro-explosion can be acquired by interpreting the waveform.

Aluminized RDX sample is placed on a two-dimensional stage of
an inverted microscope (IX73, Olympus). The fiber probe and the F-P
pressure sensor, whose optical axes are aligned with each other, are
located on each side of the sample. The microscope’s light source
illuminates the aluminized RDX sample, and a high-speed camera
(Mini AX100, Photron) records the micro-explosion process through
a ×40 objective. The camera’s maximum frame rate is 13,600 fps for a
512 × 512 image, capable of measuring micro-explosion thresholds
and velocities.

3 Results and discussion

3.1 Characterization of the fiber F-P pressure
sensor

To characterize the performance of the fiber F-P pressure
sensor, we conduct a static pressure test [20–22]. Figure 3A
shows the static pressure test setup, including a supercontinuum
white light laser (SuperK COMPACT, NKT Photonics), a

circulator, a syringe pump (LSP01-1A, Longer Pump), and an
optical spectrum analyzer (OSA, AQ6373, Yokogawa). We seal
the pressure sensor inside the syringe pump. The supercontinuum
white light laser’s single-mode pigtail and the OSA are connected to
Port 1 and Port 3 of the circulator, respectively. The fiber sensor is
spiced to Port 2 of the circulator. We pump the laser into the
microcavity of the fiber F-P pressure sensor through the circulator.
The OSA collects the reflected light from the sensor through the
circulator. Figure 3B shows the spectra collected under different
pressures applied by the syringe pump. As the rising pressure
deforms the diaphragm and reduces the F-P micro-cavity length,
the fringes shift toward the shorter wavelength. Figure 3C shows the
relationship between valley wavelength λ and pressure P. According
to the linear fitting, the wavelength shift caused by pressure P is
0.376 nm/kPa. The length of the micro-cavity d can be
demodulated by

d � λ 1λ 2/ 2 λ 1 − λ 2| |( ), (1)
where λ1 and λ2 are adjacent valley wavelengths of the same fringe
[23]. Thus, the micro-cavity length of the sensor is ~89 μm, in
agreement with the value in Figure 1F. Thus, fringes and Eq. 1 can
acquire the diaphragm deflection Δd originating from pressure.
Figure 3C shows the relationship between diaphragm deflection Δd
and pressure P. According to the linear fitting, the sensor’s pressure
sensitivity between 0 and 24 kPa is 0.055 μm/kPa.

FIGURE 3
Static pressure test of the fiber F-P sensor. (A) Experimental setup of the static pressure test. This figure is not to scale. (B) Spectra collected under
different pressures. (C) The relationship between valley wavelength λ and pressure P, and the relationship between diaphragm deflection Δd and pressure P.
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3.2 Measurement of micro-explosion
properties

To prove the probing method’s capability, we first characterize the
process of nano-aluminized micron-RDX micro-explosion. The
typical process of RDX thermal decomposition includes three steps,
which are melting, first decomposition, and second decomposition [2].
Melting is an endothermic process, while first decomposition and
second decomposition are exothermic processes. Figure 4A (the frame
rate is 2000 frames and 1,024 × 1,024 image of the original video)
confirms that micro-explosion is composed of melting, first
decomposition, and second decomposition. First, the pulses from
the 1,550-nm laser accumulate energy on the gold film of the fiber
probe and elevate the temperature applied to the sample, causing
melting. The pictures at t0 and t1 show the process of melting, during
which the sample becomes spherical. Then, the first decomposition
occurs, slowly releasing heat and spreading reaction products, as
shown in pictures at t2 and t3. Slight mass loss can be observed
during the first decomposition. At last, the second decomposition
generates a gas flow with a shockwave-like morphology, which mainly
propagates along the optical axis of the fiber probe. As shown in
pictures at t4 − t7, some reaction products spread with the shockwave-
like flow, indicating the flow front. Red dashed lines mark the locations
of the flow fronts at different moments. The second decomposition is
accompanied by enormous mass loss. Then, we measure micro-
explosion properties, i.e., shockwave-like flow velocity, initiation
energy threshold, and shockwave-like flow pressure.

3.2.1 Shockwave-like flow velocity
We measure the velocities of aluminized micron-RDX particles

with different SCRs (i.e., 0%, 5%, 10%, 15%, 20%, 25%, and 30%). The
shockwave-like flow velocities are acquired by frame-to-frame
analysis. Figure 4B shows the relationship between the initial flow
velocity and SCR. The initial velocity is acquired at the first moment
(e.g., t4) when a clear flow front forms. The measurement of each SCR
is conducted 10 times. Note that the laser power stays unchanged

during the 10 × 7measurements. The mean initial velocities of 0%, 5%,
10%, 15%, 20%, 25%, and 30% SCRs are about 36.0, 39.5, 51.6, 59.1,
69.9, 44.2, and 26.2 mm/s, respectively. It can be found that the initial
velocity first increases and then decreases with rising SCRs. The initial
velocity reaches the maximum when the SCR is 20%. The reason for
the rise of the initial velocity under 20% SCR is that the nano-Al can
catalyze the micro-explosion process, enhancing the second
decomposition. However, a high SCR of Al restricts the
propagation of flows, reducing the initial velocity of micro-explosions.

Figure 4C shows the relationship between the flow velocity and
the distance. The distance is calculated from the fiber probe tip to
the flow front along the optical axis. It can be found that the velocity
decreases with increasing distance. Moreover, the locations where
flow fronts form are closer to the fiber probe tip with lower initial
velocities.

FIGURE 4
The process of micro-explosion. (A) Pictures of micro-explosion acquired at different moments. The dashed red lines indicate the flow fronts of
shockwave-like flow. (B) The relationship between the initial flow velocity and surface coverage ratio. Error bars represent standard error. (C) The relationship
between the flow velocity and the distance. The distance is calculated from the fiber probe tip to the flow front along the optical axis.

FIGURE 5
The relationship between the initiation energy threshold and
surface coverage ratio. Error bars represent standard error.
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3.2.2 Initiation energy threshold
We measure the initiation energy thresholds of aluminized

micron-RDX particles with different SCRs. The initiation energy
threshold is the energy of laser pulses, which will lead to a micro-
explosion. The energy is integrated from the moment when the
laser is turned on to the beginning of the second decomposition.
Figure 5 shows the relationship between the initiation energy
threshold and SCR. The measurement of each SCR is conducted
10 times. Note that the laser power stays unchanged during the 10 ×
7 measurements. The mean thresholds of 0%, 5%, 10%, 15%, 20%,
25%, and 30% SCRs are about 115, 112, 108, 102, 96, 84, and 75 μJ,
respectively. It can be found that the threshold decreases with rising
SCRs. The threshold is at the maximum when the SCR is 0%. The
threshold reduction is attributed to the catalyzation of nano-Al
particles.

3.2.3 Shockwave-like flow pressure
We measure the shockwave-like flow pressure using the fiber

F-P pressure sensor. The distance between the sensor and the probe
is about 300 μm along the optical axis. To achieve a high-frequency
response to flow pressure, we replace the setup in Figure 3A with
the one in Figure 2. The wavelength of the C-band CW laser is
tuned to a quadrature point of the fringe of zero external
pressure. The signal from the sensor is detected by the
photoreceiver and displayed by the oscilloscope. The
relationship between the reflected light intensity IR and the
micro-cavity length d is

IR � 2R 1 − cos
4 π n d
λ 0

+ π( )[ ]I 0, (2)

where R is the reflectivity of the micro-cavity, λ0 is the wavelength
of the C-band laser, n is the refractive index of the micro-cavity
medium, and I0 is the input light intensity. As mentioned above, we
have acquired the relationship between diaphragm deflection Δd
and pressure P. Thus, the flow pressure can be real-time
demodulated using the waveform recorded by the oscilloscope
and Eq. 2.

Figure 6 shows the shockwave-like flow pressures and
corresponding forces of different SCRs as a function of time.
Note that the laser power stays unchanged during the seven

measurements. The high-frequency vibrations of the traces in
Figure 6 are attributed to the impacts of the reaction products.
The envelopes of the traces depict the flow propagations. The peak
forces of 0%, 5%, 10%, 15%, 20%, 25%, and 30% SCRs are about 9.1,
22.2, 32.4, 32.9, 39.4, 26.6, and 24.4 μN, respectively. It can be found
that the peak force first increases and then decreases with rising
SCRs. The peak force reaches the maximum when the SCR is 20%.
Moreover, the vibration signal duration is shorter when the peak
force is larger. These experimental results correspond to those in
Figures 4B, C.

4 Conclusion

In conclusion, we demonstrate an all-fiber probing method for
the micro-explosion of nano-aluminized micron-RDX particles. A
microfabricated gold-coating fiber probe absorbs energy from laser
pulses, heating an aluminized RDX particle through thermal
conduction. As a result, the particle rapidly absorbs heat and
undergoes the process of micro-explosion. A homemade fiber
F-P pressure sensor and a high-speed camera simultaneously
record the micro-explosion process. In experiments, we first
characterize the micro-explosion as a three-step process,
i.e., melting, first decomposition, and second decomposition.
Then, we perform measurements of micro-explosion properties,
i.e., shockwave-like flow velocity, initiation energy threshold, and
shockwave-like flow pressure. Among the aluminized RDX
particles with 0%, 5%, 10%, 15%, 20%, 25%, and 30% SCRs, the
sample with 20% SCR has the highest flow velocity and force, which
are about 69.9 mm/s and 39.4 μN, respectively. These results are
attributed to the tradeoff between catalyzation and restriction of
nano-Al particles. Moreover, the threshold decreases with rising
SCRs, and the mean threshold of 30% SCR is 75 μJ. The all-fiber
micro-explosion probing method is cost-effective, robust, and
environmentally insensitive. Due to the minimal mass of the
aluminized RDX, it is safe to carry out the experiments
without explosion protection equipment. Furthermore, the
movement of the fiber probe can adjust the shockwave-like
flow propagation direction, providing additional flexibility for
future applications. Therefore, we believe the micro-explosion
probing method will be a powerful tool for studying
aluminized RDX.
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Three-dimensional measurement
method based on the singular
operator and the shortest path
search technique

Yongliang Wang, Xiaoming Sun*, Yan Duan and Yan Chen

Harbin University of Science and Technology, Harbin, Heilongjiang, China

Coded structured light plays a crucial role in the field of non-contact three-
dimensional measurement. To improve the accuracy, we propose a novel
method based on shortest path search and edge and central singular operator,
which is able to detect the edge of Gray code and locate its line shift fringes more
accurately. Starting from the patterns of the Gray code edge and the center of the
line shift strip, we develop the corresponding singular operators and hence the cost
function. The Euler distance is used as the distance condition for the adjacent key
points, which are located by the fast-marching algorithm. We propose a method to
compute the graph with minimum energy by finding the shortest path. The shortest
path was automatically calculated and found both the edge of the Gray code and the
center of the bar stripe accurately.

KEYWORDS

three-dimensional measurement, Gray code edge, line-shift stripe center, singular operator,
shortest path

1 Introduction

The rapid development of machine vision has had a great influence on the development
of modern industry. One of the most important tasks of intelligent image processing is to
increase the accuracy of three-dimensional (3D) measurement. 3D measurement based on
structured projection light is one of the most important technologies in machine vision. It is
widely used in robot assembly, visual inspection, medical treatment and other fields
because it is easy to use, non-contact, non-destructive and efficient. The 3D
measurement method of coded structured light is widely accepted by researchers
because of its large field of view, high efficiency. The common 3D measurement
methods with coded structured light consist of the phase shift code and the Gray code,
which is combined with line shift fringe coding. However, when the structured light is
encoded by a Grayscale code or a line-shift stripe, the edge of the Grayscale code and the
center of the line-shift stripe are susceptible to deformation due to the varying surface
shape, texture, and other factors of the object.

Edge detection is a popular topic in the image processing community. At the pixel level,
the Sobel operator and the Prewitt operator [1] can be used to eliminate the deviation of
individual points from the straight template of the Roberts operator [2]; Marr.H [3]
proposed the Log operator based on the Laplacian operator. The Canny operator [4]
can be used to detect and extract blurry edges associated with sharp edges. At the subpixel
level, researchers have proposed many basic and advanced versions of subpixel edge
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detection methods around interpolation and matching methods
[5–7]. Jason [8] has achieved the positioning of the step edges of a
given continuous space. Sui Liansheng [9] proposed the NURBS
matching method to detect and locate the edge of the light strip. The
Gray level moment method is an earlier moment method. In the
literature [10], the suppression of pseudo edges is achieved by
analyzing the influence of parameters on the positioning result
during the detection process. Lyvers [11] proposed a subpixel edge
detection method based on spatial moments. Zhu Hong [12] uses
Zernike moment method on pixel-level edges obtained by classical
operators and obtains a new recognition method. Li Jie [13] uses
structural elements for image shape recognition and complete edge
detection in images. There are also neural network techniques [14],
Gray theory of image edge detection [15], diffuse edge detection
method [16], and so on.

Despite continuous improvements, the pixel-level light streak
detection method still struggles with shortcomings, such as
susceptibility to noise and heavy dependence on a specific image
requirement. We propose a method for detecting the edges of Gray
stripes based on the techniques of singular operator and shortest
path search in order to increase the positioning accuracy of the
light strip edge.

2 Construction and calibration of
experimental system platform

The 3D measurement system used in this work consists of three
parts: Projection module, image acquisition module and image
processing module.

The images encoded by the Gray scale code and the line shift strip are
projected onto the surface of the object in chronological order by the
projection module, and the surface image information of the measured
object is acquired by the image acquisition module and transferred to the
image processing module for post-processing and calculation to obtain
the spatial coordinates of the sampling point of the surface of the
measured object to realize 3D measurement. As is shown in Figure 1.

The principle of encoding and decoding is shown in Figure 2. In
encoding, Gray code and line-shift strip do not interfere with each
other. In decoding, the four-step line-shift strip is in a whole period of
Gray code, which theoretically avoids the interference of position.

The experimental system is as follows: the camera and the projector are
connected to the computer through serial ports; the encoded image is
sequentially projected on the surface of the object to bemeasured, where the
ball in the image is the object to be measured; the encoded image captured
by the camera is decoded by the computer; the hardware configuration of
the system consists of three major functional modules: the projection
module is an InFocus 82 projector (resolution 1024 pixels × 768 pixels);
the image capture module is a AT-200GE industrial camera (resolution
1624 × 1236); the image processing and computation module is the Dell
Precision T7910. The real picture is shown in Figure 3.

3 Research on edge and centroid
detection method based on shortest
path search technology of singular
operator

3.1 Principle of shortest path technology

As there is a phenomenon that the light stripes from the projector
spread light fringes to dark stripes. Therefore, in this work, we use
singular operators to improve the signal characteristics of the edge or
the center, and the shortest path search technology is used to locate the
sampling points of the edge or the center with high precision. The
specific process is shown in figure 4:

FIGURE 1
Multiline structured light measurement principle.

FIGURE 2
Principle of encoding and decoding by stripe edge and four-step line shift.
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Curve evolution theory is very effective in the field of image
segmentation and feature extraction. Cohen [17] proposes a global
minimum energy method for geometric active contours. Instead of
specifying the initial path, this method only requires the key points on
the path in advance and then determines the minimum energy curve
between the two key points by solving the functional equation.

From the above, a brief summary of the procedure for finding the
shortest path in the detection ofGray scale edges and the center of line shift
fringes is given: The cost function is introduced by using the difference
between the feature of the edge line or the center line and that of other
positions in the image, so that the cost function at the edge or center line to
be extracted is different from other values. Starting from the initial point,
we solve the equation of the equation and obtain the minimum energy
map. Finally, starting from the desired key points, the starting point can be
obtained by searching along the direction in which the minimum energy
decrease and the fastest change cannot be obtained, and the corresponding
curve of the shortest path can be obtained.

3.2 Construction of shortest path cost
function based on singular operators

Figure 5A is a standard gray code image. Projecting it onto the surface
of the object to be measured, we get the image shown in Figure 5B.

In Figure 5A, the grayscale image at the striped edge of the
scribed position Figures 6A, B, by comparing the change curve of
the gray level and the gray gradient within the measurement range,
it can be seen that the striped edge of the standard grayscale code
has a good step property. The same treatment was performed for
Figure 5B to obtain the curves in Figures 6C, D. It can be seen that
the edge of the gray code stripe in the projected image corresponds
to a smooth step curve.

According to the properties of the Gray level distribution of the
Gray level edge in the coded image, the singularity operator of the
Gray level edge is constructed as shown in Eq. 1:

φe x, y, σ( ) � Ie0,θ,σ x, y( )Ie1,θ,σ x, y( )∣∣∣∣ ∣∣∣∣
1 + Ie2,θ,aσ x, y( )∣∣∣∣ ∣∣∣∣2 (1)

In the formula, a is the factor of the scale constant and the
Gaussian kernel scale. Ie0,θ,σ(x, y) is the zero-order derivative of
the Gray code edge image along the direction θ(x, y) of the
Gaussian kernel scale σ; Ie1,θ,σ(x, y) is the first derivative of the
Gray code edge image along the direction θ(x, y) at the Gaussian
kernel scale σ; Ie2,θ,σ(x, y) is the second derivative of the Gray code
edge image along the direction θ(x, y) at the Gaussian kernel scale
σ.

According to above, at the edge of the Gray code, the first
derivative of the image reaches a local maximum and the second
derivative goes to zero, giving a large value to singular operator; the
singular operator has a solid response to the step signal and the
smooth step curve and can suppress impulse signals and other
noises in Gray code images, which is very suitable for stripe edge
extraction.

In summary, the cost function for the shortest path of the
singular Gray code edge detection operator is constructed as shown
in Eq. 2:

Pe � γI + 1 − γ( )ge φe x, y, σ( )( ) (2)
In the formula, γ is a proportionality factor, a constant used to adjust
the ratio of information after and before edge enhancement;
ge(φe(x, y, σ)) is a decreasing function of φe:

ge � max φe x, y, σ( )( ) − φe x, y, σ( ) (3)

FIGURE 4
Workflow of 3D measurement system.

FIGURE 3
Experimental system.
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3.3 Research on shortest path extraction
method

3.3.1 Key point detection
Given image I, image domain Ω ∈ R, cost function is P ∈ R, and

P> 0 (P is taken here as I itself, i.e. P � I). The set S is used to represent
all detected key point sets, the initial set S � k0{ }.

It is known that the initial wavefront is a circle, and the center of
the circle is k0. Combined with the fast-marching algorithm, there are
the following key point detection steps:

1) To find themap with minimum energy, we set the iterative step size
to t and solve the equation function U using the fast-marching

algorithm. Then the technique of finding the shortest path in the
reverse direction from the request point is applied and the map
with the minimum energy of the initial point is obtained;

2) The energy integral E of each path is calculated using Eq. 1. The
algorithm for the shortest path requires the minimum energy
integral E, the corresponding boundary point is the key
candidate kp;

3) Calculate the Euler distance of the path between kp and k0, if the
Euler distance is greater than the given threshold T, then this point
is upgraded to a key point k1. Euler’s distance between two points
can be calculated using Eq. 4:

L ki, kj( ) � ∑n

l�1 xl+1 − xl‖ ‖ (4)

FIGURE 5
The standard image of Gray code and image projection. (A) Standard Gray code; and (B) Projection image of plane.

FIGURE 6
Grey value and grey gradient curve of fringe edge. (A) Grey value of standard Gray code; (B) Grey gradient of standard Gray code; (C) Grey value of
projection plane with Gray code; and (D) Grey gradient of projection plane with Gray code.
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In the formula: n is the number of points through which the path
passes.

3.3.2 Path tracking detection
After finding the key point k1 on the path, both the key point set

and the path set are updated, including: S � k0, k1{ }, C � k0 → k1{ }.
The following steps are used to iteratively detect key points on the

path curve:

1) The updated key point set is S, all of them are set as source points
after updating. We use the fast-marching algorithm to find the
minimum energy graph, calculate for each key point the shortest
path integral energy E between it and the edge point of the
surrounding minimum energy graph, and determine the next
candidate key point in the edge point;

2) The Euler distance constraint is used to determine the candidate
key points which exceed the threshold T and upgrade to the new
key point k2;

3) Update the key point set and the path set, which are:
S � k0, k1, k2{ }, C � k0 → k1, k1 → k2{ };

4) The key point k2 satisfies the stop condition and stops the path
tracking monitoring;

5) If the stop condition is not met, loops a) to d), the final set of key
points and the final set of paths are obtained by iteration.

3.3.3 Stop condition
The next key point in the path is identified during each loop of the

path tracing, and we need to compare their Euler distance with the
default threshold T. This comparison criterion makes the Euler

distances between adjacent key points in the extracted shortest
path approximately equal, this feature in the shortest path can be
used to determine the endpoint of the path tracing.

We give two known adjacent key points p and q, ki is the candidate
key point of the adjacent key point q. If the candidate keypoint is the
closest one, the Euler distance from ki to point q should greater than
the threshold T, and it satisfies L(ki, q) ≈ T, and L(p, q) ≈ T, then it
can be deduced that the Euler distance condition that the candidate
key point ki and the key point p should satisfy, as shown in Eq. 5:

L ki, p( ) ≈ L ki, q( ) + L p, q( ) (5)
Since noise can easily interfere with path tracing, here is the

allowable error, Eq. 5 can be changed to the standard for monitoring
the stopping of path tracing, as shown in Eq. 6:

L ki, p( ) − L ki, q( ) − L p, q( )≤ ε (6)
If the candidate key points do not satisfy Eq. 6, end the pursuit the

path tracing.

4 Experiments and results

4.1 Contrast experiment with classical edge
detection operator

We compare the edge detection method proposed in this article
with various classical edge detection operators, and choose as the
object of study the edge of the stripe in the projected Gray code plane.

FIGURE 7
Edge detection image. (A) Gray projection plane; (B) Edge image of Sobel operator; (C) Edge image of Robers operator; (D) Edge image of Prewitt
operator; (E) Edge image of Laplacian operator; (F) Edge image of Canny operator; and (G) The method we propose.
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As shown in Figure 7, several classical operator methods for edge
detection perform the detection of the stripe edge on the image shown
in Figure 7A.

Figure 7G illustrates the detection results at the pixel level. The
comparison shows that in the real measurement scenario, the upper
left corner of the image shown in Figure 7A is darker than the other
parts. The Sobel operator, the Prewitt operator, and the Laplacian
operator cannot perform Gray code edge detection in this case, and
the edge detected by the Roberts operator suffers from
disconnection; noise in the edge images detected by the Canny
operator is an obstacle. In the edge line image obtained by the
method presented here, the edge line shown is the edge image
drawn by matching the sub-pixel edge line with the pixels with the
shortest distance. In the darker part of the image, the position of the

Gray code edge can still be accurately located, and no discontinuity
is observed.

4.2 Contrast experiment of central detection

Figure 8 shows that the results of the detection and localization of
the strip center based on the local Gray centroid method [18] and the
shortest path search technology based on the singular operator are
evaluated and compared when the center line-shift strip in the 3D
measurement is 4 pixels wide.

Table 1 tabulates the data of the positioning error in detecting the
center of a strip with a width of 4 pixels. The method described in this
article reduces the comprehensive error in detecting the center of the

FIGURE 8
Line-shift stripe center detection. (A) Stripe image; (B) The fitting center line; (C) Gray Gravity method straightness; (D) Straightness with this article
method; (E) Gray Gravity method parallelism; (F) Parallelism with this article method; (G) Gray Gravity method equidistance; and (H) Equidistance with this
article method.

TABLE 1 Centre detection positioning error.

Gray scale centre of gravity method This article method

Straightness error/pixel 0.146 0.070

depth of Parallelism error/pixel 0.192 0.099

equidistant degree error/pixel 0.188 0.091

Comprehensive error/pixel 0.305 0.145
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stripe by the Gray barycenter method from 0.305 pixels to 0.145 pixels.
Comparing the comprehensive detection and positioning errors
between the two methods, the center detection position is more
accurate in this article method.

4.3 Plane measurement experiments and
error analysis

The shortest path search technique based on the singular operator
is used to detect the edge of the Gray code and the center of the line
shift fringes in the three-dimensional measurement of structured light,
and realize the three-dimensional measurement of the measured
object. Figure 9 is the measured plane using Cartesian coordinates,
and the position of the measured plane is Z = 0. Figure 9A is the
measured plane, Figure 9B is the coding diagram of the projected Gray
code and line shift fringe on the measured plane.

Table 2 shows themeasurement data of the plane. The firstmethod in
the table is the detection of the three-dimensional measurement plane by
combining the edge detection of the intersection method and the centre
detection of the gray centroid method, and the second is our proposed
method. The mean plane error of the five positions measured by the
second method is 0.152 mm, which is smaller than the 0.279 mm

measured by the first method. The mean square plane error of the
five positions measured by the second method is 0.201 mm, which is
smaller than the 0.322 mm measured by the first method. The results
show that our proposed method is superior in terms of accuracy.

4.4 Spherical measurement experiments

Figure 10A is the measured spherical image, Figure 10B is the
encoding diagram of the Gray code and the line-shift strip of the
measured spherical projection.

Figure 11A shows the reconstruction of the spherical surface by
combining the edge detection of the intersection method with the
center detection of the gray centroid method, Figure 11B shows the
results using the edge and center detection method of the singular
operator based shortest path search technology.

In Figure 11A, due to inaccurate edge or center positioning, there
are many perturbations for some positions in the reconstructed object,
while there are few points for adjacent positions. This leads to errors in
point positioning during decoding and also to streaky protrusions or
depressions in the graph. Therefore, the proposed method is more
accurate in positioning and striped protrusions or depressions can be
reduced or even eliminated.

FIGURE 9
The measured plane and its encoding pattern. (A) Measured plane; and (B) Coding plan.

TABLE 2 Plane measurement errors in three-dimensional measurement.

Plane position/mm Maximum error/mm The mean error/mm Mean square error (MSE)/mm

−40 the first method 1.200 0.311 0.357

the second method 0.924 0.157 0.201

−20 the first method 1.115 0.290 0.320

the second method 0.876 0.151 0.199

0 the first method 0.946 0.240 0.293

the second method 0.829 0.146 0.197

+20 the first method 1.078 0.256 0.304

the second method 0.856 0.149 0.205

+40 the first method 1.184 0.298 0.334

the second method 0.898 0.155 0.203
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5 Discussion

In this article, we propose the singular operators and cost
functions based on a thorough review of the signal properties of
the Gray code edge and the center of the line-shift strips, and then
use the Euler distance as a constraint on the neighboring key points
computed by the fast-marching algorithm, integrated with the
computation of the minimum energy map in the shortest path
search technology. The experiments show that the shortest path
search method based on the singular operator for the edge and the
singular operator for the center proposed in this article improves
the accuracy of the positioning of the edge of the Gray scale strip
and the center of the line-shift strip in 3D measurement and
decoding, and thus increases the accuracy of 3D.
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FIGURE 10
The measured sphere and its coding diagram. (A) Measured sphere; and (B) Encoding pattern.

FIGURE 11
Spherical Reconstructed Image. (A) The method of combining Intersection method and Gray Gravity method; and (B) This article method.
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A precision refractometer using
strict dual-mode elliptical
multilayer-core fibers with
temperature and strain decoupled

Xiao Liang1* and Binzhou Zuo2
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To accurately measure the surrounding refractive index (SRI), an all-fiber
microstructure multi-parameters optical sensor based on Mach–Zehnder
interferometer (MZI) has been designed. A homemade elliptical multilayer-core
fiber (EMCF), in which only twomodes could be propagated, is used in this sensor.
This sensor has a sandwich structure of EMCF-SMF-EMCF (ESE). The sensitivities
of RI, temperature, and strain are analyzed practically, and different from each
other which would provide a basis for restraining cross-sensitivity of sensor and
improving measuring precision. According to the numerical simulation, the
relationship between the guided mode and relevant excitation coefficient is
shown, and the sensing characteristic of the interference spectrum is well
expatiated. Maximum sensitivities of ~31.83 nm per refractive index unit (RIU),
~69 pm/°C, and ~2.06 pm/µε have been experimentally achieved. The monitoring
system is promoted by the fact that the resonance dips have their individual
sensitivities, and the standard matrix inversion method is used for simultaneous
three parameters determination. Consequently, this fiber sensor could ensure the
completion of accurate SRI measurements with temperature and strain
decoupled.

KEYWORDS

strict dual-mode fiber, fiber sensor, mulit-parameters, axial micro-strain, in-fiber MZI

1 Introduction

The reliable and compact fiber sensors are significantly indispensable in many fields due
to their unique characteristics, such as extremely high sensitivity and precision, stable electric
insulation, chemical stability, resistance to electromagnetic interference, distributed
measurement, and durability. Therefore, the fiber sensor has drawn a great deal of
attention in various fields, such as the securities and protection monitoring [1, 2],
biomedical instruments [3, 4], the construction industry [4, 5], aerospace [6, 7], etc.
Apart from the above, the fiber sensor has the potential research values in measuring
the surrounding refractive index (SRI). Compared with the conventional refractometer,
which is mostly based on electrical and mechanical technologies [8], the fiber-optic SRI
sensor has the advantages of compact size, anti-electromagnetic interference, high voltage,
and corrosion resistance. However, due to the higher order modes guided in fibers, a stable
clean interference spectrum would be hardly obtained. In addition, due to the temperature
and axial micro-strain cross-sensitivity, the fiber-based refractometer could hardly achieve
high-accuracy survey as well.
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To attain a stable clean interference spectrum, the number
of guided modes in the fiber must be limited, and the energy
occupation of each mode should be roughly the same [9]. To
restrict the number of interference modes, some solutions like
using few modes fiber (FMF) have been demonstrated, such as
temperature and strain sensors using an elliptical central silica
core [10], gas concentration measurement based on the dual-
mode Fiber Bragg Grating (FBG) structure [11], dual-parameter
active fiber sensor based on a fiber ring laser [12], liquid-core
optical fiber [13], and et al. A novel SRI sensor based on a
specially designed polyimide coated dual-mode fiber (DMF) is
presented by Lei [14]. The structure of this fiber is fabricated
with an inner core, three inner claddings, and a pure silica outer
cladding, which only permits the fundamental mode, LP01, and
the higher order core mode, LP02, to propagate. However,
higher order modes could be propagated in the round-core
fiber, which leads to an unstable interference spectrum. In
addition, the perturbance of temperature and micro-strain in
the refractometer could also cause an unpredictable
disturbance. Several schemes have been proposed to remove
one interfering component, such as the temperature-
compensated refractometer [15], and the refractometer with

strain-error correction [16]. Moreover, there are some schemes
proposed for the simultaneous measurement of them. A novel
fiber-optic refractometer is proposed with its temperature and
axial strain compensation [17]. This literature demonstrates a
scheme using a tapered bend-insensitive fiber. However,
numerous nanoscale gas-filled voids are embedded in its
cladding, making it complex and a little repeatable. This
study aims to develop a precision refractometer using
homemade elliptical multilayer-core fibers (EMCF) with
EMCF-SMF-EMCF (ESE) structure. Based on the in-fiber
Mach–Zehnder interferometer (MZI), this refractometer is
proposed and experimentally characterized.

This sensor has the advantage of a stable structure and is
relatively easy to be fabricated. Furthermore, it could
simultaneously measure SRI, temperature, and axial micro-strain.
The transmission dips have their individual sensitivities. Thus, the
temperature could be compensated, and axial micro-strain error
could be corrected, which leads to an improvement in SRI
measurement. In addition, by utilization of the EMCF, the higher
order modes are suppressed, and it could only support the LP01 and
LPeven

11 , while the LPodd
11 would be suppressed by the elliptical fast-axis

[18]. This strict dual-mode EMCF would enable this sensor to

FIGURE 1
Schematic diagrams of (A) the cross-section micrograph of the elliptical core area; (B), (C) the index profile along the fast/slow axis; and (D) the
cross-section microstructure of the EMCF.
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achieve a stable and clean interference spectrum [19]. Consequently,
the multi-parameter monitor is easy to carry out by the wavelength
shift. A detailed analysis of the mode interference is proposed. The
operation mechanism and methods for characteristic compensation
are demonstrated in elaborate experiments.

2 Design and principles of operation

2.1 Structure of the EMCF

This homemade strict dual-mode EMCF could be obtained
with conventional modified chemical vapor deposition (MCVD)
and solution-doping techniques. It is composed of an elliptical
core area and conventional cladding. Figure 1A illustrates the
cross-section micrograph of the elliptical core area, while the

cross-section microstructure of the EMCF is shown in
Figure 1D. It could be found from Figures 1A, D that the
elliptical core area consists of a central elliptical core and
three inner elliptical layers. The elliptical core area has a
slow/fast axis with a length of 22.64/18.05 μm, and the
diameter of the fiber is 125 μm. This special structure
guarantees the feasibility of the strict dual-mode operation,
which will be described in more detail later.

Figures 1B, C depict the distribution of the refractive index
(RI), which is gained by an optical fiber analyzer (EXFO
NR9200). This alternating low and high refractive index in the
elliptical ring structure is acquired by doping with fluorine and
germanium. The EMCF has a conventional cladding, the gray
part, whose RI is 1.444. The highest RI of the slow/fast axis could
achieve about 1.449/1.4485, while the lowest part could be
approximately 1.4408/1.4415. The RI distribution is non-

FIGURE 2
Details of the proposed sensor, (A) the three-dimensional structure; (B) the close view and geometrical sizes; (C) the representation and operation.
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uniform and not strictly axisymmetric, which might have some
influence on the mode distribution [20].

2.2 Configuration of the sensor and
transmission principle

A fiber sensor, an in-fiber MZI based on ESE, has been utilized,
and schematically plotted in Figure 2A and widely detailed in
Figure 2C. It has a symmetrical ESE structure in that two same
EMCFs are spliced to each end of a central SMF (Corning SMF-28).
Then, two segments of SMF are stitched to the opposite ends of the
ESE, playing the role of input and output SMF, respectively. Each
segment is combined by the fiber fusion splicer (Fujikura, FSM-
100M/P). As depicted in Figure 2B, the ESE is 48 mm long, which is
10 mm less than the total length of the sensor. This compact size
enables this sensor to have a great potential for development and
application in the field of micro-sensing. In more detail, the EMCF
and central SMF lengths are 5 mm and 38 mm, respectively. This
geometrical size is specially designed for an ideal coupling ratio of
the propagating modes, which would be discussed in detail later.

Figure 2C shows the basic sensing principle of the sensor. A
Gaussian beam is injected into the lead-in SMF, playing the role of
the light source. Before reaching the central SMF, whose core and
cladding act as the two arms of MZI, the fundamental modes (LP01)
and other cladding modes are excited by the first EMCF. As all the
cladding modes have been coupled back to the core area by the
second EMCF, an interference spectrum could be obtained in the
lead-out SMF [21]. The SRI, temperature, and axial micro-strain
could influence the optical path difference (OPD) of the LP01 and
other modes. Hence, this device has the potential to measure the
three parameters simultaneously. In addition, the fused splice losses
between each EMCF and SMF, which correspond to Point 1 to Point
4, are 0.16 dB, 0.26 dB, 0.25 dB, and 0.16 dB, respectively. To have a
high extinction radio MZI, the major axes of two EMCFs should be
aligned, and the rotation angle of this two fibers should be specially
arranged. The manufacturing approach is referenced to [22]

As mentioned above, the largest RI difference in the core area is
only 0.0082, which satisfies the weakly guiding approximation [23].

By accumulating all the excited modes, which could be described as
normalized and orthogonal wave functions, the total optical field
distribution ψ(x, y, z) is derived as

ψ x, y, z( ) � ∑N
n

ηnψ
E
n x, y( )e−iβnz (1)

Where N is the number of excited modes in the EMCF. ηn, ψ
E
n(x, y),

βn are excitation coefficient, guided mode distribution, and the
longitudinal propagation constant in the EMCF, respectively. n
represents a particular mode. Theoretically, the total field
distribution is nearly the same as the incident field distribution.
At the z � 0 position, the excitation coefficient, ηn, could have the
expression in the form as [24]

ηn �
∫∫ψS

n x, y( )ψE
n x, y( )dxdy

∫∫ψE
n x, y( )ψE

n x, y( )dxdy (2)

Where ψS
n(x, y) is the incident field distribution in the input SMF.

Figure 3A describes the curves of different effective refractive
index neff vs. wavelength λ. According to the optical waveguide
theory [27], the cutoff wavelengths of LPeven

11 and LPodd
11 are not the

same, which is different from that of the conventional circular
optical fiber. This happens because the effective index is related
to the geometric size of the elliptical axis. Consequently, the LPeven

11

has a higher cut-off wavelength than that of LPodd
11 . With a

wavelength ranging from 1,425 nm to 1,575 nm, only the LP01

and LPeven
11 could be propagated in the elliptical waveguide

system. As a result, the EMCF could be considered as a distinct
dual-mode fiber, which could only support four orthogonal
polarization modes.

According to the definition of the half beat length Lπ [24]

Lπ � π

βLP01
− βLPeven

11

(3)

Where the propagation constants of LP01 and LPeven
11 are represented

as βLP01
and βLPeven

11
, respectively. In this sensor, the EMCF is 5 mm

long, which is approximate eleven times of Lπ
2 . Hence, according to

the coupled mode theory [23], the coupling ratio could achieve
approximately 3 dB. As shown in Figure 3B, in the first EMCF, the

FIGURE 3
The guided-mode propagation analysis in EMCF, (A) the curves of λ vs. neff of the guided modes; (B) excitation coefficients for different modes in
1,510 nm; (C) excitation coefficients of various modes for various wavelength propagating in the first EMCF.
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excitation coefficient of LP01 is 49%, and the one of LPeven
11 is 32.4%.

Other modes, which occupied 18.6%, are depicted in Figure 3C.
Most obviously, the two mode groups, LP01 and LPeven

11 , are
dominant. In contrast, other higher order modes are so weak
that they could be neglected. The reason why the higher order
modes could be excited is that the coating of the EMCFs is removed
completely. However, most of them would reduce exponentially
because of weakly bound [9].

According to the definition of the normalized constant Vn [9]

Vn � 2π
λ
R

�������
n2
co − n2

cl

√
(4)

Where λ is the operation wavelength, R is the diameter geometry of
the fiber, nco/ncl is the index of core/cladding. Since the normalized
constant Vn of the EMCF varies in the different working
wavelengths, the excitation coefficients among the three
wavelengths are slightly different. In this case, a stable and clean
interference spectrum could be gained.

Figure 4 shows the transmission spectrum and the free spectral
range (FSR). As depicted, the interference spectrum is clean and
stable. Since the two dominant mode groups have a close excitation
coefficient, this phenomenon could be explained by the distinct
dual-mode interference process. Therefore, regardless of other
modes, the FSR could be described as [25].

FSR ≈
λ2

ΔnS
LPLS + 2ΔnE

LPLE
(5)

Where ΔnSLP/ΔnELP is the refractive index difference between modes
LP01 and LPeven

11 in the central SMF/EMCF. LS and LE are the lengths
of the central SMF and EMCF, respectively. The FSRs in the air and
water are the distance of the adjacent resonance dips, which are
12.6 nm and 12.4 nm, respectively. The spatial frequency is gained
by the Fast Fourier Transform (FFT). The distance between the two
peaks is 0.08069/nm in air and 0.08075/nm in water. The two peaks
show that there are mainly two modes with similar power. However,
there are some evanescent modes, which would cause some effect on
the sensitivity and drift direction of the interference dips. To sum up,

a clean and stable interference spectrum could be obtained by taking
advantage of the strict dual-mode EMCF and controlling its length.
The distinct FSR between each resonance dip is conducive to multi-
parameter sensing because it could support a cleaner dip-drift
spectrum. In addition, more accurate parameter sensitivities
could be achieved. Finally, the conventional demodulation
algorithm could be more simple and more precise.

2.3 Sensing principle

According to the optical waveguides theory [20], compared with
LP01, the LPeven

11 has a lower effective refractive index, who has a low
optical waveguide confinement property. Furthermore, the ESE
structure has no coating, decreasing the absorption of radiation
modes. As a result, LPeven

11 modes could be propagated in the
cladding of the central SMF. The sensing principle is based on
the multimode interference (MMI) effect. The OPD between these
two modes could be influenced by the environment which could
change the effective refractive index and the LS. Regardless of the
much shorter part, LE , the phase delay Δϕij could be expressed
as [17]

Δϕij ≈
2π n01

ef f − nij
ef f( )LS

λ
� 2πΔnij

ef f LS

λ
(6)

Where n01eff and nijeff are the effective refractive index of LP01

and a higher order mode, respectively. Δnijeff is the effective
refractive index difference between these two modes. The
extinction radio of the interference spectrum could reach optimal
performance, as Δϕij � 2nπ. Regardless of the evanescent modes, we
could replace Eq. 6 by

λn ≈
Δnij

ef f LS

n
(7)

Where λn is the wavelength of the nth resonance dip. As a result,
λn ≈

Δnij
eff

LS

n . In practical application, λn could be influenced by axial
micro-strain, temperature, and SRI simultaneously.

FIGURE 4
Interference-pattern analysis: the measured transmission spectrum and corresponding spatial frequency of the EMCF-based MZI in (A) air/ (B)
water.
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When axial micro-strain serves as the only source of
interference, the change of λn caused by axial micro-strain could
be described by [25]

Δλn,S � − 1 + 2μ + pe( )λnΔε � Cn
SΔε (8)

Where Δλn,S is the variation of λn caused by micro strain, μ is the
Poisson ratio, and pe is the effective strain-optic coefficient. For
most silica fibers, μ and pe value 0.16 and 0.22, respectively.
Δε � ΔLSMF

LSMF
, is the variation of axial micro-strain. Thus, Cn

S is a
coefficient only related to material type. Therefore, the axial
micro-strain could be determined by the shift of resonance
wavelength.

Overlooking the affect by axial micro-strain and SRI, the change
of λn caused by temperature, Δλn,T, could be obtained as [26]

Δλn,T � δ + ζ( )λnΔT � Cn
TΔT (9)

Where δ and ζ are the thermal optical coefficient and dilatation
coefficient respectively. For certain materials, δ and ζ are two
constants. ΔT is the fluctuating temperature. Cn

T is a constant
only changed by the material type. Thus, by monitoring the
wavelength drift, we could obtain the exact variation of the
surrounding temperature.

When only SRI is considered, n01eff would remain stable because
of its deep location. Hence, the wavelength of the nth resonance dip
influenced by SRI, λn,R, could be expressed as follows

λn,R ≈
n01
ef f − nij

ef f ,R( )LS

n
(10)

Where nijeff,R is the effective refractive index of a higher order mode
influenced by SRI. Then the variation of λn caused by SRI, Δλn,R,
satisfies a similar equation [26]

Δλn,R ≈
−Δnij

ef f ,R

Δnij
ef f

λn ≈
−K
Δnij

ef f

λnΔnR � Cn
RΔnR (11)

Where ΔnR is the SRI variation, K is the proportionality between
ΔnR and nijeff,R.

λn
Δnij

eff

is a fixed constant as mentioned above.
Generally, the relationship between ΔnR and nijeff,R tend to be
non-linear. However, in this experiment, the range of ΔnR is
strictly limited. Hence, nijeff,R could have a nearly linear increase
with the increase of SRI. As a result, Cn

R is a fixed value as C
n
T and C

n
S .

Similarly, by measuring the variation of λn, the SRI could be gained.
In addition, the sensitivity of each dip is different due to higher

modes, which would be demonstrated with emulation and
experiment results. To sum up, Cn

R, Cn
T, and Cn

S provide an
opportunity to construct a character matrix for precision SRI
sensing. Thus, this sensor could facilitate discrimination among
the SRI, the temperature, and micro-axial strain, achieving accurate
SRI measurement with temperature and axial strain compensations.

The essential condition to facilitate discrimination among these
three parameters is differences in drift-sensitivity and drift-direction
for environment variables. This phenomenon is caused by the higher
order modes and has been analyzed in Figure 5. Based on the
waveguide property, different Δnneff would cause different
interference frequencies, f. Various f could cause various phase
delays, Ψ, as the variation of the environment. To better explain this
phenomenon, the frequency components are taken analogous to
sinusoids in the time domain. The interference pattern produced by
LP01 and LPeven

11 is depicted in Figure 5A. Qualitatively, it processes a
wide range of intensity and a lower f, compared with the other
interference pattern, Figure 5B, which is caused by LP01 modes and
higher order modes. Regardless of the various intensity and other
contributing factors, the MMI effect is taken analogous to sinusoids

FIGURE 5
The mechanism analysis of the spectra shift, (A), (B), (C) the different sensitivities of the dips as the variation of the ψ; (D), (E) the different shift
directions as the variation of the excitation coefficients.
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mixing, and is shown in Figure 5C. The degree of drift for each
resonance dip is different, demonstrating that the higher order
modes could affect drift sensitivity. Figure 5D depicts the
changing tendency of the excitation coefficients. With the
increasing working wavelength, the effective refractive indexes of
the guide modes would decrease slightly. As a result, the excitation
coefficients of LP01 and LPeven

11 would decline, and those of other
modes would rise gradually. Figure 5E presents the shift directions as
the variation of the excitation coefficients. One can find that the

marked dips show different shift directions and different drift
sensitivities. To sum up, the waveform drift is ultimately
determined by the Δnneff and excitation coefficients of guide modes.

3 Experimental methods and discussion

Asmentioned above, a precision refractometer with temperature
and strain compensated simultaneously could be accomplished with

FIGURE 6
The schematic diagram of experimental setup for (A) temperature, (B) SRI, and (C) strain measurement.

FIGURE 7
The tri-parameter monitoring results, (A), (B), (C) experimental transmission spectra under different RI/temperature/strain of surrounding areas; (D),
(E), (F) the fitted line of dips wavelength shifts with different RI/temperature/strain.
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the structure of ESE. For this purpose, this sensor has been tested
under different environments with one variable controlled.

Figure 6A presents the experimental architecture for
temperature measurement. The sensor is secured with two fiber
clips to prevent transverse bending. The micro-adjusters are applied
to obviate the disturbance of the axial micro-strain. All the devices
are placed in a temperature control box (WEISS, WT1-180). A
broadband source (KOHERAS, superK uersa) serves as a light
source. The S + C band range is provided for the sensing system,
which is used for conventional communication. As a result, this
refractometer could have potential application in remote sensing
system. The optical spectrum analyzer (OSA) is used for detecting
the interference spectrum. The experimental transmission spectra
showing a wavelength red shift corresponding to the temperature of
0°C–80°C, are presented in Figure 7A. The temperature range is
divided into nine values (0, 10, 20, 30, 40, 50, 60, 70, 80°C). With the
increase of the ambient temperature, the resonant wavelength
increases by 4.625 nm on average. A linear relationship between
the temperature and resonance wavelength is shown in Figure 7D.
The line slopes represent the different drift-sensitivities, which are
about ~69.02 pm/°C, ~59.03 pm/°C, and ~45.45 pm/°C, respectively.
The average correlation coefficient of polynomial fitting, R2, is above
0.998, demonstrating very accurate linearity.

Figure 6B shows the SRI experiment, in which this
sensor is submerged in NaCl solutions of 0%–15% at 20.0°C
with zero strain. The SRI increases in line from 1.3330 to
1.3609 with the concentration of NaCl increasing, which
is measured by an Abbe refractometer. The measuring
approach is referenced to [28]. In contrast with temperature
sensing, the dip wavelength shows a blue shift as depicted
in Figure 7B. The accurate linear relationship between
SRI and the resonance dips with an average R2 over 0.988 is
shown in Figure 7E. The sensitivities of SRI for each dip are
~28.66 nm/RIU, ~17.35 nm/RIU, and ~31.83 nm/RIU,
respectively.

Figure 6C illustrates the experiment of measuring axial micro-
strain at room temperature. In it, the sensor could be elongated
by the micro-adjuster. The axial strain experiment, Figure 7C, is
carried out by elongating the ESE structure at a step of 10 µm,
corresponding to 208 µε. Similarly, it shows a blue shift. The
linear relationship between the axial micro-strain and the
resonance dips with an average R2 over 0.999 is recorded in
Figure 7F. The sensitivities for each dip are about ~2.06 pm/µε,
~1.84 pm/µε, and ~1.71 pm/µε, respectively. The fiber-optic SRI
sensor exhibits a cross-sensitivity of strain, which is consistent
with previous studies [16, 22]. Therefore, an ideal refractometer
should be capable of discriminating the strain induced
wavelength shift.

To sum up, the linearity of this refractometer is very accurate.
In both the simulation and experiment, the resonance dips have
their individual sensitivities. In addition, in the experiments, the
dips’ drift direction is depended on the Cn

R, C
n
T, and Cn

S . As only
Cn
T is positive, the interference spectrum would have a red shift as

the temperature increasing, while the one would have a blue shift

as the SRI or axial micro-strain increasing. However, these
coefficients which would affect the experiment result are not
considered in the simulation. Thus, the drift direction in the
simulation is different from that of experiment. In order to give
the experiment direction, the proper simplified condition would
be desirable. In short, the calculated results are in good
agreement with the experimental data.

The standard matrix inversion method could be used for
simultaneous determination of axial micro-strain, temperature,
and SRI, when taking Cn

R, C
n
T, and Cn

S as the nth dips’ drift slopes.
By combining Eqs. 7–9, a matrix equation could be obtained to
facilitate discrimination among the three parameters as follows.

Δλn−1
Δλn
Δλn+1

⎡⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎦ � Cn−1
R Cn−1

T Cn−1
S

Cn
R Cn

T Cn
S

Cn+1
R Cn+1

T Cn+1
S

⎡⎢⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎥⎦
Δn
ΔT
Δε

⎡⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎦ � MR,T,S

Δn
ΔT
Δε

⎡⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎦ (12)

Where MR,T,S is a coefficient matrix. As MR,T,S and Δλn are
available through specific experiments, the negative effects of
strain and temperature cross sensitivity could be quantified.
Thus, by calculating the inverse matrix of the coefficient
matrix, M−1

R,T,S, the error due to temperature and axial micro-
strain could be compensated to negligible degree. The proposed
approach shows better measurement characteristics than the
previous scheme, which usually could only realize temperature
or micro-strain compensation. Thus, this SRI sensor is suitable
for resolving a high degree of cross-sensitivity.

4 Conclusion

In conclusion, a precision fiber refractometer with
temperature and axial micro-strain compensation has been
demonstrated. Based on the strict dual-mode EMCF, the in-
fiber MZI could obtain a stable clean interference spectrum.
This high-quality spectrum is a guarantee for multi-parameter
sensing. The FFT analysis of the interference spectrum
demonstrates that almost only foundation modes and LPeven

11

are supported. The mechanism of MMI has been developed to
interpret the various drift sensitivities and drift direction, which
is a novel formulation. By measuring the three dip shifts, the
coefficient matrix MR,T,S could be calibrated. Consequently, the
three parameters could be measured simultaneously by using the
method of spectrum character demodulation. Finally, this
refractometer could achieve precision SRI sensing with
temperature and axial micro-strain compensation. Therefore,
the proposed approach shows great potential for applications
in precision SRI measurement with the multi-parameter cross
sensitivity [27, 28].
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3.2kW, 0.22nm narrow-linewidth
MOPA configuration fiber laser
with a homemade
polarization-maintaining
Yb-doped fiber

Shibiao Liao, Tao Luo, Runheng Xiao, Junjie Cheng, Chang Shu,
Zhilun Zhang, Yanyan Zhou, Yingbin Xing*, Haiqing Li,
Jinggang Peng, Nengli Dai and Jinyan Li

Wuhan National Laboratory for Optoelectronics, Huazhong University of Science and Technology,
Wuhan, China

In this work, a narrow-linewidth linearly polarized fiber amplifier with a record
output power of 3.2 kW was achieved based on a homemade polarization-
maintaining Yb-doped fiber corresponding to a slope efficiency of 79% and a
3 dB linewidth of 0.2227 nm. By examining various numerical aperture (NA)
PMYDFs, the experimental investigation on expanding mode instability (MI)
threshold in PM fiber amplifiers was put on display. And the results reveal that
theMI threshold is enhanced bymore than 370W for every 0.004 decrease in core
numerical aperture. Increasing the seed linewidth from 0.0454 nm to 0.0976 nm
by adding 200m polarization maintaining Ge-doped fiber the stimulated Brillouin
scattering threshold increased from 805W to above 3.2 kW. By applying the MI
suppression method, a double-eight-shaped aluminum plate was adopted to coil
the gain fiber, and the MI threshold increased by more than 1100W.

KEYWORDS

polarization-maintaining Yb-doped fiber, MOPA, fiber laser, SBS, MI, NA control

1 Introduction

High-power narrow-linewidth fiber lasers or amplifiers with linearly polarized have been
a major area of interest within the field of gravitational wave detection (GWD), non-linear
frequency conversion (NFC), spectral beam combining (SBC), coherent beam combining
(CBC) [1–6], and ultrafast lasers [7–12], etc., Over the last decade, ytterbium (Yb)-doped
master oscillator power amplifiers (MOPAs) with linearly polarized ones have made great
progress, and the power scaling has reached the muti-kilowatt level [13–15]. However, a
number of destructive non-linear phenomena, including stimulated Raman scattering (SRS),
stimulated Brillouin scattering (SBS), and thermal mode instability (MI), can jeopardize the
stability of the laser system because of the high intensity in the fiber core [6, 16–18]. Among
them, MI and SBS are the main limiting factors in the power scaling of a high-power narrow-
linewidth linearly polarized MOPA system [18, 19].

A great deal of theoretical and experimental strategies has been carried out for mitigation
of the MI or increasing its threshold power and SBS non-linearities in fiber laser systems. By
taking into different strategies, some traditional methods to mitigate the MI in high-power
all-fiber laser systems are to use few-mode fibers with tight coiling [18, 20], balance the heat
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load of a gain fiber [21, 22], design the spiral winding shape of fiber
[23, 24], and tailor the gain fiber with high laser performance [25].
To some extent, tailing the gain fibers, such as confining Yb3+ doping
in the fiber core [26, 27], varying core size in the longitudinal
dimension [28, 29], and decreasing the numerical aperture (NA) of
the large mode area (LMA) [30] fiber are theoretically and
experimentally demonstrated to be capable of the effective
suppression of the MI effects. And there are many theoretical
and experimental studies for designing the common Yb-doped
fiber (YDF) to solve the MI in random polarized fiber laser
systems [30, 31]. However, few studies are reported on the fiber
design solutions of MI in a linearly polarized fiber laser system due
to its complexity of polarization-maintaining Yb-doped fiber
(PMYDF) structure manufacturing. The traditional modified
chemical vapor deposition (MCVD) technology combined with
the solution doping process (SDP) is considered to be an easy
and effective strategy to design the core NA of fiber and
manufacture the excellent PMYDF [5, 32]. The detailed
experimental studies on the influence of core NA of the PMYDF
have a significant impact on the further power scaling of a high-
power linearly polarized fiber laser.

Taking the various strategies of seed sources into consideration,
some typical approaches to realize high-power narrow-linewidth
linearly polarized fiber amplifiers are to use phase-modulated single-
frequency laser (PMSFL) seeds [14, 15], super-fluorescent (SF) seeds
[33, 34], random fiber laser (RFL) seeds [35, 36], and fiber oscillator
laser (FOL) seeds [5, 13, 32]. And the multi-stage pre-amplifier and
main-amplifier schemes based on the PMSFL seeds, SF seeds, and
RFL seeds make the entire system complex and expensive while the
scheme based on the FOL seeds is straightforward and practical due
to its one-stage amplification. However, it is well known that the SBS
effect is easily stimulated in amplifiers based on a FOL seed due to its
temporal instability [14, 36]. Previous theoretical studies have
shown that broadening the output linewidth of the laser can
effectively suppress the SBS effects [37]. Increasing the
bandwidth of output coupler (OC) fiber Bragg grating (FBG) is
adopted to be a common way to broaden the linewidth [38],
however, which is not conducive to suppressing temporal
instability. In 2019, Li et al. reported that by inserting long
transmission fibers in a seed laser [39], the temporal fluctuations
could be flattened, while increasing the seed linewidth. Therefore, we
want to introduce the method of inserting long transmission fibers
into the polarization-maintaining (PM) MOPA systems based on a
FOL seed and improve the SBS threshold, which is meaningful to the
wider application of high-power narrow-linewidth linearly polarized
amplifiers.

In this work, a maximum output power of 3.2 kW with a 3 dB
linewidth of 0.2227 nm reached by applying the combination of a
homemade PMYDF and a double-eight-shaped aluminum plate,
corresponding to a slope efficiency of 79%. To the best of our
knowledge, this is the highest output power from a linearly polarized
narrow-linewidth fiber amplifier based on a FOL seed. The beam
quality factor of M2

x and M2
y is 1.307 and 1.285 respectively at

2024 W. During the experimental process, three different NA
PMYDFs were manufactured by MCVD combined with SDP,
and the experimental relationship between the core NA and MI
threshold in PM systems have been investigated for the first time.
The results reveal that the MI threshold can be further scaled by

decreasing the core NA. The threshold power increased from
1350 W to 1752 W and 2126 W for the case where the core NA
drops from 0.068 to 0.064 and 0.060. The SBS effects are well-
suppressed during the power scaling by broadening the seed
linewidth.

2 Fiber fabrication and characterization

To study theMI threshold of fibers, three different NA PMYDF
were manufactured by MCVD combined with SDP. The core and
inner cladding dimensions of the PMYDF were designed and
found to be 20 μm and 400 μm, respectively, as the relatively
large-mode area may reduce non-linear effects and an adequate
NA may ensure excellent beam quality. In addition, the 20/400 μm
PMYDF has been a preferable choice for the high-power narrow-
linewidth fiber amplifiers, and the fiber design based on NA
investigation may provide a new sight for its further scaling.
The concentration of the doping components in the SiO2

matrix directly affects the refractive index and NA during the
process of solution doping. Hence, the doping components of Yb3+

and Al3+ were adopted to modulate the NA of the fiber. It should be
noted that the increased Yb3+ will improve the absorption
coefficient and NA of fiber simultaneously and excessive Yb3+

doping will cause crystallization. Therefore, Al3+ needs to be co-
doped at the same time to improve the solubility of Yb3+ and
eliminate crystallization. Meanwhile, the development of a center
dip in the refractive index profile (RIP) may be avoided since Al3+

has minimal volatility. Since they all contribute positively to the
RIP, the content of Yb3+ and Al3+ is accurately controlled so that
NA can be confined to an effective range.

The technique in which PMYDF is prepared is almost identical
to that described in our earlier work [32]. Specifically, the fabrication
of active fiber preforms by MCVD combined with SDP can be
divided into five fundamental steps: 1) barrier layer and soot layer
deposition, 2) rare-earth solution doping, 3) thermal drying, 4)
sintering, and 5) collapse. Different from the preparation of
conventional Yb-doped fiber (YDF), the preparation of PMYDF
needs to add two sets of processes: preform drilling and boron rod
assembly. Subsequently, after achieving a well-prepared polarization
maintaining (PM) preform, at temperatures of 1980°C, the preform
assembly was pulled into a 20/400 μm fiber with a circular cladding
and coated with a low-index polymer [5].

The detailed parameters of the three PMYDFs are shown in
Table 1. In order to characterize the effect of NA on the MI
threshold, the three kinds of PMYDF were fabricated with very
close parameters for comparison. The RIP of PMYDF-3 with almost
the same trend as the other two is shown in Figure 1A. The

TABLE 1 Characteristic of three different NA PMYDFs.

Fiber samples NA Absorption@
976 nm

Fiber length m)

PMYDF-1 0.068 1.56 dB/m 11.2

PMYDF-2 0.064 1.47 dB/m 11.9

PMYDF-3 0.060 1.35 dB/m 13.0
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difference between the three fibers lies in the various core ions
doping concentrations, which leads to a different NA. Figure 1B
presents the cross-section of the PMYDF-3 exhibiting a 20.1 μm
fiber core and a 400.2 μm inner cladding. The NA of the three fibers
is 0.068, 0.064, and 0.060, respectively, corresponding to the
cladding absorption coefficients at 976 nm of 1.56 dB/m, 1.47 dB/
m, and 1.35 dB/m. As revealed in [40], Tao et al. demonstrated that
the MI threshold was independent of dopant concentration as long
as the same total pump absorption was maintained. Therefore, the
only variable that affects the MI threshold is the difference in NA in
our experiment.

3 Experimental setup

An all-fiber high-power narrow-linewidth linearly polarized
MOPA was built up as shown in Figure 2, which has been
described in our previous publication [5, 32]. The system
contains a PM-FOL seed and the main PM amplifier. The PM-
FOL seed consisting of a linear-cavity oscillator which is composed
of a pair of gratings and an active fiber of 3.2 m is pumped by a fiber-
pigtailed wavelength-stabilized 976 nm laser diode (LD). For
polarization selection, the fast-axis wavelength of the high
reflectivity (HR) FBG fitted the slow-axis wavelength of the

FIGURE 1
Characteristics of the PMYDF-3 (NA = 0.06) (A) Refractive index profile of the preform; (B) Image of the fiber cross-section.

FIGURE 2
Scheme of experimental setup based on master oscillator power amplifier (MOPA). LD, laser diode; HR, high reflectivity fiber Bragg grating; OC,
output coupler fiber Bragg grating; PM-CPS, polarization maintaining cladding power stripper; PMGDF, polarization maintaining Ge-doped fiber; BPF,
bandpass filter; ISO, isolator; MFA, mode field adaptor; HWP, half-wave plate; PBS, polarization beam splitter; HRM, high reflection mirror; PD,
photodetector.
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output coupler OC FBG. The full width at half maximum bandwidth
(FWHM) of the HR-FBG and the OC-FBG was 0.25 nm and
0.05 nm, respectively. The cladding absorption coefficient of the
commercial PMYDF is approximately 4.95 dB/m at 976 nm. The
cavity’s passive fiber measures around 1 m in length. Then, a PM
cladding power stripper (CPS), a PM isolator (ISO), and a PMmode
field adaptor (MFA) are closely followed. When the laser beam
passes through the PM ISO, the PM ISO is used not only for blocking
backward light but also for monitoring the backward SBS signal
which originates from a final amplifier. The PM MFA is with an
input size of 10/125 μm and an output size of 20/400 μm.

The main PM amplifier is based on a counter-pumping
configuration. The PM CPS after the seed is used to remove the
cladding modes and pump lights in the fiber cladding which are
generated by mode field mismatch from the seed and unabsorbed
pump lights from the amplifier. A total pump absorption of 17.5 dB
at 976 nm was adopted to trade off the laser efficiency against the
SBS effects. The gain fiber length used in the amplifier is shown in
Table 1. A runway-shaped aluminous plate was employed to coil the
gain fiber for thermal management. The signal laser was injected
from the coiled PMYDF with a diameter of ~10 cm, and the largest
diameter of the coiled PMYDF was ~17 cm. The amplifier was
pumped by non-wavelength-stabilized 976 nm LDs via a (6 + 1) ×
1 PM combiner. Six 220/242 μm fibers with a NA of 0.22 make up
the combiner’s pump ports, while its input and output signal ports
are both 25/400 μm PM fibers with NA of 0.065 for the core and
0.46 for the cladding, respectively. A CPS and a collimator with a size
of 30/400 μm are spliced behind the PM combiner. The output beam
passes a half-wave plate (HWP) and a polarization beam splitter
(PBS) for selecting the measured polarization. The PER is
determined as 10log (Power 3/Power 2) shown in Figure 2. Then,
a high reflection mirror (HRM) follows. A photodetector (PD) with
a pinhole of a 1.5 mm diameter was placed to receive the reflected

scattering lights. Three power meters, a spectrum analyzer, an
oscilloscope, and an M2 analyzer are used to analysis of the
characteristics of light. The whole MOPA system was mounted
on an actively cooled heat sink with a cooling temperature of 16 °C to
avoid thermal damage [32].

4 Experimental results and discussion

4.1 Laser performance and discussion of
three PMYDFs

The contrast of output power characteristics: the output laser
and backward power of the MOPA system versus the pump power
and the frequency-domain characteristics of the amplifier by
applying the three different NA PMYDFs were recorded and the
results are shown in Figure 3. Since SBS has been a serious limiting
factor to power scaling and is easy to be stimulated in high-power
narrow-linewidth fiber amplifiers, hence, the backward power was
recorded by a power meter named power 1, as depicted in Figure 2.
Experimentally, it has been reported that reflectivity of 0.01%–1%
indicates the amplifier working around the continuous wave (CW)
SBS threshold [15]. By applying the PMYDF-1 in the amplifier, an
output power of 1350 W was achieved with a slope efficiency of 80%
shown in Figure 3A. The high laser efficiencies indicate that the
fabricated fiber possesses a low background loss. During the power
scaling experiments, a sudden increase of backward power occurred
with the laser power beyond 820 W. This can be a sign of the SBS
threshold. As a PM ISO was utilized to protect the seed source from
damage, further power scaling was carried out for the research of
fiber performance. The highest backward power was 1.52 W. It is
well known that the energy transfer at a frequency of kHz level
between the fundamental mode (FM) and the higher order modes

FIGURE 3
The laser and backward power of a MOPA system versus the pump power and the frequency-domain characteristics of the amplifier by applying the
three different NA PMYDFs. (A) The laser performance of the PMYDF-1. (B) Frequency-domain characteristics before and after MI by applying the PMYDF-
1. (C) The laser performance of the PMYDF-2. (D) Frequency-domain characteristics before and after MI by applying the PMYDF-2. (E) The laser
performance of the PMYDF-3. (F) Frequency-domain characteristics before and after MI by applying the PMYDF-3.
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(HOMs) indicates the occurrence of MI [41]. From Figure 3B, one
can conclude that the frequency-domain signal remains stable at a
laser power of 1290 W, and the frequency-domain signal lifting
doesn’t occur. The fluctuation frequency in the range of 0–5 kHz
appears in the Fourier spectrum with the further increased power to
1350 W, which reveals that the MI threshold of the PMYDF-1 is
1350 W. Figure 3C displays that the output power of 1752 W was
achieved with a slope efficiency of 81% by applying the PMYDF-2.
The highest backward power was 2.25 W. Similarly, the SBS
threshold reaches when the laser power is approximately 820 W.
And in Figure 3D, it can be seen that the MI threshold of the
PMYDF-2 is 1752 W. Figure 3E exhibits that an output power of
2126 W was achieved with a slope efficiency of 80% by applying the
PMYDF-3. The SBS threshold reaches at the laser power of 805 W,
and the highest backward power was 3 W. The MI threshold of the
PMYDF-3 is 2126 W shown in Figure 3F.

The experimental results are arranged in detail shown in Table 2.
There is a clear trend of elevation in the MI threshold by decreasing
the NA of PMYDF, which is consistent with the finding in non-PM
MOPA [30, 42]. For example, Tao et al. reported that the threshold
power increases by 57%, 25%, 16%, and 11% for 20/400, 25/400, 30/
400, and 30/250 fiber when the core NA decreases from 0.07 to
0.045 by numerical investigations [42]. In this work, the prominent
aspect of our research is that the experimental investigations
indicate MI threshold increases by more than 370 W for every
0.004 decreases in NA. This result mainly can be explained by
the fact that the increased NA leads to the increasing number of
modes supported by the core, which reduces the proportion of FM,
so MI is more likely to occur. For the first time, accurate
experimental data is given to illustrate the relationship between
NA and MI threshold in 20/400 PMYDF, which is urgently needed
for current power scaling in high-power narrow-linewidth linearly
polarized fiber amplifiers [14, 19]. Although the gain fiber lengths
employed in the amplifier have meter-scale differences, the previous
experimental results show that the SBS threshold was affected little.
The reasonable explanation of different backward power is that the
SBS light passing through the gain fiber can be amplified, therefore,
the backward power increased as the power was scaling.

4.2 The mitigation of SBS

To overcome the SBS observed in the present MOPA system, the
commonmitigation strategy which relied on increasing the length of
200 m polarization maintaining Ge-doped fiber (PMGDF) was
applied to increase the linewidth of the laser shown in Figure 2.
The PMGDF was spliced to the end of PM-CPS. As illustrated in
[39], the stimulated Raman scattering (SRS) will be stimulated and
accumulated due to the excessive transmission fiber. Therefore, a

PM bandpass filter (BPF) was used to suppress the SRS. The
1064 nm BPF has the features of low insertion loss and 35 dB
out-band suppression, with a passband of 8 nm and a maximum
power handling of 30 W. Figure 4A depicts the evolution of seed
linewidth before and after adding 200 m PMGDF. As is shown, the
3 dB linewidth of the original seed and broadened seed are
0.0454 nm and 0.0967 nm, respectively. In the following, we
carried out the same laser experiment by applying the PMYDF-3
and investigated the improvement of the SBS threshold. As the laser
power improves, as is shown in Figure 4B, the backward power keeps
below the SBS threshold. And the highest backward power was
72 mW at the laser power of 2126 W. The results demonstrate the
well-suppressed SBS effects and the MOPA system can afford higher
laser output.

4.3 The mitigation of MI

Since the optimization of SBS effects was achieved, we considered
realizing higher output power by suppressing the MI. The tight coiling
method stands out due to its simplicity of implementation, which may
be carried out without the construction of a more complex fiber or the
selection of an exact wavelength. However, it is pointed out in [43] that
the linearly polarized laser’s polarization direction is parallel to the
direction of stress, which might greatly lessen the bend loss of the
HOMs caused by the photo-elastic effect. The MI threshold for the
commercial PMYDF is lower than those of the non-PMYDF in the
same coil package as a result of this effect, which lessens the impact of
the coil technique on MI suppression [44, 45]. Therefore, in order to
attain a higher overall bend loss and avoid the drawback of reducing the
bend loss of HOMs, the MI suppression approach must be developed.

As shown in Figure 5A, the original cooling system for fiber thermal
management is a runway-shaped aluminous plate with a bending
diameter ranging from 10cm to 17 cm. The seed laser was injected
into the coil with a bending diameter of 10 cm and exited from the coil
with a bending diameter of 17 cm. To increase the HOMs loss, a
double-eight-shaped aluminum plate was adopted to suppress the MI
and enhance the MOPA output power shown in Figure 5B. The
difference is that the seed laser was injected into the coil and exited
from the coil with the same bending diameter of 10 cm, and the
maximum bending diameter of the coil was only 11 cm.

Figure 6A shows the output power and backward power of the
MOPA system versus the pump power, corresponding to a slope
efficiency of 79%. As is shown, the SBS effects are well-suppressed
during the power scaling and the backward power is 0.19 W at the
laser power of 3.2 kW. To the best of our knowledge, 3.2 kW is the
maximum output power of a narrow-linewidth linearly polarized
fiber system based on a FOL seed. In Figure 6B, the frequency-
domain spectra stay stable below the MI threshold for the laser

TABLE 2 Results by applying the three different NA PMYDFs.

Fiber samples NA MI threshold (W) SBS threshold (W) Highest backward power (W)

PMYDF-1 0.068 1350 820 1.52

PMYDF-2 0.064 1752 820 2.25

PMYDF-3 0.060 2126 805 3.00
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power of 3.2 kW and the fluctuation frequencies appear in the range
of 0–5 kHz for the laser power of 3.227 kW, which demonstrates the
MI threshold is 3.227 kW. The inset of Figure 6B is a power display
screenshot at the laser power of 3.227 kW.

One can conclude from the experiment that coiling the PMYDF
in a double-eight-shaped aluminum plate is superior to coiling it in a
runway-shaped aluminous plate, which increases the MI threshold
by more than 1100 W. The reasonable explanation is that a higher
total HOMs bending loss is obtained by coiling the gain fiber in a

double-eight-shaped aluminum plate, which is consistent with our
expectations. The coil diameter increases as the laser propagate
along the fiber with a runway-shaped aluminous plate, resulting in
the HOMs bending loss decreasing dramatically. However, the coil
diameter remains almost unchanged with a double-eight-shaped
aluminum plate, which is beneficial to realize a higher loss of HOMs.

In Figure 7A, the spectrum is shown for the 3.2 kW MI-
suppressed MOPA which is achieved based on a higher loss of
HOMs. The laser-to-Raman peak intensity ratio is larger than 27 dB,

FIGURE 4
The results of the MOPA system before and after adding 200 mPMGDF. (A) The spectra of seed. (B) The backward power versus the laser power of a
MOPA system by applying the PMYDF-3.

FIGURE 5
The cooling system for fiber thermal management. (A) A runway-shaped aluminous plate. (B) A double-eight-shaped aluminum plate.
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and the SRS effects are severe at this power level which should be
effectively suppressed if further power scaling is needed. It can be
explained that the accumulated SRS was caused by the 200 m
PMGDF, which is a coincidence with the results in Ref. [39]. The
SRS still exists because of the inadequate inhibition effect of BPF.
Meanwhile, recent research reveals that several non-linear effects
can also lead to MI, such as inter-modal four-wave mixing (IM-
FWM) [46], SRS [6], etc. As shown in Figure 7A, there is no

characteristic peak caused by the IM-FWM effect in the
spectrum, and the content of SRS is not enough to trigger MI.
The linewidth of a high-power narrow-linewidth linearly polarized
amplifier matters a lot for its application, such as SBC and CBC.
Consequently, the 3 dB linewidth of an SBS-suppressed and MI-
suppressed MOPA was measured and shown in Figures 7B, C. The
3 dB linewidth versus the laser power is depicted in Figure 7B,
corresponding to a linear fitting efficiency of 0.039 pm/W. And the

FIGURE 6
The laser performance of the PMYDF-3 when theMI is suppressed. (A) Laser power and backward power of a MOPA system versus the pump power.
(B) Frequency-domain characteristics before and after MI. Inset: power display screenshot at the laser power of 3.227 kW.

FIGURE 7
(A) Spectrum of the MOPA system at the laser power of 3.2 kW. (B) 3 dB linewidth versus the laser power. The 3 dB linewidths of 508 W, 1002 W,
1495 W, 2027W, 2538 W, and 3.2 kW are 0.1247 nm, 0.1447 nm, 0.1629 nm, 0.1833 nm, 0.2030 nm, and 0.2227 nm, respectively. (C) Spectra of theMOPA
system at the laser power of 8.6 W and 3.2 kW, and the 3 dB linewidth are 0.0967 nm, and 0.2227 nm, respectively.
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3 dB linewidth of a MOPA at 8.6 W and 3.2 kW are 0.0967 nm and
0.2227 nm, respectively.

Figure 8A reveals the evolution of the PER at different levels of laser
power, and it can be seen that the PER keeps larger than 16.6 dB, which
demonstrates a good polarization performance of the fiber. For the sake
of the power-carrying capacity of the attenuation lens, a near-
diffraction-limited output beam at the laser power of 2024 W was
measured by an M2 analyzer with the M2

x = 1.307 and M2
y = 1.285.

5 Conclusion

In conclusion, a maximum output power of 3.2 kW was
achieved with a 3 dB linewidth of 0.2227 nm, corresponding to a
slope efficiency of 79%. The PER remained larger than 16.6 dB
during the power scaling. During the process of experiments, we
investigated the effects of core NA on theMI of PMYDFs for the first
time. It shows the MI threshold can be further scaled by decreasing
the core NA, which is consistent with the results on non-PMYDF.
For the case that the core NA decreases from 0.068 to 0.064 and
0.060, the threshold power increased from 1350 W to 1752 W and
2126 W. Increasing the seed linewidth from 0.0454 nm to 0.0976 nm
by adding 200 m PMDGF, the SBS threshold increased from 805 W
to above 3.2 kW. Compared with the method of coiling gain fiber in
a runway-shaped aluminous plate, coiling it in a double-eight-
shaped aluminum plate has a higher MI threshold, which
enhances the output power by more than 1100 W. The results
could provide a good reference for the power scaling of a
narrow-linewidth linearly polarized system.
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FIGURE 8
(A) PER versus laser power of aMOPA system. (B)Diffraction limited beam quality of the improvedMOPA system at 2024W after suppressing the SBS
and mitigation of MI.
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A high side-mode suppression ratio external-cavity wavelength-swept laser
system with a wide mode-hopping free tuning range is developed. The
proposed wavelength-swept laser is based on a single-angled facet gain chip
in a classical Littman-Metcalf external-cavity configuration using a blazed
diffraction grating as the feedback element. The output power, side-mode
suppression ratio, and tunable range of the external-cavity wavelength-swept
laser system are experimentally measured. Wide mode-hopping-free continuous
wavelength tuning range about 100 nm in CL-band with a side-mode suppression
ratio of more than 65.64 dB are realized. An output optical power of more than
14.12 dBm over the entire tunable region can also be achieved. The proposed
external-cavity wavelength-swept laser system allows simultaneously high side-
mode suppression ratio and no mode-hopping tunable radiation, thus opening a
door for practical applications such as optical modulation schemes.

KEYWORDS

side-mode suppression ratio, mode-hopping free, wavelength-swept laser, Littman-
Metcalf, narrow linewidth

1 Introduction

The highly controllable emission properties of wavelength-swept lasing sources are prior
selected semiconductor lasers for a vast array of applications in fields including high-
resolution spectroscopy [1,2], laser cooling [3], coherent optical orthogonal frequency
division multiplexing (CO-OFDM) modulation schemes [4], space strontium optical
clock [5–7], and optical frequency-domain reflectometry (OFDR) and so on [8–12].
Across these fields, the wavelength-swept lasing sources with higher side-mode
suppression ratios (SMSRs) and increased mode-hopping free (MHF) tuning ranges
continue to enable new applications. Therefore, it is critical to building a continuous
wavelength-swept laser system with high SMSR.

Several types of wavelength-swept lasers, such as external-cavity semiconductor lasers
(ECSLs), dye lasers, distributed Bragg reflector lasers, tunable solid-state lasers, vertical-
cavity surface-emitting lasers, distributed feedback lasers, and optical non-linear frequency
conversion-based lasers have been developed in the last 50 years [13–21]. Compared to other
types of wavelength-swept laser, ECSL has the prestigious characteristics of a large tuning
range, high signal-to-source spontaneous emission ratio, narrow linewidth, and low cost,
which is one of the most versatile measuring tools [22–24]. An external-cavity diode laser
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system with a maximum SMSR up to 50 dB at 1550 nm has been
demonstrated by K. Fedorova et al., with a 173 nm tunable range of
the proposed wavelength-swept laser system [25]. Using an
InGaAsP/InP multiple quantum well (MQW) gain chip, an
external-cavity diode laser configuration with a spectral range of
1320–1562 nm was achieved, where the SMSR covers the
17 dB–42 dB range [26]. Yuan et al. showed an extended-cavity
InAs/InP quantum-dot (QD) laser operating at pulsed injection
current with a maximum SMSR of around 20 dB, where the reported
wavelength-swept laser system had a tuning range of 190 nm [27]. A
high SMSR external-cavity laser scheme based on traditional
Littman design was demonstrated by Gong et al., with a
maximum MHF range of 78 GHz [28]. A narrow linewidth
external-cavity laser scheme was exhibited operating in C-band
(1528.77–1568.36 nm in vacuum) by Zhang et al., with an output
power of around 13 dBm and with a SMSR around 55 dB [29].
Another C/L-band wavelength-tunable external cavity laser was
demonstrated by K. Kasai et al., with a spectral range of
1530–1570 nm or 1570–1610 nm without mode hopping and
with a SMSR around 46 dB or 49 dB [30]. Recently, Wang et al.
fabricated an ultra-high SMSR ECSL with a wide tunable range
around 1550 nm, where a maximum wavelength tuning range of
209.9 nmwas obtained, and the SMSR reached 65 dB [31]. Although
many attempts focused on the widely tunable external-cavity laser
configuration, this may not be the critical issue in many practical
applications (typically in telecommunications) where the higher
SMSR and the continuous tuning characteristics with MHF need
to be paid more attention to.

In this work, based on an antireflection-coated single-angled facet
gain chip in a Littman-Metcalf external cavity, a high-SMSR
wavelength-swept laser with a CL-band (1520–1620 nm) MHF
tuning range is experimentally demonstrated. By adjusting the
length of the external cavity applied to the proposed configuration,
a single mode tuning range of 100 nm without mode-hopping is
obtained. The output power of the wavelength-swept laser is around
15.84 dBm with an injected current of 410 mA at the emitting

wavelength of 1550 nm, and output power of more than 14.12 dBm
over the entire tuning range is achieved. Meanwhile, the SMSR is more
than 65.64 dB through the tuning range. The advantage of this
proposed external-cavity wavelength-swept laser is that the lasing
wavelength can be tuned finely in a range of C-band and L-band
without mode-hoping, thus opening a door for practical application
such as coherent optical modulation schemes.

2 Configuration of the wavelength-
swept laser

A schematic drawing of the proposed wavelength-swept laser
setup is shown in Figure 1. The customized single-angled facet gain
chip is housed in a heat-sink with Peltier elements (or called
thermoelectric cooler) attached to it is coated with an anti-
reflection (0.005%) film on its angled facet and a reflectivity
(10%) film on its normal facet. The temperature and the
injection current of the single-angled facet gain chip are
controlled with a homemade laser diode driver. The running
temperature of the gain chip is typically stabilized at 25.0°C. The
cavity length of the gain chip is 900 μm. A molded aspherical lens
(NA = 0.55) with a focal length of 4.51 mm (Edmund, 87155) is
applied to collimate the output continuous wave (CW) light from
the gain chip. A gold-coated 900 grooves/mm blazed diffraction
grating (Newport Richardson, 33025FL01-155R), with an average
diffraction efficiency of 75%, is attached to the tilting face of the
homemade mount. The collimated output beam is incident on the
surface of the blazed diffraction grating. Depending on the incident
angle of the light coming from the gain chip, a particular wavelength
will be retroreflected from the gold-coated cavity mirror back into
the gain chip to form the resonator. Tuning of the resonating
wavelength is realized by rotating the gold-coated cavity mirror
driven by a piezoelectric stack actuator with respect to the incident
beam. The output of the lasing wavelength from the gain chip to the
fiber is collected using a molded aspherical lens, an isolator and a

FIGURE 1
Schematic drawing of the proposedwavelength-swept laser setup built in the Littman-Metcalf configuration. OPM, optical powermeter; OS, optical
switch; TEC, thermoelectric cooler; MAL, molded aspherical lens; PSA, piezoelectric stack actuator; OC, optical coupler; OSA, optical spectrum analyzer;
WM: wavelength meter; COL, collimator; ISO, isolator.
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single mode fiber pigtailed collimator, the coupling efficiency is
higher than 50%. To measure the output lasing parameters, the
output is picked out by an optical switch (OS) with low insertion
loss. One channel of the OS is directed to the 3-dB optical coupler
(OC), one port of the OC is directed into an optical spectrum
analyzer (Yokogawa, AQ6370D) with a resolution of 0.02 nm for
measuring the spectral changes, the other port is monitored by a
wavelength meter (Yokogawa, AQ6151B), which is adapted to
record the MHF traces over the entire tuning range. The other
channel of the OS is connected to the calibrated optical power meter
(Thorlabs, PM100D) to measure the output power of the lasing
wavelength. It is worth noting that the overall external-cavity length
from the gain chip output facet to the tuning mirror front facet is
around 50 mm. The corresponding longitude mode space of the
proposed wavelength-swept laser is equal to 23.1 pm (3 GHz)
operating at 1520 nm, which will decide the maximum MHF
tuning range theoretically.

3 Characterization and discussion

First, the typical P-I curves of the single-angled facet gain chip
with and without an external cavity (namely, free-running) are

measured and highlighted in Figures 2A, B, respectively. As can
be seen in Figure 2A, since the single-angled facet gain chip is coated
with the anti-reflection film, the maximum output power is around
0.14 mW at an injection current of 410 mA. The inset shown in
Figure 2A show the gain spectra of the free-running single angled
facet gain chip measured using the OSA with resolution of 0.02 nm.
The results show the central wavelength is around 1510 nm. When
the injection current is increased, the central wavelength slightly
decreases along with an obvious increase in the spectra power at two
edges of the gain spectra. In fact, by increasing the injection current,
the output power at the edges of the full tuning range
(1520 nm–1620 nm) of the external-cavity wavelength-swept laser
can also be obviously increased.

After introducing optical feedback to the gain chip, as shown in
Figure 2B, the threshold current of the proposed external-cavity
wavelength-swept laser is around 60 mA, and the slope efficiency is
about 0.11 mW/mA. Meanwhile, an output power of 15.84 dBm is
achieved with an injection current of around 410 mA which is
currently limited by the homemade laser diode driver. The
output power of the gain chip based external cavity laser is
274.3 times as large as the output power of the freely running
gain chip. The corresponding experimental result indicates that the
external-cavity wavelength-swept laser of the presented

FIGURE 2
(A) Optical output power versus the injection current for the free-running single angled facet gain chip. Inset: gain spectra of the gain chip at
different injection currents. (B) Measurement of the output power characteristics of the external-cavity wavelength-swept laser as a function of the
injection current operating 1550 nm at a fixed temperature of 25.0°C. (C) Threshold current of the proposed external-cavity wavelength-swept laser at
different lasing wavelength. (D) Measurement lasing frequency shift as a function of the injection current in the proposed external-cavity
configuration.
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configuration runs in a strong optical feedback condition and
completes optimum alignment.

The threshold current performance of the presented external-
cavity wavelength-swept laser system is characterized by measuring
the output optical power at different lasing wavelengths with the
same calibrated optical power meter. The results for the threshold
current as a function of lasing wavelength are plotted in Figure 2C,
demonstrating a maximum threshold current of 160 mA. It can be
seen that the threshold current of the proposed wavelength-swept
laser system decreases at an intermediate tuning range
(1560–1580 nm) and increases significantly when the lasing
wavelength is changed toward the short wavelength (1520 nm) or
long wavelength (1610 nm). Practically, except for the wavelength-
dependent loss (i.e., the diffraction efficiency of the grating) of the
cavity, this threshold current performance mainly comes from the
spectral gain properties of the single-angled facet gain chip. To
achieve a large range of wavelength tunable output, the working
current therefore should be set above the maximum threshold
current displayed in Figure 2C. Then, the effect of injection
current (more than the maximum threshold current) on the
tuning characteristics of the presented laser configuration output
frequency (wavelength) is investigated. The injection current is
increased from 250 mA to 420 mA with 10 mA/step. It can be

observed in Figure 2D that, as mentioned in other ECTLs [5,32,33],
the proposed external-cavity wavelength-swept laser also has a
mode-hopping free current interval. The lasing frequency as a
function of the injection current at a controlled laser temperature
of 25.0°C is shown in Figure 2D, where linear regression is
conducted to achieve the frequency tuning rate of the injection
current, respectively, the mode-hopping is observed at an injection
current of 300 mA–310, 330–340, and 390–400 mA. From this, the
frequency tuning rate of the injection current can be determined to
be approximately 0.0304 GHz/mA, 0.126 GHz/mA, 0.0368 GHz/
mA and 0.0376 GHz/mA, respectively. Therefore, it is critical to
choose a perfect working point to avoid this mode-hopping interval
when the external-cavity wavelength-swept laser is working.

Subsequently, the basic tunability of the proposed external-cavity
wavelength-swept laser system is characterized by an injection current
of 410 mA. Figure 3A shows the measured spectra of the wavelength-
swept laser. The resonance wavelength is increased from 1519.98 nm to
1619.98 nmwith about 10 nm/step. It can be seen in Figure 3A that the
tunable range is 100 nm. Meanwhile, as shown in Figure 3A, it is also
easy to find that the wavelength-swept laser operates in a single-mode
running state, and the SMSR is no less than 65.64 dB. The output power
of the proposed external-cavity laser configuration at different
resonance wavelengths is measured and the experimental results are

FIGURE 3
(A) The superimposed optical spectra at different lasing wavelengths. (B)Output power of the proposed external-cavity wavelength-swept laser. (C)
The relationship between the lasing wavelength and the physical length of the wavelength-swept laser cavity. (D) The mode-hopping free performance
of the proposed external-cavity wavelength-swept laser.
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depicted in Figure 3B. The output power of the external-cavity laser
configuration changes as the wavelength-swept laser is tuned. The
maximum output power is 16.26 dBm operating at 1582.07 nm, and
the minimum output power is 14.12 dBm operating at 1620.35 nm.
Obviously, the proposed external-cavity wavelength-swept laser system
exhibits an output power of more than 14.12 dBm over the entire
tunable range when the injected current is 410 mA. A plot of the lasing
wavelength as a function of the micro-step applied to the physical
length of the external cavity is shown in Figure 3C, where linear
regression is performed to obtain the MHF performance of the
external-cavity wavelength-swept laser. The physical length of the
external cavity is increased from 46.89 mm to 50 mm with
2048 micro-step (1.328 μm)/step. In fact, when the wavelength is
tuned, the external-cavity wavelength-swept laser will experience a
mode-hopping if the change of resonating wavelength decided by the
change of the physical length of the external cavity mismatch with the
change of wavelength decided by the first-order reflections from the
blazed diffraction grating. As shown in Figure 3C, it is believed that the
change in the physical length of the external cavity does match the
changing wavelength fed back into the single-angled facet gain chip, the
mode-hopping is suppressed as the external-cavity wavelength-swept
laser is continuously tuned over 100 nm. Similar experimental results
are obtained and highlighted in Figure 3D. The maximum change of

the adjacent wavelength subtracts (43.07 pm) is no more than two
mode spacing, which indicates an MHF tunable output is able to be
achieved [32].

The SMSR of the proposed external-cavity wavelength-swept
laser system at different lasing wavelengths is investigated and the
corresponding results are shown in Figure 4A. With the blazed
diffraction grating, the maximum output SMSR is around
71.26 dB operating at 1560 nm. Based on the classical grating
equation, a large incident angle (80°) is beneficial to improve the
blazed diffraction grating resolution. And the spontaneous
emission noise can be suppressed with a large incident angle.
Therefore, a higher SMSR can be obtained in the proposed
external-cavity wavelength-swept laser configuration.
Furthermore, a better SMSR is obtained at an intermediate
tuning range, which is results from the match between the
external-cavity lasing mode and the wavelength fed back to the
internal chip as the first-order reflections from the blazed
diffraction grating is rotated. However, in the longer lasing
region, the edge of the material gain will occur, which will
cause the growth in the spontaneous emission noise, meaning
that the SMSR will decrease. Note that the mode-hopping-free
tuning range is 1.69 times as large as the results in Ref. 33, while
the SMSR in the full tuning range stay at a high level.

FIGURE 4
(A) Plot of the side-mode suppression ratio (SMSR) shown as the blue circles as a function of the lasing wavelength. (B) and (C) Output power and
wavelength stability at wavelength 1558.352 nm with injection current of 410 mA, respectively. A variable optical attenuator is used to avoid the optical
damage of the optical wavelength meter and the power meter. (D) Linewidth performance of the proposed system measured using the traditional DSH
method with a total length of 24.5 km single-mode fiber and an 80 MHz fiber-coupled AOM. The injection current is 410 mA.
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After warmup of 30 min, we monitored the stability of the
wavelength and output power as shown Figures 4B, C,
respectively, the duration is 90 min with 5 min step. As shown in
the figure, the power deviation from the setting output power is less
than ±0.11 dB and the wavelength deviation from the setting
wavelength is less than 2.2 pm. The results show a good stability
of the proposed external-cavity wavelength-swept laser system.

The laser linewidth performance is shown in Figure 4D, which is
measured using the traditional delayed self-heterodyne (DSH)
arrangement with a total length of 24.5 km single-mode fiber
(Corning, SMF28e) and an 80 MHz fiber coupled acousto optic
modulator (AOM). The linewidth of the laser output is less than
110 kHz within the full tuning range, the minimum linewidth is
90 kHz at the wavelength of 1580 nm. The linewidth at the central
part of the full tuning range is narrower than the results in the two
edges, which is most likely due to larger diffraction angles induced
extra wavelength-dependent coupling loss at the edge of the full
tuning range. The linewidth performance is similar to the results
reported in Ref. [32].

4 Summary

In summary, a wide mode-hopping free external-cavity
wavelength-swept laser with a high side-mode suppression ratio
is designed, which is based on a traditional Littman-Metcalf
configuration. Meanwhile, the tuning characteristics and side-
mode suppression ratio of the proposed external-cavity diode
laser are investigated experimentally. The external-cavity
wavelength-swept laser can be continuously tuned over a range
of 100 nm in the CL-band, with a maximum side-mode suppression
ratio of 71.26 dB and an output optical power of more than
14.12 dBm. With the help of this designed external-cavity
wavelength-swept laser, it has the potential applications for
higher rate (e.g., 1 Tbit/s) coherent optical orthogonal frequency
division multiplexing schemes. Future work shall focus on the
optimization of the blazed grating diffraction efficiency to further
suppress the spontaneous emission noise.
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Flexible beam delivery of ultrafast
laser through vacuum-pumped
anti-resonant hollow-core fiber

Yiming Cai1, Yifan Mai2, Shen Xiang1, Jianhong Shi1, Qixin Zhu1,
Rong Li2, Jinyan Li1, Cheng Li1, Dapeng Yan1 and Yingbin Xing1*
1Huazhong University of Science and Technology, Wuhan, China, 2Wuhan Raycus Fiber Laser
Technologies Co., Ltd., Wuhan, China

We demonstrate the transmission of a 100 MW-peak-power ultrafast laser
through a 5-m anti-resonant hollow-core fiber (AR-HCF) with a pumpable
armored tube for air exhaust. The AR-HCF consists of a 45-μm-hollow-core
and seven untouched capillaries with an attenuation of 0.11 dB/m measured at a
wavelength of 1030 nm. We investigate the effect of air-filling and vacuum
pumping on transmission efficiency and pulse distortion. The comparison
reveals the importance of controlling air concentration in hollow-core fibers
(HCFs) for achieving high transmission efficiency and pulse quality. With the
suppression of air concentration, the transmission efficiency increases from
61% to 72%, and pulse distortion is effectively controlled. The results
demonstrate the potential of AR-HCFs for high-power ultrafast laser delivery
systems for various applications. The pumpable armored tube design provides a
simple and effective solution to suppress self-phase modulation (SPM) and enable
flexible beam delivery.

KEYWORDS

anti-resonant fiber, AR-HCF, flexible beam delivery, vacuum-pumped HCF, ultrafast laser
delivery

1 Introduction

Ultra-fast laser sources with picosecond or femtosecond laser pulses have shown a wide
range of application in micro-and nanofabrication [1–4]. The peak power intensity of
ultrafast lasers determines the characteristics of their free-space transport structure, which to
some extent increases the possible instability of the laser over a long period of time [5]. In
contrast to fiber-delivered nanosecond or continuous lasers, ultrafast lasers are difficult to
propagate in traditional silica fibers because the non-linear effects during fiber delivery and
the pulse peak fluence induced self-focusing might exceed the damage threshold of those
fibers [6]. Since 1999, researchers have examined the viability of employing a HCF to
transmit laser beams in an effort to address the issue of flexible delivery of short-pulse laser
beams [7]. Compared to the photonic-bandgap hollow-core fibers (PB-HCFs) [8], the AR-
HCFs feature a comparatively simple micro-structured cladding [9] and a broad
transmission bandwidth [10], which makes them suited for wide-spectrum, high peak
power beam transmission. It has been reported that the visible spectral range lasers, which
are generated by the use of second-harmonic generation (SHG) and third-harmonic
generation (THG) of fiber or Nd: YAG ultrafast laser sources, have shown the
achievement in beam flexible transmission of green [11] and ultraviolet [12, 13] lasers.
The AR-HCF with cladding-tubes-touched structure has been utilized to transmit lasers with
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transmission bands ranging from 1 μm to 4 μm [14–16]. The
0.11 dB/m transmission losses of an ice-cream-structure AR-HCF
have enabled the demonstration of a laser with a 63.1% coupling
efficiency at 1,064 nm [17]. Theoretical advancements have
indicated that AR-HCF fibers without nodes are being studied to
reduce transmission loss [18, 19]. Recent studies have demonstrated
a node-less AR-HCF for a 300 W laser guidance at 1,080 nm with a
0.05 dB/m attenuation [20]. Studies have shown a much higher
transmission power of 1.167 kW with a high efficiency of 87.5% at
the adjacent wavelength of 1,070 nm, by using an ice-cream
structure AR-HCF [21]. Although HCFs have lower non-linear
effects [22] and higher power damage thresholds [23] compared
to conventional silica solid fibers, the effect of non-linearity could
not be ignored for the laser transmission process of ultrafast lasers
with high peak power over 30 MW [24]. Ultra-fast laser pulses
transmitted along the HCFs have enough energy to interact with the
air or gas in the hollow core to introduce the pulse chirp and thus
broadening the pulse duration [25–27]. Factors found to be
influencing power transmission limitations have been explored in
several studies that show non-linear effects such as Raman scatting
and SPM have played a critical role in ultra-fast laser delivering
efficiency [28, 29]. Filling inert gas or vacuum states has been
demonstrated and mentioned in research analyses as an effective
method to modulate the non-linear effects in the beam transmission
process [29–31]. Published studies have used gas-filled HCFs for
spectral broadening and chirped mirror systems to compensate for
dispersion and to compress for a shorter pulse duration [32–34].
However, the pulse recompression process lets the flexible beam
delivery transfer to spatial transmission. Although there are
proposed theoretical models showing that light transmission in

the photonic crystal fibers of a negative refractive index
metamaterial could compensate for dispersion [35]; however, this
has not been achieved in practice. Our objective is to accomplish
ultrafast laser transmission while keeping the light source’s original
properties. In this research, a vacuum chamber is concerned with
preventing gas interactions and decreasing non-linear effects. The
flexible beam delivery utilizes a 5-m AR-HCF with an attenuation of
0.11 dB/m at 1,030 nm. Laser transmission in air-filled and vacuum-
pumped fiber is discussed separately. The pulsed laser is transmitted
through an air-filled HCF, and the SPM interferes with the
dispersion balance of the ultra-fast laser system, with a pulse
spread of 16.5 ps. With the suppression of air concentration, the
power transmission efficiency improves from 61% to 72% and the
pulse duration is observed with slightly broadening from 500 fs to
670 fs.

2 Fiber structure and experimental
setup

2.1 Fiber characteristic

The cross section of the fabricated AR-HCF fiber is shown in
Figure 1C, which consists of seven untouched capillaries with an
inscribed core diameter of 45 μm and a mode field diameter of
35 μm, the outer diameter of the capillaries of 22.6 μm and the
jacked diameter of 314 μm. For multi-capillary anti-resonant fibers,
the suppression of higher order modes (HOMs) is achieved with the
increasing number of cladding holes, which is confirmed in Refs. [19,
36]. Moreover, bending loss of the AR-HCF could be suppressed by
designing a smaller-core size [37]. The wall thickness of the capillaries
and the gap distance between the capillaries also affect the transmission
loss [19]. However, the increasing number of cladding capillaries and
small core size are accompanied by a reduction in the fundamental
mode field area, necessitating careful laser coupling to the AR-HCF
[38]. The fundamental mode loss, bending loss and coupling efficiency
are comprehensively considered for the future application, and the AR-
HCF with mentioned parameters are designed and fabricated. The
theoretical fundamental mode attenuation is calculated to be 0.89 dB/
km at 1,030 nm by the expression discussed in Ref. [39].

The transmission spectra of the AR-HCF is measured by using a
broadband light source (NKT Photonics) and a YOKOGAWA
spectrometer, as shown in Figure 1A. The attenuation curve of
wavelength from 600 nm to 1700 nm, as measured by the cut-back
method (cut the 90 m fiber to 2 m). Figure 1B depicts the detailed
decay curves covering the laser range from 1,000 nm to 1,350 nm.
The positioning and deformation of the capillaries during fiber
drawing, as well as the beam quality of the laser source, might result
in variations between the theoretical and measured values. The
calculated mode loss of LP01, LP11, and LP21 are 0.89 dB/km,
3.17 dB/km and 1.24 dB/km, respectively.

The low transmission loss is the combined result of the control of
capillary and inter-capillary spacing consistency during the fiber
drawing process as shown in Figure 1C. Measured transmit loss is
0.11 dB/m at 1,030 nm, which is much higher than the theoretical
value, despite this, it shows an improvement comparison with a
similar-structure seven capillaries AR- HCF in the most recent
published article [40]. It is worth mentioning that the measured

FIGURE 1
(A) Measured transmission spectra of the 2 m (solid blue curve)
and the 90 m (solid green curve) AR-HCF and attenuation spectrum
(solid yellow curve) in the range of 600 nm–1700 nm. (B) Detailed
attenuation spectrum measured in the near-infrared range of
1,000 nm–1,350 nm (solid yellow curve). (C) Cross setion of seven
capillaries AR-HCF with 45-µm-core diameter.
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transmission loss of HCFs is related to fiber parameters such as core
size, capillary diameter, and wall thickness; fiber drawing quality such
as roughness; attenuationmeasurementmethods such as fiber length,
light source quality, etc. Table 1 summarizes the relevant parameters
of seven capillaries AR- HCF published in recent years and their
measured attenuation at certain wavelengths for reference.

2.2 Simulated and measured beam profiles

The finite element software COMSOL is used for simulating
mode profiles AR-HCF as shown in Figures 2A–C. In the
experiment, the focus lens is relocated away from the input side
of the AR-HCF to misalign the focus point and stimulate HOMs.

Figure 2D depicts the variation of the diameter mode field
distribution of LP01 to LP11 obtained by adjusting the focusing
mirror shown in Figure 3 to eccentricate the spot, with a fiber
coiling diameter of 45 cm. It could be observed from the figure that
no HOMs, such as LP21 and LP31, were observed after
propagating 5 m. The reason is that the manufactured AR-HCF
structure is not homogeneous, resulting in actual attenuation
values for HOMs that are greater than their theoretical values.
Moreover, the incident beam profile approaches the fundamental
mode (M2 = 1.167), and the contrast of the excited higher-order
modes is rather low, so that only the LP01 and LP11 modes with
reduced transmit loss could be examined. This result preliminarily
shows that transmission in the AR-HCF has the effect of
optimizing the beam quality.

TABLE 1 Performance comparison of recently reported attenuation of seven capillaries AR- HCFs.

Core diameter (μm) Capillary thickness (μm) Capillary diameter (μm) Measured min. loss (dB/m at nm) Time

28 0.78 18 0.11–1.2 at1,065 2022 [40]

35 0.355 17 0.05 at1,080 2021 [20]

31 0.78 23.6 0.07 at1,064 2021 [41]

28.3 0.43 10.6 0.7 at1,100 2021 [42]

17 0.132 7.3 0.26 at355 2018 [12]

35.8 0.775 7.67 0.028 at1,030 2018 [29]

30 0.83 17 0.03 at1,090 2016 [36]

The bold values are the core diameter of the AR-HCF.

FIGURE 2
(A–C). Simulatedmode field distribution of LP01, LP11 and LP31, respectively. (D)Measuredmode profiles by themisalignment of the incident beam.
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2.3 Experimental setup

The experimental setup is shown as Figure 3. A self-built
1,030 nm ultra-fast laser source with an average power of 10 W,
a pulse duration of 500 fs, and a maximum single pulse energy of
50 µJ is used as the seed laser. The beam quality M2 = 1.167, which is
measured by a camera-based beam propagation analyzer
(BeamSquared XC130). The output beam diameter is expanded

from 1 mm to 2 mm by a beam expander. The two reflectors,
RM1 and RM2, are crucial in adjusting the parallelism and
perpendicularity of the laser beam. The RM1 and RM2 mirrors
have a low group delay dispersion (GDD<30 fs2) and a coating that
ensures reflectance greater than 99.5% from 970 nm to 1,150 nm.
The divergence angle of the AR-HCF is 0.035 mrad and the
aspherical lens with a collimation distance of 30 mm focuses the
beam into the AR-HCF with a focused spot diameter of 23.6 µm. An
industrial high-precision optical fiber cleaver (Fujikura CT104 +) is
used to cleave AR-HCF, and the cutting angle of the fiber is less than
0.5°. The length of 5 m of AR-HCF is placed inside an evacuable
vacuum chamber to reduce gas interactions and minimize non-
linear effects. The vacuum chamber is designed as an armored tube
that could be coiled with a diameter ranging from 25 cm to 45 cm for
flexible beam transmission. The air pressure is regulated by
regulating the air flow through the valves, and the barometer is
utilized to read the actual air pressure. A spectrum analyzer
(YOKOGAWA AQ6370D) is used to record the laser’s output
spectrum, and an autocorrelator (APE Pulsecheck) is used to
measure the pulse duration.

3 Results and discussion

Figure 4A shows the comparison between the measured
spectrum of the ultra-fast laser source and the transmitted laser
spectra at different laser powers. The spectral range of the
femtosecond laser source is over 1,025 nm–1,040 nm, and after
propagating through the AR-HCF, the spectral spread covers the
range from 1,000 nm to 1,350 nm due to the non-linear effects. The
spreading of the laser spectra in AR-HCF and the generation of
deformation phenomena of the pulses is a complex non-linear
process. Numerous theoretical and practical investigations on the
transmission characteristics of ultrafast pulses in AR-HCF have been
conducted [29, 30, 39, 43]. However, the mechanism behind their
generation is still not fully comprehended. Many non-linear
processes, including SPM, stimulated Raman scattering (SRS),
four wave mixing, and higher-order soliton splitting, could be

FIGURE 3
Experiment setup of the laser beam transmission system. BE: Beam expander; RM: Reflect mirror; FM: Focus mirror; VC: Vacuum chamber; PG:
Pressure gauge; VP: Vacuum pump.

FIGURE 4
(A) Spectrumof the ultra-fast laser source (LS, green curve); Laser
transmitted spectra measured after the air-filled AR-HCF: After
transmissions, the input laser power drops from 2.5 W to 1.8 W (blue
curve), 5 W–3.5 W (orange curve), 7.5 W–4.65 W (yellow curve)
and 10 W–6.1 W (purple curve), respectively. (B) Transmitted laser
power and transmission efficiency versus ultra-fast laser source
power.
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involved in optical pulse transmission [44]. As demonstrated in
Figure 4A, the spectrum broadening is mostly caused by the SPM
and SRS after laser beam propagation down the air-filled AR-HCF.
The SPM phenomena may be detected more clearly if the associated
laser power was increased. Since the femtosecond laser source is a
broadband source with a measured spectral width of 9.56 nm at full
width half maximum, it is going to be difficult to distinguish between
the spectral frequency oscillation caused by the SPM and the Raman
scattering peaks in the spectral range of 1,020 nm–1,040 nm; non-
etheless, the Raman scattering peaks that could be observed in the
range of 1,100 nm–1,450 nm at an incident optical power of 10 W.
The Raman frequency shift around 1,140 nm, 1,220 nm and
1,350 nm is in agreement with the simulation results in Ref. [29].
The transmitted laser power, and transmission efficiency calculated
by the ratio of input power/output power, versus laser source power
are shown in Figure 4B. When the peak power of the light source
exceeds 50 MW, a significant decrease drops to around 61% in
transmission efficiency could be observed. The spectral range of the
femtosecond laser source is over 1,025 nm–1,040 nm, and after
propagating through the AR-HCF, the spectral spread covers the

range from 1,000 nm to 1,350 nm. As the laser power increases, the
non-linear effects that cause the spectrum to broaden intensify. This
causes laser energy to be shifted to frequencies with higher losses,
which leads to a decrease in transmission efficiency.

To reduce the Kerr effect of laser propagation in AR-HCF, we
pumped out the air and measure the laser spectra at various air
pressures, as shown in Figure 5A. Notably, at a pressure of 0.2 atm,
the transmitted laser power increases from 6.1 W to 7.2 W when the
input laser power is 10 W. The SPM is alleviated as the air
concentration in the chamber decreases. As seen from the
autocorrelation results in Figure 5B, the 500-fs laser pulse
broadens to 16.5 ps (FWHM, Gaussian fit) after propagating
through the 5-m length, air-filled fiber, which indicates that the
pulse experiences a large non-linear phase shift in the fiber,
enhanced by the SPM, and in agreement with the effect of SPM
on pulses discussed in Ref [34]. This indicates that as the air is filled,
the pulse waveform is broadened symmetrically, and oscillatory
structures appear on both wings of the pulse. This demonstrates that
the SPM effect is at work, and that the dispersion-induced non-
linear effects are weaker. This is demonstrated by the later analysis:

FIGURE 5
(A) Measured 6.1 W-output laser (input laser 10 W) transmission spectra after the vacuum-pumped AR-HCF. The curves from bottom to top show
the spectral profiles that obtained under chamber pressure from p = 0.2 atm (blue curve), 0.4 atm (orange curve), 0.6 atm (yellow curve), and 1 atm
(purple curve), respectively. (B) Autocorrelation curves under different pressures.

FIGURE 6
(A) Bending loss and M2 versus bending diameter in the vacuum-pumped AR-HCF. (B)Measured laser source beam quality as a function of coiling
diameter at 45 cm.
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when the pulse is transmitted in the fiber, both GVD and SPM cause
the pulse to produce a frequency chirp, and while the pulse chirp
introduced by GVD is linear, the pulse chirp introduced by SPM is
far from linear within the whole pulse. Various portions of the pulse
transmit at different speeds due to the non-linear character of the
post-composite chirp. Especially in the situation of normal
dispersion, the redshifted light near the leading edge of the pulse
transmits faster than the non-redshifted light at the trailing end of
the pulse’s front; the opposite is true for the blue shifted light near
the following edge. In both instances, the area of the front and rear
edges of the pulse contains two different frequencies of light that
interfere with one another, and the oscillations around the edge of
the pulse are the result of this interference. As the air concentration
decreases, the symmetrical oscillation structure of the pulse
gradually weakens, which also indicates a gradual decrease of the
phenomenon of SPM. The anti-resonant seven-core-touchless
capillary hollow fiber is less sensitive to bending loss relative to
other mechanisms that have been compared [29].

In our experiment, we investigate the laser propagation bending
loss versus fiber coil diameters from 20 cm to 45 cm in the vacuum
pumped AR-HCF, as shown in Figure 6A. In this configuration, the
coiling diameter is greater than 35 cm, the bending loss is less than
1.5 dB, and the critical coiling value of the fiber is reached when the
bending diameter is less than 30 cm. At this point, the fiber bending
causes the fiber base mode to higher order mode transition, which
causes most of the light to leak from the core, resulting in an increase
in power loss. We also determined the relationship between beam
quality and bending diameter. Figure 6B shows the measured
transmitted laser source beam quality of M2X = 1.198, M2Y =
1.141 at the bending diameter of 45 cm. Although the beam
quality factors vary only by 0.122 (1.182–1.06) when the fiber
coiling diameter is varied in the range of 25 cm–45 cm, the
dashed orange curve shows the decrease in the coiling diameter
of the fiber is accompanied by a decreasing trend in M2. The results
indicate that the optimal coiling of the AR-HCF fibers could
optimize transmission mode distribution.

4 Conclusion

In summary, we have achieved the conversion of space-
transmitted ultrafast lasers into optical fiber transmission by
focusing the laser into a core of AR-HCF. This provides the
potential for subsequent application simplicity in industrial
settings. We compared the ultrafast laser transmission between air-
filled and vacuum-pumped seven-capillary AR-HCF. The transmit
efficiency and the pulse shape that are affected by the SPM were
discussed, and the method of extracting air could provide a simple
solution. Results showed an improvement in laser transmission

efficiency in vacuum-pumped fiber, and the efficiency improved
from 61% to 72% with the suppression of air concentration, and
the pulse distortion phenomenon could also be suppressed. The pulse
broadening from 500 fs to 670 fs was recorded andmight be improved
in the future by using a more powerful pump at a lower atmospheric
pressure. In addition, by modifying the fiber’s structure so that it
could support SHG or THG lasers, the experimental results could
serve as a guide for other flexible beam transmission projects.
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Convolution neural network (CNN)is widely used in hyperspectral image (HSI)
classification. However, the network architecture of CNNs is usually designed
manually, which requires careful fine-tuning. Recently, many technologies for
neural architecture search (NAS) have been proposed to automatically design
networks, further improving the accuracy of HSI classification to a new level. This
paper proposes a circular kernel convolution-β-decay regulation NAS-confident
learning rate (CK-βNAS-CLR) framework to automatically design the neural
network structure for HSI classification. First, this paper constructs a hybrid
search space with 12 kinds of operation, which considers the difference
between enhanced circular kernel convolution and square kernel convolution
in feature acquisition, so as to improve the sensitivity of the network to
hyperspectral information features. Then, the β-decay regulation scheme is
introduced to enhance the robustness of differential architecture search
(DARTS) and reduce the discretization differences in architecture search.
Finally, we combined the confidence learning rate strategy to alleviate the
problem of performance collapse. The experimental results on public HSI
datasets (Indian Pines, Pavia University) show that the proposed NAS method
achieves impressive classification performance and effectively improves
classification accuracy.

KEYWORDS

hyperspectral image classification, neural architecture search, differentiable architecture
search (DARTS), circular kernel convolution, convolution neural network

1 Introduction

Hyperspectral sensing images (HSIs) collect rich spatial–spectral information in
hundreds of spectral bands, which can be used to effectively distinguish ground cover.
HSI classification is based on pixel level, and many traditional methods based on machine
learning have been used, such as the K-nearest neighbor (KNN) [1] and support vector
machine (SVM) [2]. The HSI classification method based on deep learning can effectively
extract the robust features to obtain better classification performance [3–5].

Limited by the cost of computing resources and the workload of parameter adjustment, it
is inevitable to promote the development of automatic design efficient neural network
technology [6]. The goal of NAS (neural architecture search)is to select and combine
different neural operations from predefined search spaces and to automate the construction
of high-performance neural network structures. Traditional NAS work uses the
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reinforcement learning algorithm (RL) [7], evolutionary algorithm
(EA) [8], and the gradient-based method to conduct architecture
search.

In order to reduce resource consumption, one-shot NAS
methods based on supernet are developed [9]. DARTS is a one-
shot NAS method with a distinguishable search strategy [10]. By
introducing Softmax function, it expands the discrete space into a
continuous search optimization process. Specifically, it can reduce
the workload of network architecture design and reduce the process
of a large number of verification experiments [9].

The method based on the automatic design of convolutional
neural network for hyperspectral image classification (CNAS)
introduces DARTS into the HSI classification task for the first
time. The method uses point-by-point convolution to compress
the spectral dimensions of HSI into dozens of dimensions and then
uses DARTS to search for neural network architecture suitable for
the HSI dataset [11]. Subsequently, based on the method of 3D
asymmetric neural architecture search (3D-ANAS), a classification
framework from pixel to pixel was designed, and the redundant
operation problem was solved by using the 3D asymmetric CNN,
which significantly improved the calculation speed of the
model [12].

Traditional CNN design uses square kernel to extract image
features, which brings significant challenges to the computing
system because the number of arithmetic operations increases
exponentially with the increase of network size. The features
acquired by the square kernel are usually unevenly distributed
[13] because the weights at the central intersection are usually
large. Inspired by circular kernel (CK) convolution, this paper
studies a new NAS paradigm to classify HSI data by

automatically designing hybrid search space. The main
contributions of this paper are as follows:

1) An effective framework is proposed to design the NAS, called
CK-βNAS-CLR, which is composed of a hybrid search space of
12 operations of circular convolution with different convolution
methods, different scales, and attention mechanism to effectively
improve the feature acquisition ability.

2) β-decay regularization is introduced effectively to stabilize the
search process and make the searched network architecture
transferable among multiple HSI datasets.

3) We introduced the confident learning rate strategy to focus on
the confidence level when updating the structure weight gradient
and to prevent over-parameterization.

2 Materials and methods

As shown in Figure 1, the NAS framework for HSI proposed is
described, called as CK-βNAS-CLR. Compared with other HSI
classification methods, this method aims to alleviate the
shortcomings of traditional microNAS methods from three
aspects of search space, search strategy, and architecture resource
optimization and effectively improve the classification accuracy.

DARTS is a basic framework which adopts weight sharing and
combines hypernetwork training with the search of the best
candidate architecture to effectively reduce the waste of
computing resources. First, the hyperspectral image is clipped
into patch by sliding window as input. Then, the hybrid search
space of CK convolution and attention mechanism is constructed,

FIGURE 1
Overall framework of the proposed CK-βNAS-CLR model.
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and the operation search between nodes is carried out in the hybrid
search space to effectively improve the feature acquisition ability of
the receptive field. At the same time, the architecture parameter set
β, which represents the importance of the operator, is attenuated and
regularized, effectively strengthening the robustness of DARTS and
reducing the discretization differences in the architecture search
process. After the search is completed, the algorithm stacks multiple
normal cells and reduction cells to form the optimal neural
structure, and then the classification results are obtained through
Softmax operation. In addition, CLR is proposed to stack decay
regularization to alleviate the performance crash of DARTS,
improve memory efficiency, and reduce architecture search time.

2.1 The proposed NAS framework for HSI
classification

2.1.1 Integrating circular kernel to convolution
The circular kernel is isotropic and can be realized from all

directions. In addition, symmetric circular nuclei can ensure
rotation invariance, which uses bilinear interpolation to
approximate the traditional square convolution kernel to a
circular convolution kernel, and uses matrix transformation to
reparametrize the weight matrix, replacing the original matrix
with the changed matrix to realize the offset of receptive field
reception. Without considering the loss, the expression of
receptive field H of standard 3 × 3 square convolution kernel
with a dilation of 1 is written as follows:

H � −1, 1( ), 0, 1( ), 1, 1( ), −1, 0( ), 0, 0( ), 1, 0( ), −1,−1( ), 0,−1( ), 1,−1( ){ },
(1)

whereH represents the offset set of the neighborhood convolved
on the center pixel. By convolution, the feature map is R ∈ HS×S and
kernel is J ∈ HM×N. The output feature map U ∈ HM×N can be
obtained, and the coordinates of each position are shown in
formula (2).

Ul ∈ ∑
k∈H

RkJl+k. (2)

So, we get U � R ⊗ J, where ⊗ represents the classical
convolution operation used by the CNN. Therefore, the change
of receptive field of nucleus circularis 3 × 3 is shown in formula(3).

B � { −
�
2

√
2
,

�
2

√
2

( ), 0, 1( ),
�
2

√
2
,

�
2

√
2

( ), −1, 0( ), 0, 0( ), 1, 0( ),

−
�
2

√
2
,−

�
2

√
2

( ), 0,−1( ),
�
2

√
2
,−

�
2

√
2

( )}. (3)

For the sampling problem of circular convolution kernels, we
selected the offset ( Δb{ }) of k for different discrete kernel positions
and resampled the offset to input J to obtain circular receptive fields.
Because the sampling receptive field of circular nucleus has a
fraction, we use bilinear interpolation to approximate the
sampling value of the receptive field.

Ul ∈ ∑
k∈H

RkJ1+k+Δb, (4)

Jb � ∑
k∈H

V k, b( )Jk, (5)

where b represents the grid position in the circular receptive field
and k represents all grid positions in the square receptive field, which
is the kernel of two-dimensional bilinear interpolation. According to
the bilinear interpolation, V can be divided into two one-
dimensional cores.

V k, b( ) � g kx, bx( ) · g ky, by( ), (6)
g q, e( ) � max 0, 1 − q − e

∣∣∣∣ ∣∣∣∣( ). (7)

Therefore, V(k, b) ≠ 0 and V(k, b) � 1 only correspond to the
corresponding grid k of receptive field B with grid location b. Then,
we let ĴRF(l) ∈ BS2×1 and R̂∈ BS2×1 represent the adjusted receptive
field centered on position i and nucleus, respectively. Generally, the
standard convolution can be defined as shown in formula (8), so
after replacing the circular convolution kernel, the circular
convolution can be located as shown in formula (9).

Ul ∈ R̂
T
ĴRF l( ), (8)

Ul ∈ R̂
T
CĴRF l( )( ) � R̂

T
C( )ĴRF l( ), (9)

where C ∈ BS2×S2 is a fixed sparse coefficient matrix, so let
J ∈ BS2×S2 , U ∈ BS2×S2 , and R ∈ BS2×S2 be the input feature map,
output feature map, and kernel, respectively, so the
corresponding definition of formula (9) can be written as
formula (10).

Ul ∈ R ⊗ C*J( ) � R*C( ) ⊗ J, (10)
where C*J is the convolution process of changing the square

receptive field into a circular receptive field. Thus, we can calculate the
core weight to achieve operation C*J. This calculation method can
effectively avoid calculating the offset of multiple convolutions and
reduce the cost of core operation. Next, we summarize the analysis of
the actual effect of the transformation matrix. We let ΔR � Ra+1 − Ra,
and the value of a change on the output is shown in formula (11). The
squared value of a change on the output is shown in formula (12).

ΔU � Ua+1 − Ua, (11)
ΔU‖ ‖2 � C*J( )T ⊗ΔRTΔR ⊗ C*J( ).

� JT ⊗ CT*ΔRTΔR*C( ) ⊗ J
(12)

In contrast, ΔU of the traditional convolution layer is defined by
ΔRTΔR . Therefore, it can be concluded that the transformation
matrix C caused by the circular core can provide a better choice for
the gradient descent path of DARTS.

2.1.2 β-decay regularization scheme
In order to alleviate unfair competition in DARTS, we

introduced the β-decay regulation scheme [14] so as to improve
its robustness and generalization ability and effectively reduce the
search memory and the search cost to find the best architecture as
shown in Figure 2.

α(m,n)
o converts the discretization operation of the optional

operation set O in the search space into an operable continuous
set. After implementing Softmax operation, the architecture
parameter set β(m,n)

l is obtained, which is attenuated and regularized.

β m,n( )
l � ∑

o∈O

exp α m,n( )
o( )

∑l′�1 exp α m,n( )
o′( ), (13)
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where β(m,n)
l is the combination of architecture parameters

between node m and node n and l is the number of optional
operations. Each cell can have up to N nodes, and α(m,n)

o

represents the architecture parameters. A special coefficient for
each candidate operation β(m,n)

o is defined.

β m,n( )
o � exp α m,n( )

o( )
∑o′∈O exp α m,n( )

o′( ). (14)

Starting from the default setting of regularization, consider the
one-step update of architecture parameter α, where ςα represents the
learning rate a of architecture parameters.

αt+1l ← αtl − ηα.∇αLvalid. (15)
For the special gradient descent algorithm of DARTS, these

regularized gradients need to be normalized (NL) through the sum
size and to realize the average distribution of the total gradient
without normalization.

αt+1l ← αtl − ηα.∇αLvalid − ςαδNL αt
l( ), (16)

αt+1
l ← αtl − ηα.∇αLvalid − ςαδ αyk( ). (17)

In the DARTS search process, the architecture parameter set, β,
is used to express the importance of all operators. The research on
explicit regularization of β can more clearly standardize the
optimization of architecture parameters so as to improve the
robustness and architecture universality of DARTS. We use the χ

function with α as the independent variable to express the total
impact of attenuation regularization.

�β
t+1
l � χt+1l αtl( )βt+1l , (18)

αt+1
l ← αtl − ηα.∇αLvalid − ςαδR αt

k( ), (19)
where the χ function (R is the independent variable) represents

the overall influence of β attenuation regularization and R is the

mapping function. We can iterate for dividing the single-step update
parameter value βt+1l and parameter value weighted sum �β

t+1
l of β.

�β
t+1
l

βt+1l

� ∑ O| |
l′�1 exp αt+1

l′( )
∑ O| |

l′�1 exp R αtl( ) − R αtl′( )( )[ ]δςα exp αt+1l′( ). (20)

It can be found that mapping function R determines the impact
of α on β. To avoid excessive regularization and optimization
difficulties, Softmax is used to normalize α.

R αl( ) � exp αl( )
∑ O| |

l′�1 exp αl′( ). (21)

We can obtain the impact and effect of our method.

χt+1l αtl( ) � ∑ O| |
l′�1 exp αt+1

l′( )
∑ O| |

l′�1 exp
exp αt

l( )−exp αt
l′( )

∑ O| |
l″�1 exp αt

l″( )⎛⎝ ⎞⎠⎡⎢⎢⎣ ⎤⎥⎥⎦
δςα

exp αt+1l′( )
χt+1l αtl( ). (22)

2.1.3 Confident learning rate strategy
When the NAS method is used to classify hyperspectral datasets,

a large number of parameters will be generated. When the training
samples are limited, the performance of the network may be reduced
due to the over-fitting phenomenon, which will lead to low memory
utilization during the training process. CLR is used to alleviate these
two problems [15].

After applying the Softmax operation, the structure is relaxed.
The gradient descent algorithm is used to optimize the α � α(m,n){ }
matrix, and the original weight of the network is called w. Then, the
cross-entropy formula is used to calculate the loss value in the
training stage and the parameters Ltrain and Lvalid are updated.

In order to enable both to achieve the optimization strategy at
the same time, it is necessary to fix the value of α � α(m,n){ } matrix
on the training set, update w using the gradient descent algorithm,

FIGURE 2
β-decay regularization scheme.
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fix the w value on the verification set, update the α � α(m,n){ } value
using the gradient descent algorithm, and obtain the best parameter
value repeatedly. Stop the optimization after finding the best
architecture neural architecture α*o and minimize the verification
loss Lvalid(w*, α*).

min
α

Lvalid w* α( ), α( ), (23)
s.t.w* α( ) � argmin

w
Ltrain w, α( ). (24)

NAS architecture parameters will be over-parameterized with
the increase of training time. Therefore, the gradient confidence
obtained from the parameterized DARTS should increase with the
training time of the architecture weight update.

LRConfident a( ) � a

A
( )τ

× LRα, (25)

where α represents the number of epochs currently trained, A
represents the preset total epochs, and τ is the confidence factor of
CLR. Through the update of the confidence learning rate, the
network obtains Lvalid and uses it for gradient update.

gradα � ∇αLvalid w − ξ∇wLtrain ω, α( ), α( ). (26)
The confidence learning rate is established in the process of

architecture gradient update.

gradα � LRconfident*∇αLvalid w − ξ∇wLtrain w, α( ), α( ). (27)

3 Results

Our experiments are conducted using Intel (R) Xeon (R)
4208 CPU@2.10GHz Processor and Nvidia GeForce RTX 2080Ti
graphics card.We selected the average of 10 experiments to compute
the overall accuracy (OA), average accuracy (AA), and Kappa
coefficient (K).

3.1 Comparison with state-of-the-art
methods

In this section, we select some advanced methods to make
comparison so as to evaluate the classification performance,
which include extended morphological profile combined with
support vector machine (EMP-SVM) [16], spectral spatial
residual network (SSRN) [17], residual network (ResNet) [18],
pyramid residual network (PyResNet) [19], multi-layer
perceptron mixer (MLP Mixer) [20], CNAS [11], and efficient
convolutional neural architecture search (ANAS-CPA-LS) [21].
All experimental results are shown in Tables 1, 2. The sample is
clipped by using the sliding window strategy size of 32 × 32, and the
overlap rate is set to 50%. We randomly selected 30 samples as the
training dataset and 20 samples as the validation dataset. The
training time is set to 200, and the learning rate of the three data
sets is set to 0.001.

TABLE 1 Performance comparison of different methods of the Indian Pines dataset.

Method EMP-SVM SSRN ResNet PyResNet CNAS MLP-Mixer ANAS-CPA-LS CK-βNAS-CLR

Alfalfa 51.16 ± 17.51 100 ± 0.00 95.36 ± 0.28 97.43 ± 0.36 95.14 ± 4.27 100 ± 0.00 99.39 ± 0.32 100.0 ± 0.75

Corn-no till 66.26 ± 3.37 88.95 ± 1.19 93.36 ± 3.76 98.87 ± 1.04 96.19 ± 1.21 96.56 ± 0.09 96.43 ± 0.79 96.93 ± 0.31

Corn-min till 70.40 ± 3.74 92.87 ± 0.54 95.64 ± 0.37 89.44 ± 0.34 92.86 ± 2.64 92.10 ± 0.03 94.25 ± 0.97 96.10 ± 0.34

Corn 56.63 ± 6.68 96.56 ± 0.91 94.99 ± 4.32 97.47 ± 0.57 96.56 ± 3.94 98.15 ± 0.68 99.07 ± 0.74 99.95 ± 0.00

Grass-pasture 87.04 ± 3.52 90.52 ± 7.56 97.69 ± 2.30 97.38 ± 0.95 97.13 ± 0.27 97.87 ± 1.16 99.56 ± 0.55 94.59 ± 1.16

Grass-trees 87.30 ± 1.82 96.91 ± 1.16 97.27 ± 1.80 98.40 ± 0.12 94.02 ± 0.22 96.98 ± 0.86 96.44 ± 0.97 98.39 ± 0.79

Grass-pasture-mowed 82.78 ± 8.11 86.60 ± 0.89 99.01 ± 0.00 100 ± 0.00 92.31 ± 0.88 100 ± 0.00 90.68 ± 2.66 95.21 ± 0.05

Hay-windrowed 89.45 ± 1.75 96.28 ± 3.71 93.64 ± 1.17 95.81 ± 1.68 99.44 ± 4.66 95.80 ± 0.60 97.91 ± 0.67 95.73 ± 1.95

Oats 64.83 ± 16.3 84.37 ± 0.06 96.66 ± 1.66 94.67 ± 1.11 98.96 ± 0.56 100 ± 0.00 99.51 ± 2.02 93.15 ± 2.87

Soybean-not till 71.90 ± 2.12 92.46 ± 0.07 92.88 ± 1.90 88.20 ± 7.13 92.00 ± 0.56 93.38 ± 0.34 95.02 ± 0.43 98.69 ± 1.04

Soybean-mint till 73.01 ± 1.62 95.33 ± 0.06 94.27 ± 0.11 95.26 ± 1.87 93.90 ± 0.92 95.34 ± 0.37 98.36 ± 0.65 99.04 ± 0.79

Soybean
-clean

66.49 ± 4.56 94.69 ± 2.77 96.13 ± 1.43 95.42 ± 1.79 94.88 ± 0.19 94.34 ± 1.32 99.07 ± 0.83 98.38 ± 3.19

Wheat 88.62 ± 4.35 97.84 ± 1.14 99.02 ± 0.01 99.55 ± 0.62 94.65 ± 0.45 100 ± 0.00 95.28 ± 0.57 99.41 ± 0.12

Woods 90.44 ± 1.19 94.82 ± 2.31 93.97 ± 1.67 96.84 ± 1.14 98.33 ± 0.29 95.64 ± 0.06 95.57 ± 0.99 98.77 ± 0.62

Buildings-grass-trees-drivers 71.35 ± 7.39 91.29 ± 2.52 93.66 ± 0.11 93.56 ± 3.90 94.99 ± 0.45 95.55 ± 0.15 95.14 ± 1.66 98.65 ± 1.24

Stone-steel-towers 98.10 ± 1.82 86.70 ± 1.22 94.47 ± 1.43 96.34 ± 1.72 89.57 ± 2.66 88.12 ± 2.12 88.28 ± 0.96 85.30 ± 0.85

OA/% 81.64 ± 0.02 93.58 ± 1.12 94.53 ± 0.59 94.95 ± 1.07 95.00 ± 0.56 95.95 ± 0.17 96.57 ± 0.56 97.90 ± 0.31

AA/% 75.98 ± 5.36 92.88 ± 1.64 95.50 ± 1.39 95.91 ± 1.52 95.05 ± 1.51 96.23 ± 0.48 96.24 ± 0.98 96.76 ± 1.00

100 K 71.92 ± 2.82 92.67 ± 1.29 93.74 ± 0.67 94.31 ± 0.19 94.88 ± 0.87 95.38 ± 0.20 95.69 ± 0.39 96.97 ± 0.90
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In Table 1, compared with EMP-SVM, SSRN, ResNet,
PyResNet, CNAS, MLP Mixer, and ANAS-CPA-LS, OA obtained
by our proposed method is increased by 16.26%, 4.32%, 3.37%,
2.95%, 2.9%, 1.95%, and 1.33%, respectively, on the Indian Pines
dataset. Figures 3, 4 shows the classification diagram obtained from a
visual perspective. By comparing the classification diagrams
obtained, we can draw a conclusion that our algorithm achieves
better performance. Compared with CNAS, our method uses a
hybrid search space, which can effectively expand the receptive
field acquired by pixels, improve the flexibility of different
convolution kernel operations to process spectrum and space,
and achieve higher classification accuracy.

4 Discussion

The ablation study results are provided in Table 3. When
CNAS is combined with hybrid search space, OA increases by
0.70%, 0.35%, and 0.54%, which proves that the hybrid search
space can improve the sensitivity of the network to hyperspectral
information features and slightly improve the classification
performance of the model. Compared with CNAS, CK-NAS
has no time change in the search time on the three datasets
but has achieved better classification accuracy. CK-βNAS-CLR
search gets better results with fewer parameters and involves less
computational complexity.

TABLE 2 Performance comparison of different methods of the Pavia University dataset.

Method EMP-SVM SSRN ResNet PyResNet CNAS MLP-Mixer ANAS-CPA-LS CK-βNAS-CLR

Asphalt 89.06 ± 1.33 90.59 ± 0.62 95.59 ± 3.43 94.01 ± 0.54 95.55 ± 0.25 95.56 ± 1.26 97.56 ± 1.34 98.75 ± 0.69

Meadows 88.12 ± 0.23 89.26 ± 1.05 97.10 ± 2.06 99.40 ± 0.70 98.91 ± 0.71 99.45 ± 0.15 100 ± 0.00 100 ± 0.00

Gravel 78.65 ± 3.05 78.89 ± 2.65 87.53 ± 5.27 98.26 ± 1.69 93.81 ± 4.60 93.83 ± 1.03 99.78 ± 0.03 98.73 ± 0.28

Trees 88.95 ± 0.53 89.05 ± 1.45 99.03 ± 0.33 98.73 ± 0.61 99.35 ± 0.28 98.78 ± 0.45 93.73 ± 1.64 97.12 ± 0.02

Metal 93.23 ± 1.29 94.55 ± 0.67 98.56 ± 1.36 99.64 ± 0.27 99.67 ± 0.17 99.81 ± 0.81 99.24 ± 0.01 98.93 ± 0.36

Bare soil 90.13 ± 0.54 90.23 ± 1.23 98.35 ± 1.06 99.28 ± 0.04 98.39 ± 0.18 98.97 ± 0.97 100 ± 0.00 100 ± 0.00

Bitumen 81.66 ± 3.31 83.69 ± 2.82 99.29 ± 0.51 96.35 ± 0.19 92.31 ± 0.88 99.22 ± 0.19 94.63 ± 0.24 97.61 ± 0.48

Bricks 83.05 ± 1.61 83.57 ± 2.91 94.61 ± 0.50 84.58 ± 1.34 89.44 ± 4.66 88.88 ± 1.92 92.89 ± 0.42 98.23 ± 0.69

Shadows 95.26 ± 0.56 94.68 ± 0.46 99.39 ± 0.58 99.74 ± 0.05 98.96 ± 0.56 98.92 ± 1.46 96.33 ± 0.32 97.16 ± 0.91

OA/% 91.07 ± 0.85 91.32 ± 1.22 96.49 ± 1.78 96.97 ± 1.32 97.05 ± 0.45 97.55 ± 0.13 97.61 ± 0.87 98.46 ± 0.57

AA/% 87.57 ± 1.38 88.28 ± 1.54 96.61 ± 1.68 96.67 ± 0.13 96.27 ± 1.36 97.05 ± 0.91 97.12 ± 0.44 98.50 ± 0.34

100 K 88.72 ± 1.44 89.43 ± 1.09 95.31 ± 2.41 96.07 ± 0.41 96.22 ± 0.11 96.76 ± 0.18 96.86 ± 0.74 98.06 ± 0.67

FIGURE 3
Classification results of the Indian pines dataset. (A) Ground-truth map, (B) EMP-SVM, (C) SSRN, (D)ResNet, (E) PyResNet, (F) CNAS, (G)MLP-Mixer,
(H) ANAS-CPA-LS, and (I) (I) CK-βNAS-CLR.
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5 Conclusion

In this paper, the neural network structure CK-βNAS-CLR is
proposed. First of all, we introduce a hybrid search space with
circular kernel convolution, which can not only enhance the
robustness of the model and the ability of receptive field
acquisition but also achieve a better role in optimizing the path.
Second, we quoted the β-decay regulation scheme, which reduced
the discretization difference and the search time. Finally, the

confidence learning rate strategy is introduced to improve the
accuracy of model classification and reduce computational
complexity. The experiment was conducted on two HSI datasets,
and CK-βNAS-CLR is compared with seven methods, and the
experimental results show that our method achieves the most
advanced performance while using less computing resources. In
future, we will use an adaptive subset of the data even when training
the final architecture, which may lead to faster runtime and lower
regularization term.

FIGURE 4
Classification results of the Pavia University dataset. (A) Ground-truth map, (B) EMP-SVM, (C) SSRN, (D)ResNet, (E) PyResNet, (F) CNAS, (G) MLP-
Mixer, (H) ANAS-CPA-LS, and (I) CK-βNAS-CLR.

TABLE 3 Ablation results on the two datasets.

Dataset Index CNAS CK + NAS CK+β+NAS CK+β+NAS + CLR

Indian Pines OA (%) 95.00 ± 0.56 95.70 ± 0.87 96.80 ± 0.31 97.82 ± 0.31

AA (%) 95.05 ± 1.51 93.12 ± 0.42 94.60 ± 0.42 96.76 ± 1.00

100 K 94.88 ± 0.87 95.11 ± 0.17 96.95 ± 0.17 96.87 ± 0.90

Search cost (h) 2.702 2.687 2.562 2.473

Params (M) 0.082 0.075 0.075 0.070

Pavia University OA (%) 97.05 ± 0.45 97.40 ± 0.29 97.82 ± 0.20 98.46 ± 0.57

AA (%) 96.27 ± 1.36 97.14 ± 1.36 97.51 ± 1.83 98.50 ± 0.86

100 K 96.22 ± 0.11 96.65 ± 0.79 97.25 ± 2.51 98.06 ± 0.67

Search cost (h) 3.054 3.013 2.867 2.733

Params (M) 0.176 0.172 0.172 0.168
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To optimize the output of SBS sub-nanosecond pulse compression, two kinds of
compact double-cell structures are carried out and compared experimentally. The
beam parameters of the compact double-cell structure are calculated theoretically,
which provides the selection guidance of structural parameters such as lens focal
length and SBS cell size. The dependence of lens parameters and medium
parameters on SBS output parameters are experimentally studied. Results show
that SBS pulse compression enters the saturation region at a low injection energy
with a long focal length lens or a large gain coefficientmedium. For compact double-
cell setupwith one lens, it is easy to obtain narrow pulses for themedium FC40with a
short phonon lifetime. While in setup with two lenses, it is easy to obtain SBS output
with a high energy efficiency and narrow pulse width for HT110 medium with a large
gain coefficient. The pulse width compression ratio is up to 16 times after
optimization. These experimental results can provide references for the
experimental design of SBS pulse compression.

KEYWORDS

high-energy laser, stimulated Brillouin scattering, pulse compression, sub-nanosecond
pulse, beam parameter

1 Introduction

A single-longitudinal mode sub-nanosecond pulse laser with good beam quality has
important applications in the fields of fast ignition lasing radiation [1], space debris
detection [2, 3], medical laser cosmetology [4], Doppler wind radar [5], and high spatial
resolution in LIDAR Thomson scattering diagnostics [6], etc. Stimulated Brillouin scattering
(SBS) has proved to be an effective technical means to compress long nanosecond pulses to sub-
nanosecond pulses and improve the beam quality of the laser system [7–9]. The compact
double-cell structure based on liquid media, with the advantages of a high pulse compression
ratio, no high pressure, a small absorption coefficient, and a high laser damage threshold
compared with gas and solid media, are commonly and widely used in high-energy sub-
nanosecond pulse laser systems [10–14]. SBS pulse compressors with a compact double-cell
structure have received considerable attention by employing the medium of perfluorocarbon-
compounds (PFCs) liquids and perfluoropolyether (PFPE) liquids.

Many previous theoretical and experimental studies have been conducted to obtain a high-
reflected energy efficiency and narrow-pulse width beam laser by optimizing the structure
parameters and medium parameters. Feng et al. stated that the interaction length between the
Stokes and pump pulses is the key parameter in achieving sub-phonon lifetime pulse
compression and experiment was conducted by employing an energy-scalable generator-
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amplifier setup [12]. Xu et al. used a combination of theoretical
modeling and experiments to identify and optimize all critical
parameters, including optical configuration, interaction length,
intensity matching, choice of gain medium and thermal stability in
an energy-scalable generator-amplifier setup [15]. Yoshida et al.
achieved a high compression ratio by SBS consisting of two long
cells [11]. Guo et al. designed a single-cell experiment to study the
energy reflectivity property for the SBS medium of PFCs and PFPE in
high peak power laser [16], and Park et al. also measured the SBS
characteristics in several liquids [17]. Hasi et al. stated the
characteristics of four PFCs media for two-stage SBS pulse
compression structure [18]. Therefore, the optimization of the
structure parameters and medium parameters for compact double-
cell structures is required to study systematically to obtain good SBS
compression with a high energy reflectivity.

In this study, to obtain sub-nanosecond pulses with a high
reflected energy efficiency, the SBS pulse compression for two types
of compact double-cell structure setups are experimentally studied and
compared. The focal depth and focal spot size in the compact double-
cell structure are calculated, which provides theoretical guidance for
structural design such as lens focal length and medium cell size. The
experimental setup is described in Section 2. In Section 3, calculation
of beam parameters in compact double-cell structure is presented. In
Section 4, the experimental results and discussion are presented, and
Section 5 concludes the paper. This work has important reference
value for the design of SBS experimental structure in high-energy laser
systems.

2 Experimental setup

The experimental setup employed in this research is shown in
Figure 1. The pumping source is p-polarized light originating from an

injection seeded single-longitudinal-mode laser at a fundamental
wavelength of 1,064 nm. The pump beam has a pulse width of 10 ns
operating at a repetition rate of 10 Hz. The laser propagates from left to
right. A half-wave plate (HWP1) and a polarization beam splitter (PBS1)
were used to control the input beam energy. Two setups are employed in
this research. The input beam is introduced into the SBS amplifier cell
through a quarter-wave plate (QWP) and a pair of lenses L1 and L2 with
focal lengths of 30 cm and −20 cm, respectively in setup A. The pump
beam size is reduced from 8mm to 5.2 mm using a beam reducer. The
laser is focused into the generator cell through a focusing lens L3 with
focal lengths of 20 cm or 50 cm, respectively. In setup B, the input beam is
introduced into the SBS amplifier cell through a QWP and a lens L4 with
focal length of 200 cm and focused into the generator cell through a
focusing lens L5 with focal length of 50 cm or 75 cm, respectively.

In the process of SBS pulse compression, the phonon lifetime and the
gain coefficient are two significant parameters affecting the compressed
pulse width. The influence weight between the two parameters, the
phonon lifetime and the gain coefficient, is necessary to obtain a good
SBS compression [7]. Based on this, we choose two commonly usedmedia
of perfluoropolyether liquid HT110 and heavy fluorocarbon liquid
FC40 as the objectives due to the large difference between their
phonon lifetimes and gain coefficients, which are made by Solvay
Company and 3M Company, respectively. Phonon lifetimes of the
medium of HT110 and FC40 are .6 ns and .2 ns, respectively. SBS
gain coefficients of the medium of HT110 and FC40 are 4.7 cm/GW
and 1.8 cm/GW, respectively [7].

3 Calculation of beam parameters in
compact double-cell structure

To avoid damaging the lens and window mirror of SBS cell in the
design of compact double-cell structure, it is necessary to select the

FIGURE 1
Schematic of experimental setups for compact double-cell SBS compressor. QWP, quarter wave plate; HWP1~2, half wave plate; L1~5, lens. In setup A,
the input beam is introduced into the SBS amplifier cell through a QWP and a pair of lenses L1 and L2 and focused into the generator cell through a lens L3. In
setup B, the input beam is introduced into the SBS amplifier cell through a QWP and a lens L4 and focused into the generator cell through a focusing lens L5.
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lens and SBS cell with appropriate parameters. Taking setup B as an
example, the focal depths and focal spot sizes within the generator cell
are theoretically calculated. It is generally believed that the generation
position of the Stokes beam is at the focal point within the generator
cell. The focal depth indicates the interaction length between the pump
beam and the Stokes beam, which affects the compressed pulse width
of SBS. It is easy to cause optical breakdown and permanent damage to
the optical window mirror of SBS cell if the beam size of the focus spot
in the generator cell is too small. Therefore, it is important to select the
generator cell with the appropriate physical length.

In the compact double-cell structure, the contour maps of the focal
depth and focal spot radius in the generator cell are shown in Figure 2.
Physical parameters used for the simulation are as follows. The pump
beam quality of M2 is 2. The radius of the pump beam spot is 4 mm,
and the distance from the waist position of the pump beam to the lens
of L4 is 50 cm. The physical length of the amplifier cell is 100 cm, and
the distance between the lens L5 and the window mirror of generator
cell is 5 cm. The refractive index of SBS liquid medium is 1.28. The
optical wavelength is 1,064 nm.

According to ABCDmatrix theory, the variations of focal depth
and focal spot radius with the focal lengths of lens L4 and L5 can be
calculated as shown in Figure 2 f4 and f5 represent the focal lengths
of lens L4 and L5, respectively. It can be seen from Figure 2A that,
within the range of focal length f4 of lens L4 less than 200 cm, the
focal depth within the generator cell is jointly affected by the focal
lengths of lens L4 and L5. When focal length of lens L4 is greater
than 200 cm, the focal depth of the generator cell is more sensitive
to the focal length of lens L5. In Figure 2B, the focal spot size varies
greatly with the focal length of lens L5, and it is not sensitive to the
focal length of lens L4. When the focal length of lens L5 is fixed, the
focal depth and the focal spot size gradually become stable with the
increase of the focal length of lens L4. According to the theoretical
calculation, a generator cell with a physical length of 80 cm is
required when the focal length f5 of the lens L5 is 50 cm, and a
generator cell with a physical length of 20 cm is required when the
focal length f5 of lens L5 is 15/20 cm.

4 Experimental results and discussion

To optimize the output parameters of SBS pulse compression and
obtain the optimization rules, the experiments for setup A and setup B
are respectively studied. A comparison of the output parameters under
different focal lengths of lens L3 and SBS media is shown in Figure 3
using setup A. The experimental results show that the energy
extraction efficiency improves and the compressed pulse width
becomes narrow with an increase of the input energy. In this
experiment, the focal length of lens L3 is 20 cm or 50 cm,
respectively. Figure 3A shows the reflected energy efficiency under
different focal lengths of lens L3 and media. The average energy
efficiencies are 74.8%, 68.5%, and 77.1% for the cases of L3 lens of
50 cmwith FC40medium, 50 cmwith HT110, and 20 cmwith HT110,
respectively, at the pump energy of 70 mJ. Comparing the cases of lens
L3 with focal lengths of 20 cm and 50 cm in HT110 medium, the
reflected energy efficiency of the shorter focusing lens of 20 cm is
obviously greater than that of the focusing lens of 50 cm. This is
because as the focal length of lens L3 increases, the focal spot size in the
generator cell also increases, which causes the decrease of the pump
power density at the generation position of the Stokes seed beam
under the same pumping conditions, thus leading to the reduction of
the energy reflectivity. For the setup A with a focal length of 50 cm and
HT110 medium, the reflected energy efficiency enters the saturation
region when the injected energy is 30 mJ, which is not conducive to
further improvement of the reflected energy. The corresponding
compressed pulse width using HT110 is shown in Figure 3B, with
the increase of injected energy, the SBS compressed pulse width
gradually narrows and finally enters the saturation region. The
minimum pulse widths are 649 ps ± 14 ps at the pump energy of
50 mJ and 654 ps ± 9 ps at 70 mJ for the lens focal lengths of 50 cm and
20 cm, respectively. With the focal length of L3 lens increasing, the
compressed pulse width becomes narrower as the injection energy and
enters the saturation region at the lower pump energy. The longer
focal length of the focusing lens, the lager the focal depth within the
generator cell, which indicates that the longer interaction length

FIGURE 2
Contour map of beam parameters with respect to focal lengths of lens in setup B.
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between the pump beam and Stokes beam is easier to obtain the
narrow compressed pulse width. According to the experimental
results, the pump power density and interaction length both affect
the energy efficiency and compressed pulse width. Setup A with short
focusing lenses is easy to obtain a high reflection energy, while with
long focusing lenses is easy to obtain narrow compressed pulse width.

With the focusing lens L3 of 50 cm, compared with the medium of
FC40 and HT110 in Figure 3A, the energy efficiency obtained by the
two media is the same at the pump energy of 40 mJ. When the injected
energy is less than 40 mJ, the reflected energy efficiency with HT110 is
higher than that of FC40 medium. When the injected energy is greater
than 40 mJ, the reflected energy used FC40 medium is greater than
that of HT110. The experimental results show that it is easy to obtain a
high energy efficiency in the case of a medium with a high gain
coefficient. So the energy efficiency with HT110 medium is higher
than that of FC40 at a low injection pump power. With the increase of
injection pump power, the energy efficiency for HT110 with a high
gain coefficient enters the gain saturation region earlier than the case
for FC40 with a low gain coefficient, then the energy efficiency of
FC40 is higher than that of the medium HT110. The relationship
between the compressed pulse width and the injected energy for

different media is shown in Figure 3B. At low injection energy, the
compressed pulse width using HT110 medium is slightly narrower
than that of FC40, this is because the medium with a high gain
coefficient can effectively amplify the front part of the Stokes pulse.
With the increase of injection energy, the compressed pulse width
using FC40 medium is narrower than that of HT110, which is because
during the amplification process of the Stokes pulse, the front part and
back part are both amplified resulting in the broadening of the
compresses pulse. Under the injection energy of 70 mJ, the average
pulse widths measured in FC40 and HT110 media are 620 ps ± 12 ps
and 660 ps ± 26 ps, respectively. For compact double-cell setup A, it is
easy to obtain narrow pulses for the medium FC40 with a short
phonon lifetime.

In setup B, the focal length of lens L4 is 200 cm, and it is 50 cm or
75 cm for the lens L5, respectively. The SBS output parameters under
different lenses and media employing setup B are shown in Figure 4.
Figure 4A illustrates the reflected energy efficiency under different lens
focal lengths and media. The average energy efficiencies are 71.3%,
75.5%, and 68.3% for the cases of lens group of 200–50 cm with
FC40 medium, 200–50 cm with HT110, and 200–75 cm with HT110,
respectively, at the pump energy of 70 mJ. Comparing the cases of lens

FIGURE 3
Output parameters with different focal lengths of lens L3 and media for setup A.

FIGURE 4
Output parameters with different focal lengths of lens and media for setup B.
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L5 with focal lengths of 50 cm and 75 cm in HT110 medium, the
reflected energy efficiency with a short focusing lens of 50 cm is larger
than that of the focusing lens of 75 cm. For the case with lens focal
length of 75 cm, the reflected energy efficiency enters the saturation
region when the injected energy is 30 mJ, which is not conducive to
further improvement of the reflected energy. The corresponding
compressed pulse widths are shown in Figure 4B. The minimum
pulse widths are 626 ps ± 27 ps ns at the pump energy of 45 mJ and
619 ps ± 16 ps at 60 mJ for the lens focal lengths of 50 cm and 75 cm,
respectively, and the pulse width compression ratio is up to 16 times.
With the increase of injected energy, the SBS compressed pulse width
gradually narrows and finally enters the gain saturation region. In the
case of 75 cm, the pulse width become widening when the injected
energy exceeds 30 mJ.

With the focusing lens L5 of 50 cm, compared with the medium of
FC40 and HT110 in Figure 4A, the reflected energy used HT110 medium
is much higher than that of FC40 medium at the same pump energy. The
relationship between the compressed pulse width and the injected energy
under different media is shown in Figure 4B. Under the injection energy
of 45 mJ, the average pulse widths measured in FC40 and HT110 media
are 653 ps ± 25 ps and 626 ps ± 27 ps, respectively. The compressed pulse
width of HT110 medium is slightly narrower than that of FC40. This is
because the medium with a high gain coefficient can effectively amplify
the front part of Stokes pulse. Therefore, in compact double-cell setup B, it
is easy to obtain a high energy efficiency and narrow pulse width for the
medium HT110 with a large gain coefficient.

5 Conclusion

In this study, experiments in the compact double-cell structure are
conducted to optimize the output parameters of SBS pulse
compression. Firstly, the focal depth and focal spot size in the
compact double-cell structure are calculated, which provides
theoretical guidance for the structural parameter design such as
lens focal length and SBS cell size. Then, the influence of the lens
and medium parameters on output parameters of SBS pulse
compression is experimentally studied for setup A and setup B,
respectively. For setup A, it is easy to obtain a high reflection
energy efficiency with a short focal length lens, while easy to
obtain a narrow compressed pulse width with a long focal length
lens. As the focal length of focusing lens increases, the injection energy
at which the compressed pulse width enters the saturation region
becomes small, and the compressed pulse width is narrower. The
experimental results show that it is easy to obtain a high energy
efficiency in the case of a medium with a large gain coefficient. With
the increase of injection pump power, the energy efficiency for
HT110 with a high gain coefficient enters the gain saturation

region earlier than the case for FC40 with a low gain coefficient.
For compact double-cell setup A, it is easy to obtain narrow pulses for
the medium FC40 with a short phonon lifetime. However, in compact
double-cell setup B, it is easy to obtain a high energy efficiency and
narrow pulse width for the medium HT110 with a large gain
coefficient. The pulse width compression ratio is up to 16 times
after optimization. These experimental results can provide output
optimization guidance for the experimental design of SBS pulse
compression in high-energy laser systems.
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A novel meta-learning-based
hyperspectral image classification
algorithm
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Aimed at the hyperspectral image (HSI) classification under the condition of
limited samples, this paper designs a joint spectral–spatial classification
network based on metric meta-learning. First, in order to fully extract HSI fine
features, the squeeze and excitation (SE) attention mechanism is introduced into
the spectrum dimensional channel to selectively extract useful HSI features to
improve the sensitivity of the network to information features. Second, in the part
of spatial feature extraction, the VGG16 model parameters trained in advance on
the HSRS-SC dataset are used to realize the transfer and learning of spatial feature
knowledge, and then, the higher-level abstract features are extracted to mine the
intrinsic attributes of ground objects. Finally, the gated feature fusion strategy is
introduced to connect the extracted spectral and spatial feature information on
HSI forminingmore abundant feature information. In this paper, a large number of
experiments are carried out on the public hyperspectral dataset, including Pavia
University and Salinas. The results show that the meta-learning method can
achieve fast learning of new categories with only a small number of labeled
samples and has good generalization ability for different HSI datasets.

KEYWORDS

hyperspectral image, meta-learning, limited samples, transfer learning, attention
mechanism

1 Introduction

Hyperspectral image (HSI) refers to a spectral image with a spectral resolution in the
range of nanometers, and its rich spectral information can be obtained while obtaining
spatial information on ground objects [1]. The unique advantage of hyperspectral imagery is
that it can not only obtain multi-channel spectral information on ground objects but also
complex spatial information on different types of ground objects, and its spatial spectrum
fusion features can effectively distinguish ground objects [2].

HSI classification methods based on deep learning can automatically extract spectral
features, spatial features, or spectral–spatial features. Chen et al. [3] proposed a stacked
autoencoder (SAE) to extract joint spectral–spatial features for HSI classification. Li et al.
[4] utilized deep belief networks (DBNs) to extract spectral–spatial features and achieved
better classification performance than SVM-based methods. Makantasis et al. [5]
introduced 2D-CNN to HSI classification and obtained satisfactory performance by
using CNN to encode spectral–spatial information and using multi-layer perceptron.
Chen et al. [6] used 3-D CNN to simultaneously extract spectral–spatial features of HSI
and achieved better classification results. Nevertheless, training very deep CNNs is still
somewhat difficult due to the information loss produced by the vanishing gradient
problem. To solve this problem, Wang et al. [7] introduced ResNet into HSI
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classification. Zhong et al. [8] designed a spectral–spatial residual
network (SSRN) to identify HSI spectral properties and spatial
context using spectral and spatial residual blocks and achieved
state-of-the-art HSI classification accuracy. Furthermore, Paoletti
proposed deep pyramidal residual networks (PyResNet) [9] to
learn more robust spectral–spatial representations from HSI cubes
and provide competitive advantages over state-of-the-art HSI
classification methods in both classification accuracy and
computation time aspect.

Hyperspectral image classification based on deep learning has
achieved great success, but deep learning methods require a large
number of labeled training samples, and the acquisition of labeled
samples is very difficult, requiring great manpower, material, and
financial resources. In practical classification applications, new scene
images often have very few labeled samples, but other scene images
often have enough labeled samples. Meta-learning is an effective
method to achieve few-sample classifications. The learned meta-
knowledge can help predict the target domain data and solve the

FIGURE 1
Joint spectral–spatial classification network based on the metric meta-learning model.
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problem of hyperspectral image classification when there are only a
few labeled samples for each class. Meta-learning is proposed to
solve the problem of the insufficient generalization performance of
traditional neural network models and the adaptability of new types
of tasks. As early as the beginning of the 21st century, Hochreiter
et al. verified that neural networks with memory modules could be
used to deal with the proposition of meta-learning problems [10].
Such networks cache information efficiently and accurately through
learning and then input it into the memory module to complete the
conversion of the output. Subsequently, Munkhdalai et al. proposed
a meta-network that applied the idea of meta-learning to the
memory network to solve the problem of small-sample learning
[11]. This network extracts task-independent meta-level knowledge
to achieve rapid parameterization of common tasks. The matching
network model proposed by O. Vinyals et al. [12] is the earliest
method of combining metric learning with meta-learning.
Subsequently, Snell et al. proposed prototypical networks by
further improving and optimizing the matching network [13].
The prototype network uses simple ideas to effectively reduce the
number of parameters, simplify the training process, and achieve
good classification results. C. Finn et al. proposed a model-
independent meta-learning algorithm named model-agnostic
meta-learning (MAML) [14], which can be seen as a meta-
learning tool for training basic meta-learners. Andrei A. Rusu
et al. [15] proposed a meta-learning idea by optimizing hidden
layer embedding on the basis of MAML, constructing a hidden space
in which the parameters can complete its inner loop update, which
effectively adapts the behavior of the model.

The contributions of the proposed method are as follows:

1. According to the few training samples and scarce labeled samples
of HSI, this paper proposes a joint transfer classification
framework based on the metric meta-learning method.

2. In order to mine the spatial–spectral features of HSI, this paper
proposes a novel spatial–spectral feature extraction module.
Moreover, the squeeze and excitation (SE) attention
mechanism is introduced into the spectral dimension channel
in the spatial–spectral feature migration network module to
capture global information, selectively extract useful HSI
features, reduce the influence of useless information, and
increase the attention of important features.

3. The gated feature fusion strategy is introduced, the feature
information on spectral–spatial HSI is utilized, and the
method of recursive merging is adopted to gradually fuse the
images, thereby enhancing the ability of the network to adapt to
the characteristics of HSI. Through gated fusion, the network can
select a reasonable combination scheme for each pixel, enhance
the appropriate features and suppress the inappropriate features,
and extract more abundant HSI feature information.

2 Materials and methods

Figure 1 shows the overall block diagram of the spectral–spatial
joint transfer classification network based on the metric meta-
learning of HSI.

First, the hyperspectral dataset is divided into many different
metatasks. Each task contains a small number of labeled samples

(the support set) and unlabeled samples (the query set). Then, the
support set and query set samples are simultaneously sent to the
spectral–spatial joint transfer network module constructed to
extract the spatial and spectral embedded features. The
parameters in the spatial features are initialized by the
network parameters trained on the HSRS-SC dataset to realize
the transfer learning of spatial feature knowledge, which provides
a new idea for hyperspectral image classification when training
samples are insufficient. Then, the extracted spatial and spectral
features are fused to gain more knowledge about general HSI
features. Finally, the fused spectral–spatial features are sent into
the metric meta-learning classification module and feature
information is mapped into an embedding space by making
full use of the metric space in the prior knowledge so that the
model can achieve the effect of quickly and efficiently classifying
the image categories.

2.1 Spatial–spectral feature extraction
module combined with transfer learning

This section starts from the perspective of joint spatial–spectral
features and aims at optimizing feature extraction and proposes a
spatial–spectral joint transfer network. For HSI classification,
spectral feature extraction exclusively leads to difficult
interpretation of high-level semantic information on features of
HSI scenes. It is shown that modeling through the synergy of spatial
and spectral information can combine the spectral and spatial
advantages of images to better reveal the proprieties of HSI. The
two branches of the network extract spatial features and spectral
features of HSI, respectively, and a channel attention mechanism is
applied after extracting spectral features. This mechanism can
strengthen the extracted features and make them more
discriminative, thus improving the classification effect of HSI.
After the spatial features and spectral features are extracted, the
two features are combined by the gated fusion method. The gated
fusion method can selectively fuse the spatial–spectral features for
the classification of different positions, according to the feature
appearance of the input image.

2.1.1 Spectral feature extraction combined with SE
attention mechanisms

For the spectral feature extraction model, the network is
configured with one 1-D convolutional layer, one spectral
residual block, one 1-D convolutional layer, and one FC layer.
SE-Net adds attention mechanisms to channels, including two
key operations: squeeze and incentive. It can be observed that the
module obtains the best weight value through autonomous learning,
which is generally implemented by the neural network. A feature
recalibration mechanism based on the network model is proposed,
which enables the model to find some small amount of information
that needs to be focused on in a large amount of data, thus avoiding a
waste of computing power on unimportant information.

The inputX of any size is first given, then the input is mapped by
Ftr, resulting in its special transformation into a feature map U
(U ∈ RH×W×C). The convolutional neural network is then used to
construct a corresponding SE block, which is used to re-calibrate the
features. The calibration step is to generate an embedded global
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distribution channel feature response and aggregate the features
with a dimension size of C × H × W to obtain a feature size of
C × 1 × 1 so that the layer closest to the input layer can obtain the
global receptive field. After the squeeze operation, an excitation

operation is performed, which is to re-input the new feature and
aggregate a new weight generated by each channel, which will be
mapped to U again to obtain the final output ~X combined with the
weight.

TABLE 1 Classification results of different methods on the Pavia University dataset.

Class EMP-SVM DCNN ResNet RLNet DCFSL HFSL Ours

Asphalt 80.24 ± 2.45 79.38 ± 3.08 76.59 ± 0.58 84.03 ± 1.89 85.25 ± 2.55 86.47 ± 0.83 87.06 ± 3.47

Meadows 79.25 ± 0.76 83.42 ± 1.47 82.98 ± 1.49 76.96 ± 3.55 90.64 ± 0.84 89.33 ± 0.56 90.90 ± 0.85

Gravel 63.59 ± 2.07 72.18 ± 0.86 75.36 ± 3.67 80.13 ± 2.76 82.09 ± 1.62 84.81 ± 1.94 87.58 ± 1.06

Trees 78.67 ± 1.89 80.03 ± 2.43 85.52 ± 0.44 87.34 ± 0.81 88.84 ± 3.91 89.45 ± 2.85 90.70 ± 2.19

Metal sheets 76.41 ± 0.95 77.26 ± 4.16 82.71 ± 0.83 85.03 ± 1.43 91.70 ± 4.27 93.93 ± 3.06 93.57 ± 3.54

Bare soil 72.72 ± 2.44 87.84 ± 3.81 89.92 ± 4.75 91.06 ± 0.72 88.28 ± 1.66 89.49 ± 2.07 91.36 ± 4.82

Bitumen 76.06 ± 0.58 78.61 ± 0.84 75.34 ± 1.40 78.68 ± 3.53 87.12 ± 3.82 90.41 ± 3.82 92.71 ± 1.53

Bricks 78.52 ± 3.06 74.86 ± 2.59 73.57 ± 3.61 74.65 ± 2.86 83.51 ± 2.77 86.24 ± 0.91 87.03 ± 2.06

Shadows 86.43 ± 1.54 87.66 ± 1.06 88.67 ± 2.84 90.64 ± 4.39 92.79 ± 0.93 94.81 ± 1.64 96.54 ± 0.31

OA/% 77.89 ± 0.75 79.84 ± 2.14 80.85 ± 3.72 82.97 ± 1.68 85.02 ± 2.51 86.15 ± 3.19 89.26 ± 1.95

AA/% 75.76 ± 1.63 80.32 ± 1.86 81.49 ± 1.95 83.41 ± 2.11 84.47 ± 0.83 85.88 ± 2.83 88.75 ± 3.08

100 K 70.09 ± 3.71 72.56 ± 0.92 73.24 ± 0.86 75.91 ± 3.54 79.04 ± 1.69 80.73 ± 1.52 82.51 ± 0.76

TABLE 2 Classification results of different methods on the Salinas dataset.

Class EMP-SVM DCNN ResNet RLNet DCFSL HFSL Ours

Bg_weeds_1 77.57 ± 1.56 85.29 ± 0.16 86.85 ± 0.05 87.63 ± 0.22 89.47 ± 3.25 91.40 ± 2.12 92.49 ± 0.09

Bg_weeds_2 82.43 ± 0.85 88.20 ± 2.03 89.97 ± 2.20 91.09 ± 1.14 92.47 ± 0.85 93.76 ± 3.14 95.41 ± 2.54

Fallow 86.95 ± 2.12 89.45 ± 2.28 88.47 ± 3.48 89.01 ± 2.21 91.05 ± 1.94 92.86 ± 0.82 94.94 ± 0.51

Fr_plow 82.11 ± 0.22 84.31 ± 3.05 86.52 ± 1.80 88.54 ± 2.05 93.75 ± 2.29 94.55 ± 0.08 95.97 ± 1.15

Fallow_smooth 80.29 ± 0.23 82.24 ± 2.19 84.20 ± 0.43 85.98 ± 0.55 86.45 ± 0.61 88.70 ± 0.74 89.85 ± 3.24

Stubble 85.36 ± 0.45 88.85 ± 1.06 87.28 ± 2.22 89.47 ± 2.29 91.73 ± 2.74 92.52 ± 0.25 94.62 ± 1.07

Celery 84.39 ± 0.13 86.69 ± 2.01 88.98 ± 3.01 90.81 ± 3.64 92.61 ± 1.45 93.88 ± 1.59 94.31 ± 0.46

Grapes_untrained 74.99 ± 0.05 76.40 ± 1.28 78.90 ± 3.74 80.74 ± 0.76 81.11 ± 3.23 82.57 ± 2.49 85.84 ± 0.51

Sv_develop 86.09 ± 1.87 89.25 ± 3.16 90.64 ± 0.05 91.13 ± 3.09 92.35 ± 0.25 93.59 ± 0.41 94.94 ± 3.08

Cs_green_weeds 85.45 ± 0.37 88.72 ± 0.29 89.01 ± 1.64 90.98 ± 1.85 91.53 ± 0.19 92.42 ± 1.54 94.51 ± 2.94

Lr_4wk 81.25 ± 0.29 84.15 ± 1.57 86.86 ± 0.47 85.99 ± 0.19 87.03 ± 3.09 88.61 ± 3.61 89.63 ± 1.46

Lr_5wk 77.22 ± 0.07 79.65 ± 0.32 80.67 ± 1.23 81.13 ± 0.43 83.15 ± 2.54 85.93 ± 0.37 86.27 ± 2.13

Lr_6wk 77.30 ± 1.08 83.63 ± 0.66 84.04 ± 3.67 86.34 ± 0.51 88.54 ± 0.52 89.30 ± 0.69 89.71 ± 0.88

Lr_7wk 81.84 ± 0.15 84.56 ± 2.09 85.61 ± 0.82 84.06 ± 0.02 86.43 ± 0.68 88.85 ± 0.43 90.29 ± 2.69

Vinyard_untrained 69.52 ± 1.23 71.02 ± 3.01 73.97 ± 3.54 74.54 ± 1.67 75.18 ± 0.28 77.38 ± 1.88 80.53 ± 0.43

Vv_trellis 81.45 ± 0.19 86.41 ± 0.46 89.91 ± 1.28 92.65 ± 2.98 94.39 ± 1.73 95.22 ± 3.66 96.61 ± 0.79

OA (%) 79.85 ± 1.38 84.20 ± 0.38 86.39 ± 2.28 88.67 ± 0.76 90.65 ± 2.38 91.43 ± 0.57 93.96 ± 1.58

AA (%) 85.24 ± 0.42 87.56 ± 1.29 89.01 ± 0.46 90.90 ± 0.60 91.42 ± 0.84 92.59 ± 1.26 94.39 ± 0.76

100 K 78.68 ± 2.54 82.46 ± 0.24 84.95 ± 3.13 85.52 ± 0.93 87.32 ± 3.13 88.84 ± 2.04 89.08 ± 2.93
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2.1.2 Spatial feature extraction network combined
with transfer learning

As shown in Figure 1, the three parts of spectral feature extraction,
spatial feature extraction, and spectral–spatial feature extraction
constitute the joint spatial–spectral feature extraction network.
However, a meta-learning training strategy is used to learn the
embedding feature space suitable for the HSRS-SC dataset. The
pre-trained VGGNet’s first seven-layer structure and parameters
are used to train the data on the target domain, and the
parameters are transferred to the feature extraction model of the
HSRS-SC dataset. Then, a CNN with 2D convolution, 2D max-
pooling, and FC layers is designed to extract spatial features. The
2D convolution layer is followed by the BN layer, ReLU activation
function, and maximum pooling. A batch normalization (BN) layer is
added after the 2D convolutional layer to solve gradient disappearance
and improve the generalization ability of the model. The activation
function is added after the normalization layer. Finally, an FC layer is
added to generate spatial feature vectors.

After the spatial features and spectral features are extracted, the
two features are combined by the gated fusion method, which can
selectively fuse the spectral–spatial features for the classification of
different positions according to the feature appearance of the input
image. Through gated fusion, the network can select a reasonable
combination scheme for each pixel, enhance suitable features and
suppress inappropriate features, and extract richer HSI feature
information.

2.2 Metric meta-learning classification
module

As shown in Figure 1, the obtained spectral–spatial feature vector
used to be classified by comparing the distance of labeled samples and
unlabeled samples based on metric element learning. The method in
this paper is an improvement on the classic algorithm of metric-based
meta-learning. The estimated metric function minimizes the difference
between similar tasks, whichmaximizes the distance between dissimilar
tasks and improves the efficiency of task processing. The known
support samples xj and query samples xi generate the eigenvector
sums of two sets of Eφ(xi) and Eφ(xj) through the spectral–spatial
transfer network module, and then generate eigenvectors through
splicing operation C(*, *). The distance between samples can be
used to obtain sample attributes Conji without using all the features
of samples, which can make more effective use of HSI features and
reduce the model’s dependence on training samples.

Conj
i � C Eφ xi( ), Eφ xj( )( ). (1)

Mϕ is a neural network consisting of three regular convolutional
layers. The first two convolution layers, with the size of 1 × 1 × 64,
are followed by the Leaky-ReLU activation function for non-linear
mapping. The sigmoid activation function is then used to output the
similarity between samples, then the output feature vector is mapped
to Mϕ and convolved by a convolutional layer. By analyzing the
similarity between samples to obtain class xj, feature vectors and
relationship scores mi,j are generated xj.

In order to determine the label of the query sample, the feature
mapping of each combination is input into Mϕ to generate a

similarity, which is defined to indicate the similarity between any
two embedded samples. The value of the output mi,j is a range of
[0, 1], in which the samples with high similarity scores are
considered to be more similar.

mi,j � Mϕ C Eφ xi( ), Eφ xj( )( )( ). (2)

The comparison measurement model uses the mean squared
error (MSE) loss function to calculate the relationship score and
conduct training. When the training samples belong to the same
category, the loss value is 1; otherwise, it is 0. The loss function is
shown as follows: (mi,j − l(yi �� yj))2

ϕ,φ ← argmin
ϕ,φ

∑
xi
. (3)

3 Results

In order to prove the effectiveness of this method, classification
experiments are carried out on public datasets, namely, Pavia
University and Salinas datasets, and the transfer learning dataset
selects the HSRS-SC dataset. All experiments were conducted using
the Intel (R) Xeon (R) 4208 CPU @ 2.10 GHz processor and Nvidia
GeForce RTX 2080Ti graphics card. The number of training
iterations is set to 1,000. For each training iteration, K is set to
1 and N is set to 19, which is the number of categories in the HSI
dataset; that is, 1 labeled sample and 19 unlabeled samples were
selected randomly to form a training set for model training. In
addition, the model in this paper is optimized using Adam, and the
learning rate is set to 0.001.

3.1 Comparison with state-of-the-art
methods

In order to evaluate the effectiveness of the meta-learning method,
this paper compares the meta-learning method with deep learning and
few-shot supervised learning methods including extended
morphological profile support vector machine (EMP-SVM) [16],
deep convolutional neural network (DCNN) [17], residual network
(ResNet) [18], and current few-shot learning methods including
relation network (RLNet) [19], deep cross-domain few-shot learning
(DCFSL) [20], and heterogeneous few-shot learning (HFSL) [21]. In
order to ensure the fairness of the experiment, this paper randomly
selects five labeled samples in each type of HSI dataset as the supervised
samples. All experiments were performed 10 times to remove the effect
of random sampling. Tables 1, 2 show the accuracy values of OA, AA,
and kappa of Pavia University and Salinas datasets.

From Tables 1, 2, it can be seen that the proposed method in this
paper achieves almost the highest classification accuracy in each class. In
particular, it improves the classification accuracy more for classes with
lower heights, such as the asphalt road class and the grass class in the
Pavia University dataset. As shown in Table 1, theOA value of the Pavia
University dataset is as high as 82.96%, and compared with EMP-SVM,
DCNN, ResNet, RLNet, DCFSL, and HFSL, it has increased by 11.37%,
9.42%, 8.41%, 6.29%, 4.24%, and 3.11%, respectively. These results
demonstrate the superiority of meta-learning methods in HSI
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FIGURE 2
Classification maps of the Pavia University dataset. (A) ground truth; (B) EMP-SVM; (C) DCNN; (D) ResNet; (E) RLNet; (F) DCFSL; (G) HFSL; (H)Ours.

FIGURE 3
Classification maps of the Salinas dataset. (A) ground truth; (B) EMP-SVM; (C) DCNN; (D) ResNet; (E) RLNet; (F) DCFSL; (G) HFSL; (H) Ours.
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classification. For categories that other methods cannot accurately
classify, such as gravel, bare soil, asphalt, and bricks, the meta-
learning method can obtain more accurate classification results,
further demonstrating its effectiveness.

Figures 2, 3, respectively, show the HSI ground truth maps and
the false color image maps of the classification results. In the small-
sample ground objects, the error features such as gravel and bricks
have been significantly improved, and it can correct various types of
ground objects with a small number of training samples.

In Figure 3, the SVM algorithm only considers the spectral
feature, and the misclassification rate for Vinyard_untrained and
Grapes_untrained is higher. DCNN and other deep learning
algorithms are better than SVM in the classification of Vinyard_
untrained and Grapes_untrained, which shows that it has good
feature extraction ability in large-scale landforms. On this dataset,
the meta-learning algorithm has greatly improved compared with
other algorithms, and the classification effect is the best.

4 Discussion

In order to verify the HSI classification framework based on
model transfer, the influence of different datasets on the
classification results in transfer learning was studied to construct
the optimal classification framework. Figure 4 shows the results of
classification using different datasets for transfer learning, where CP
means the center of Pavia dataset, SA means the Salinas dataset, HS
means the HSRS-SC dataset, and IM means the natural image
dataset ImageNet. Through the visualization of experimental
data, it can be found that the model-based transfer learning
method is effective. As shown in Figure 4F, the classification
result obtained by using the HSRS-SC as the source dataset is
better than the other three types and is closer to the ground
truth map in terms of spatial correlation and completeness,
especially the soil class. Rich information on source domain data
facilitates the learning of pre-trained models. By using the HSRS-SC

FIGURE 4
Classification visualization result diagram using different transfer datasets. (A) Ground truth; (B) No transfer learning; (C) Transfer using CP; (D)
Transfer using SA; (E) Transfer using IM; (F) Transfer using HS.
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dataset to train the model, the obtained model has a stronger feature
extraction ability and is able to learn more general features rather
than features limited to a specific dataset so that the migration of the
pre-trained model to the target domain can better adapt to the new
learning task well.

5 Conclusion

In order to improve the classification accuracy of hyperspectral
images, this paper designs a spatial–spectral joint transfer
classification network based on metric meta-learning.
Furthermore, to combine the spectral and spatial superiority of
HSI, a joint spatial–spectral transfer learning network module is
proposed in this paper, which can extract finer HSI features and
capture cross-dimensional and spatial interaction information. The
experimental results on two publicly available HSI datasets show
that the meta-learning method proposed in this paper is more
competitive and outperforms other classical methods and existing
few-shot learning methods. In the future, we will study model
compression and pruning to reduce the complexity of the
proposed model and improve real-time performance without
affecting the classification ability.
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In recent years, transverse mode instability (TMI) has been widely observed in fiber
laser amplifier systems. The transverse mode instability phenomenon in fiber laser
oscillators is less studied. Here, we focus on the dynamical output properties, i.e.,
its temporal signal andmodal characteristics in a 30-μm-core-diameter ytterbium
(Yb)-doped fiber laser oscillator. The TMI occurs at a pumping power around
310 W. Different from amplifiers, the basic oscillation frequency is quite low, at
around 100 Hz, changing with time and pump power. When the fiber laser
oscillator operates beyond TMI threshold at 357 W or 377 W for a while, the
temporal fluctuation slowly disappears together with a decreased oscillation
frequency, and appears again later. Based on the mode decomposition
technique, we find that during the period of fluctuation disappearance at
357 W, the power output stays low and the output beam is still a mixture of
fundamental mode and higher-order modes. The fundamental mode content is
calculated to be averagely higher when temporal fluctuation disappears,
increasing from ~57% to ~63%. Our results indicate complex interaction
between the fiber laser oscillation and the TMI effect, and calls for more
attention into understanding TMI in fiber laser oscillators.

KEYWORDS

transverse mode instability, fiber laser oscillator, modal coupling, refractive index
gratings, modal interference pattern

1 Introduction

High power fiber lasers (HPFLs) have attracted much attention in scientific research
and industrial field due to their high conversion efficiency, excellent beam quality and
convenient heat management [1–3]. There are currently three operations of fiber lasers,
including pulse wave, quasi continuous wave (QCW), and continuous wave (CW). The
progress of ultra-fast optics and ultra-intense laser technology has promoted the
development of pulsed wave fiber laser [4–8]. They provide the advantages of high
repetition rate and high peak power, which can be widely used in laser cutting. QCW
fiber laser refers to a pulsed laser of ms magnitude with a duty cycle of 10%, which can be
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applied in drilling [9–11]. By contrast, CW fiber laser can
continuously output light with stable power and play an
important role in welding [12–14].

The rapid progress of high-brightness laser diodes (LDs) and
large-mode-area (LMA) fiber fabrication technology quickly
pushed the CW fiber laser power to exceed 20 kW in a
multimode fiber [15–20]. However, such trend was prohibited
by a thermo-optical effect called transverse mode instability
(TMI). In this effect, the heat generated from the
amplification affects the refractive index of the fiber, inducing
dynamical energy transfer between the fundamental mode and
higher-order modes. This coupling typically results in unstable
output beam profile, which exhibits temporal fluctuations up to a
few kHz. Therefore, the beam quality and laser output
performance degrade. As mentioned in the field of ultrafast
photonics, pulsed optical fiber laser is generated from complex
interactions among photons, electrons, and phonons under laser
excitation conditions [21–23]. TMI process in CW fiber laser is
also related to the dynamics of complex non-linear systems [24].
In order to mitigate TMI effect, researchers use several methods,
such as imposing external bend loss of HOMs for mode selection
[25–27], optimizing the fiber parameters [28–30], changing the
fiber laser architecture as well as changing pumping schemes
[31–33]. These mitigation strategies using passive optical devices
are promising, but are only applicable in specific operation
regimes [34]. Considering the physical origin of TMI
(dynamic in nature) and taking the idea from adaptive optics,
active mode control in a closed-loop system may provide a
universal way to stabilize the beam beyond TMI threshold
[35]. In principle, active mode control aims to control the
direction of mode coupling, allowing energy transfer to flow
between fundamental mode and higher-order modes.

In order to accurately measure the direction of energy, different
methods have been developed to detect the TMI effect, such as
utilizing photodiode (PD) [30] and high-speed camera (HSC)
[36–38]. The PD is widely used to detect power fluctuation. The
HSC method, in combination with modal analysis algorithm can
measure the beam fluctuation spatially and temporally, but is not
cheap. The fluctuation of power and modal analysis can provide the
detailed information about dynamic mode coupling, showing the
dynamic energy transfer between two or more modes. Such
information is prior to perform proper mode control.

What’s more, there are usually two configurations for CW fiber
lasers, including master oscillator power amplifier (MOPA) and
fiber laser oscillator. Currently, the MOPA architecture is more
studied due to its high-power output [39–41]. In comparison with
MOPA, the monolithic fiber laser oscillators exhibit the advantages
of simpler structure, easier manipulation, and less sensitivity against
backward coupled light. The output power level from the fiber
oscillators has reached over 8 kW [42]. Therefore, more attention
should be paid on investigating and suppressing TMI effect in fiber
laser oscillators.

In this paper, we characterize TMI in a co-pumping fiber laser
oscillator by measuring its temporal variation and performing
modal analysis. We first describe the adopted all-fiber laser
oscillator configuration and methods to characterize TMI
properties. Then, we measure the laser output performance and
observe transverse mode coupling. Furthermore, proper physical

explanations are provided according to the experimental
phenomenon.

2 Experimental setup

We build a co-pumping all-fiber laser oscillator with a low TMI
threshold. The advantage of researching such laser is that the TMI
process can be carefully observed at a low output power. Thus, the
laser system is safe to operate around and beyond TMI threshold for
a long time. The fiber laser oscillator setup is shown in Figure 1. We
use fiber-coupled LDs with a stabilized emission wavelength of
976 nm as optical pump sources. A forward (6 + 1)×1 pump-
signal combiner (PSC) enables a number of pump LDs to inject
into the laser oscillation cavity. Six pump ports of the PSC are used,
while the unoccupied central pump port of the PSC is angle cleaved
to avoid facet reflection. The co-pumping light is launched into the
laser oscillation cavity via the high-reflection fiber Bragg grating
(HR-FBG). A length of ~20 m Ytterbium (Yb)-doped fiber (YDF)
with 30/400 μm core/cladding diameters (NAcore = 0.064) is applied
as gain fiber. The HR-FBG is inscribed on the end of YDF, and it
provides a reflectivity of ~99.9% with a 3 dB bandwidth of ~4 nm at
the central wavelength of ~1,080 nm. An output coupler fiber Bragg
grating (OC-FBG) provides a reflectivity of ~10% with a 3 dB
bandwidth of ~1.7 nm at the central wavelength of ~1,080 nm.
After the OC-FBG, a length of 3 m 30/400 μm delivery fiber is
spliced and a quartz endcap is used to output the signal laser without
facet reflection. A cladding light stripper (CLS) is realized by
removing the polymer cladding of delivery fiber and coating the
inner cladding with high refractive index ointment. Thus, the CLS
ensures the cladding light to leak into the air and only the amplified
signal light reaches the fiber output. To avoid the heat accumulation,
the whole all-fiber laser oscillator is attached on a water-cooled plate,
and the gain fiber is coiled in a figure-8 shape with a minimum bend
diameter of 85 mm.

As depicted in Figure 1, we employ several methods to
characterize TMI. In the experiment, the output beam is
collimated by a lens, and then a high reflection (HR) mirror
reflects ~99.99% of the laser into the power meter (PM). A
photodiode (PD) receives the scattered lights to monitor the
temporal traces of output power via the oscilloscope. Part of the
light is coupled into multimode fiber and transmitted to an
optical spectrum analyzer (OSA) for recording spectral
information. A mode decomposition system is applied to
analyze the real-time modal variation of the co-pumping
optical fiber oscillator. A spatial light modulator (SLM) and a
HSC are the main components of the mode decomposition device
with optical correlation filter (OCF) method [43]. To match the
polarization requirement of the SLM, the incident light passes
through a polarized beam splitter (PBS). A computer-generated-
hologram containing the first six linearly polarized (LP) modes
(LP01, LP11e, LP11o, LP21e, LP21o and LP02) related transmission
functions is loaded on the SLM. The first order of the diffracted
light is captured via a HSC. The neutral density filters (NDF) and
optical bandpass filters are applied to adjust the incident power
level onto the HSC and remove any residual pump light. A low-
speed camera (LSC), which assists in judging the accuracy of the
placement position and tilt angle of optical components, is used
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to calibrate the measurement system. A residual light receiver
(RLR) is applied to receive the unused polarized light during the
entire measurement.

3 Results and discussion

3.1 Laser output characteristic

In the experiment, we first measure the spectrum and output
power of the fiber laser oscillator. As depicted in Figure 2A, the
central wavelength is around 1,080 nm at 155 W, and there are
no pump light or ASE in the spectrum. Figure 2B depicts the
output power dependence on the pump power and the standard
deviations (STD) of the temporal signals at different power
levels. The fiber laser oscillator shows a rollover output power of
180 W at the co-pumping power of 318 W, along with a rising
instability, quantified by the STD of the temporal signal. We set
the fiber laser oscillator to operate at three pumping powers
(318, 357, and 377 W) over TMI threshold for 60 s, and recorded
their temporal fluctuations using a PD per 10 s, as shown in
Figure 2C. When the pumping power is 318 W, the time domain
STD suddenly increases after 10 s, marking the appearance of
TMI, and the intensity of STD fluctuates with time. When the
pumping power reaches 357 and 377 W, we observe there is no
fluctuation for the temporal signal at 40 and 50 s, respectively.
Each stable period lasts for more than 10 s, and then the
fluctuation re-appears again with the varied intensity over
times.

In order to watch the time variation at the pumping power
beyond TMI, we take the 357 W power input, and plot six
normalized temporal intensities in a short period of 50 ms (The
data is recorded every 10 s), as shown in Figure 2D. The signal shows
periodic change, except at 40 s when the signal becomes quite stable.
To better visualize the related frequency information, we perform
Fourier transformation in Figure 2E. The fundamental frequency is
initially 100 Hz, which decreases to around 75 Hz at 20 s, and
returns to 100 Hz at 30 s. There is no obvious peak signal around
100 Hz at 40 s, but reappears at 150 Hz afterwards. We see that the
signal variation frequency changes with time. Interestingly, there is a
period which lasts around 10 s, when the time variation disappears.
This indicates that TMI may be suppressed at power beyond the
threshold.

3.2 Transverse modal properties

To research the transverse mode coupling process when TMI
occurs, the temporal variation of the laser output profile is
recorded. The far-field spot for mixed modes and the +1st
diffraction pattern from mode decomposition is
simultaneously captured via a HSC at 2,000 fps. A hole with a
diameter of 4.5 μm is chosen at the centroid of the far-field spot,
and the power change in this circle is monitored. When the
pumping power is 357 W, we record the quasi-periodic
fluctuation of power in the far-field bucket at selected time
slices, as shown in Figures 3A–F. The waveform presents a
superposition of two sine waves with a certain phase

FIGURE 1
A schematic diagram of all-fiber laser oscillator andmeasurement system. (LDs, Laser diodes; PSC, Pump-signal combiner; HR, High reflection; FBG,
Fiber Bragg grating; OC, Output coupler; YDF, Ytterbium-doped fiber; CLS, Cladding light stripper; PD, Photo-diode; OSA, Optical spectrum analyzer;
MMF, Multi-mode fiber; PM, Power meter; PBS, Polarizing beam splitter; NPBS, Non-Polarizing beam splitter; SLM, Spatial light modulator; ND, Neutral
density; RLR, Residual light receiver; LSC, Low-speed camera; HSC, High-speed camera).
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difference. When there are no distinct temporal fluctuations
(Figure 3D), the normalized intensity is relatively stable but at
a low level around 0.6. Although the temporal fluctuation
disappears, the TMI still occurs due to the reduced output
power. This low output power is assumed a dynamic
multimode coupling of some frequency combinations or a
static energy transfer (mode coupling).

We then perform mode decomposition and the
corresponding modal content is shown in Figures 4A–F. The
accuracy of mode decomposition can be up to 98% in our
experiment. When the modal coupling occurs at adjacent
modes, these two modes are recognized as a coupling pair.
According to the variation of modal contents, the modal
coupling presents a reverse periodic change among one
coupling pair. When one mode intensity decreases, the other

mode in the coupling pair will increase in a similar trend. It can
be clearly seen that there is a strong coupling between LP01 and
LP11e mode in the state of TMI. The degenerate modes (LP11e
and LP11o, LP21e and LP21o) have mutual energy exchange.
Besides, the results of the modal analysis demonstrate that
the periodic modal coupling changes with time. In
Figure 4D, when the laser output is relatively stable which
lasts for about 18 s, the mode content of the fundamental
mode stays around 65%, increasing from 58% in the unstable
case. This result demonstrates a static mode coupling in the
time range of 18 s. And then the output power oscillates again,
accompanied by dynamic mode coupling.

To figure out the properties of the modal coupling
frequencies, we compute Fourier spectrum of the individual
mode content in 30 s. We compare it with the frequency of the

FIGURE 2
The spectrum and evolution of the output power and stability of the beam emitted by the co-pumping fiber laser oscillator: (A) The output spectrum
at the output power of 155 W. (B) The output power and STD of the temporal signal at distinct pumping power. (C) Six recordings within 60 s of the time
domain STDs at three pumping powers of 318, 357, and 377 W (The data is collected every 10 s). (D) Six temporal traces with first 50 ms in every 10 s in
sequence at the pumping power of 357 W. (E) Fourier spectra of intensity variations.
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power in the far-field bucket. The power fluctuation of the far-
field bucket in 50 ms is shown in Figure 5A. The intensity has a
periodic quasi-triangle waveform in this time window. The
characteristic peaks of the Fourier spectrum are independent
below 1 kHz. As depicted in Figure 5B, the characteristic
frequencies of the individual modes are similar as that of the
power change of the far-field mixed modes. The basic
frequencies are all around 150 Hz. Thus, we consider 1.5 kHz
may be an essential frequency for controlling mode coupling for
this fiber laser oscillator in an active control system.

3.3 Physical explanations and analysis

The above experimental results show that the frequencies of
the temporal fluctuation are several times lower than the dynamic
TMI in fiber amplifiers, which are mostly in kHz level. This
phenomenon is consistent with that of Ref. [44] that the

characteristic frequency of a fiber laser oscillator is lower than
that of a fiber laser amplifier.

In recent years, it is generally agreed that TMI is induced by the
refractive index gratings (RIG) [11]. But there are still two different
theories explaining the physical origin of TMI. One of the theories is
based on non-adiabatic waveguide changes which are thermally
induced [39]. The other theory relies on modal interference pattern
(MIP) between fundamental mode and higher-order modes with
slightly different frequencies [45].

The energy transfer between the transverse modes for the
dynamic TMI is related to the non-adiabatic longitudinal change
of the transverse refractive index distribution along the fiber.
From the Ref. [39] and the results of our experiments, the energy
exchange is a ripple-shape in one cycle. This ripple-shape will
change slightly over time compared with the previous ones. That
is to say, the energy oscillation can remain unchanged within a
certain time range, but it will suddenly vary to a new state, and
then keep this state for a moment. What’s more, the net energy

FIGURE 3
Variation of power in the far-field bucket within multiple 200 ms at the pumping power of 357 W. Inset: selected 50 ms time window, where Int
denotes the maximum intensity.
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transfer after each period will be equal to zero, since the energy
transfer in the first half cycle will be completely reversed in the
second half cycle.

We observe that the TMI effect switches from an unstable
temporal state to a stable temporal state. Even though, this
phenomenon is demonstrated as a static mode coupling in the
selected time window at 357 W (Figure 4D). When the system
operates for a period at the pumping power point above TMI
threshold, it is also recorded that the system switches back and
forth between the stable and the unstable state (at 357 and
377 W). This may be still a dynamic energy transfer with a
certain set of the coupling frequencies, which can induce a
plausible balanced state. Otherwise, the temporal stability may
be occurred when the dynamic energy transfer relaxes to a stable
state of the system over time. A weak external perturbation, such

as air turbulence/convection, mechanical vibration, or the
thermally-induced change, is enough to trigger the modal
interference conditions and induce the unstable evolution of
the system again. Besides, the RIG at the fiber end amplifies
the impact of these perturbations. The TMI will occur when this
amplification factor is higher than the damping of perturbation.
This also requires in-depth researches to explore the physical
origin of this relaxation.

In additon, according to Ref. [46], Hui Cao from Yale
University calculated that multiple mode excitation can reduce
the thermo-optical non-linearity and instability compared to two
mode excitation. As there are at least 6 supported modes in 30 μm
Yb-doped fiber, multiple mode excitation is highly likely to exist
and may change over time. When the mode coupling results in
more mode distribution, the TMI threshold increases so that TMI

FIGURE 4
The variation of transverse mode coupling at the pumping power of 357 W.
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phenomenon may not occur. On the other hand, when the mode
coupling reduces the number of modes, the TMI may jump in
again due to the reduced threshold.

4 Conclusion

In summary, we have experimentally studied the TMI
phenomenon in a 30 μm Yb-doped fiber laser oscillator in
detail and validate the modal energy transfer during TMI
using temporal analysis and mode decomposition. The TMI
threshold is measured at a pumping power around 310 W.
The basic characteristic frequency is quite low, around 100 Hz,
changing with time and pump power. When the fiber laser
oscillator operates above TMI threshold at 357 W or 377 W, to
our surprise, the temporal fluctuation slowly disappears with a
reduced frequency, and re-appears after more than 10 s. During
the period of fluctuation disappearance at 357 W, the mode
content of fundamental mode increases from 57% to 63%,
while the output power stays low. This demonstrates a static

mode coupling in the selected time window. We provide proper
physical explanations and analysis for several complex non-
linear dynamics of TMI, which could be helpful for the
recognition and suppression of TMI in the fiber laser oscillator.

Data availability statement

The original contributions presented in the study are included in
the article/supplementary material, further inquiries can be directed
to the corresponding authors.

Author contributions

Investigation, JC,WL, and XW; resources, YW, KX, QZ, PL, HZ,
DZ, YL, and ZJ; writing—original draft preparation, JC;
writing—review and editing, JC, JZ, and XW; supervision, WL,
XW, and GZ. All authors have read and agreed to the submitted
version of the manuscript.

FIGURE 5
The variation of the power fluctuation in the bucket of far-field spot and modal coupling frequencies. (A) The power fluctuation of the far-field
bucket in 50 ms and the related Fourier spectrum; (B) The characteristic frequencies of the individual modes (LP01, LP11e, LP11o, LP21e, LP21o, LP02) in 30 s.
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Research on on-line assembly and
calibration system based on laser
scanning and optical fiber sensor

Weijie Ding1, Meixuan Li2*, Fang Liang3, Yan Gao1, Wei Qin1 and
Hong Zhang1

1Department of Physics, Xinzhou Normal University, Xinzhou, Shanxi, China, 2Institute for Interdisciplinary
Quantum Information Technology, Jilin Engineering Normal University, Changchun, China, 3Department
of Electronics, Xinzhou Normal University, Xinzhou, Shanxi, China

In order to improve the degree of assembly automation, an online assembly
calibration system is designed based on laser scanning and optical fiber sensors.
The optical fiber sensing module is used to obtain the stress field information, and
the laser scanning module is used to obtain the point cloud information of the
assembly structure. The position offset caused by the stress field can be
compensated to the 3D point cloud for improving the target reconstruction
accuracy. It consists of laser scanning module, optical fiber sensor module,
demodulator, data analysis module, etc. Analyzing the structural characteristics
of the module, the stress field distribution of the module structure is obtained
through simulation analysis, and an appropriate optical fiber sensor network layout
is constructed. When the force is applied in different directions, the stress field
distribution of the assembly structure is simulated and analyzed. The results show
that the magnitude and direction of the residual stress have an impact on the
distribution of the stress field. At the same time, the stress field diffusion degree
had been also analyzed in different strength conditions. In the calibration test of
FBG sensor, the functional relationship between wavelength variation and stress is
about 0.0011 nm/N. In the assembly test, the stress test trends of different FBGs
were obtained, and the relative error was concentrated between 4.0% and 9.0%,
which had good stability. After correcting the position of the point cloud for
optical fiber sensing data, the position deviation between the test point and the
digital analog has been significantly reduced, with the average value decreasing
from 2.953. to 0.095 mm. It has good applicability in factories with large
interference of working environment, and can improve the application field of
intelligent assembly.

KEYWORDS

optical fiber network, laser scanning, assembly calibration, automation, stress field
analysis

1 Introductions

Intelligent assembly technology is the development direction of the future
manufacturing industry, and it is the closed-loop control of online real-time monitoring
and feedback as demonstrated [1]. The existing online adjustment methods of intelligent
assembly mainly include laser scanning method and image matching method [2]. The image
matching method mostly uses a trinocular measuring instrument. Boeing adopts intelligent
assembly technology, and large parts were realized by iGPS and AGV. It greatly reduces time
for assembly time [3–5]. A high-precision online correction module was provided by the

OPEN ACCESS

EDITED BY

Shuo Liu,
Hebei University of Technology, China

REVIEWED BY

Zhichao Liu,
Changchun University of Science and
Technology, China
Wang Gao,
North University of China, China

*CORRESPONDENCE

Meixuan Li,
limx@jlenu.edu.cn

RECEIVED 13 March 2023
ACCEPTED 03 April 2023
PUBLISHED 12 April 2023

CITATION

Ding W, Li M, Liang F, Gao Y, Qin W and
Zhang H (2023), Research on on-line
assembly and calibration system based
on laser scanning and optical fiber sensor.
Front. Phys. 11:1185068.
doi: 10.3389/fphy.2023.1185068

COPYRIGHT

© 2023 Ding, Li, Liang, Gao, Qin and
Zhang. This is an open-access article
distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original author(s)
and the copyright owner(s) are credited
and that the original publication in this
journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Physics frontiersin.org01

TYPE Brief Research Report
PUBLISHED 12 April 2023
DOI 10.3389/fphy.2023.1185068

109108

https://www.frontiersin.org/articles/10.3389/fphy.2023.1185068/full
https://www.frontiersin.org/articles/10.3389/fphy.2023.1185068/full
https://www.frontiersin.org/articles/10.3389/fphy.2023.1185068/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphy.2023.1185068&domain=pdf&date_stamp=2023-04-12
mailto:limx@jlenu.edu.cn
mailto:limx@jlenu.edu.cn
https://doi.org/10.3389/fphy.2023.1185068
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org/journals/physics#editorial-board
https://www.frontiersin.org/journals/physics#editorial-board
https://doi.org/10.3389/fphy.2023.1185068


modular positioning technology, which can use laser positioning to
obtain real-time assembly information Arnaldo G [6]. Had a very
high level of intelligence as demonstrated.

Lidar technology [7–11] has the advantages of high precision
and good repeatability in intelligent assembly, and the image
matching method has the advantages of strong applicability and
good stability. Both of them use the method of collecting light waves
at the target position to obtain the assembly state. In the existing
intelligent assembly system, it can often only be applied to large
components with a simple structure or an assembly process with a
single process, and at the same time, it is necessary to ensure the low
noise of the assembly environment. It also limits the application of
the two technologies in the more general assembly process, so these
two technologies are currently mainly used in the aviation field.
Multi-sensor measurement methods have low dependence on
working conditions, good real-time performance and strong
adaptability. Mulle et al. [12] completed the measurement of
mechanical structures under moving conditions through FBG
strain measurement and vibration demodulation. Stress
fluctuation range test; Anany [13] used multi-core fiber to
achieve the acquisition of three-dimensional strain field
distribution, so as to invert the structural shape change; Arnaldo
[14] detected the bending shape and solved the problem of the
installation process of the aircraft boom. The force condition assists
the assembly. Qu Daoming et al. [6] used optical fiber sensing
technology to complete the flexible skin detection, and provided
experimental reference data for the automatic adjustment of variable
wings. Jiang Xintong et al. [15] obtained the pre-assembled stress
model through the optical fiber network to improve the assembly
accuracy. In order to directly obtain the assembly state information
during the assembly process for realizing online correction, it can
achieve the purpose of being suitable for various assembly fields.

An intelligent assembly trajectory correction system was
designed by optical fiber sensing. The tool distributed sensor
network was used to solve the problem of visual blind spots, and
the differential correction was used to solve the problem of
environmental interference.

2 Principle of the system

During the assembly process, the assembly tool needs to move
the workpiece to a suitable position. During the process, it is often
affected by the error between the preset trajectory and the actual
assembly trajectory. Translation error, pose error, etc., will cause
improper assembly, interference assembly or assembly interference,
etc. In order to realize the self-adaptive correction in the assembly
process of large-scale structural workpieces, it is necessary to obtain
the real-time assembly status information. Obtaining the stress field
distribution through optical fiber sensing technology can complete
the real-time correction of assembly trajectory, the echo offset of any
FBG can be expressed as.

ΔλB
λB

� 1 − Pε( ) · ε + αf + ξ( )ΔT (1)

Among them, λB is the initial value of the center wavelength of
the FBG, α is the thermal expansion coefficient, ξ is the thermo-optic
coefficient, ΔT is the temperature change, ε is the strain, and Pε is the

elastic-optic coefficient. Since the influence of temperature on FBG
can be realized by performing temperature compensation in the
same working environment, the temperature term in the above
formula can be replaced by a constant coefficient.

Let the feature point set on the tape-mounted product be A (x, y,
z), and the actual point set beA’ (x, y, z). The reason for the deviation
is the deformation caused by stress, then the point set change ΔA (x,
y, z) can be expressed as

ΔA x, y, z( ) � A x, y, z( ) − A′ x, y, z( )∣∣∣∣ ∣∣∣∣ (2)

The strain position function f (ε) can be expressed as

f ε( ) � ΔA x, y, z( )/A x, y, z( ) (3)
The test group data can be obtained through the experiment to

complete the fitting of the f (ε) function, and then use this function to
compensate for the unknown position offset.

A sufficient number of FBG sensors are pasted on the entire tool
according to the sensitive locations that may change significantly.
The stress field distribution of the entire tool can be obtained at one
time. Then, through the difference of stress field distribution, the
analysis of the assembly deviation was completed, and the assembly
trajectory was corrected according to the difference. According to
Hooke’s law, the stress value at any position on the workpiece has

F � 2xEI
l − x

ΔλB − λC( ) λB · 1 − Pε( )[ ]−1 (4)

Among them, x is the corresponding position, l is the size of the
building element, I is themoment of inertia, E is the elastic modulus, ε is
the strain value, and λC is the wavelength offset compensation
coefficient obtained by temperature calibration. Since l、E and I are
all constants, and x is the position corresponding to the test, it can be
used as an input. The wavelength change of all FBGs corresponding to
the x position becomes the only variable for the calculation of the stress
value, that is, the stress field distributionmatrix can be obtained through
the wavelength matrix. Since the theoretical trajectory position can be
obtained by multiplying the matrix of the test position P by the
trajectory compensation matrix, the trajectory compensation matrix
Cxy affected by the stress field can be expressed as the test position
matrix P and the wavelength offset is all the test values and the
wavelength offset ΔλB, there is

Cxy � Pxy · ΔλB
∣∣∣∣xy (5)

Among them, z is a constant; x and y respectively represent the
two-dimensional coordinates of the workpiece marking point. By
calculating the parameters of the trajectory compensation matrix
corresponding to the two-dimensional coordinates at any time, it
can complete the real-time correction of the assembly.

3 Assembling the calibration system

The traditional multi-sensor measurement method requires
multiple types of sensors to monitor the stress of the product
installation location, vibration parameter measurement,
temperature compensation test and so on. There are many
factors that need to be considered to complete the layout of
various sensors and the placement of processing circuits on the
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entire robotic arm. Otherwise, interference problems, electronic
interference problems, and signal crosstalk problems during the
movement process may be affected. Test results and lead to feedback
errors affecting the installation effect. The system consists of a
frequency-modulated laser, a coupler, a demodulation module, a
fiber grating (FBG, Fiber Bragg Grating) and a laser scanning
module. The overall structure is shown in Figure 1. The optical
fiber sensor network itself is a passive sensor and is not affected by
electromagnetic radiation; the front section has only optical fiber,
the processing module can be completely separated from the sensing
part, and the optical fiber sensing part is small in size, and can
simultaneously obtain the stress through combined measurement.
The laser scanning module can obtain three-dimensional point
cloud data of the assembly structure. After converting the
geometric deformation relationships sensed by optical fibers into
offset parameters, the 3D point cloud of the assembly structure is
imported to achieve correction of the assembly trajectory.

4 Simulation analysis

In the intelligent detection and correction system, the
transmission of the test physical quantity is from stress to
wavelength change value, wavelength change value to position
offset, and position offset to detection correction value. Among
them, the wavelength change value to the position offset is realized
by fitting the experimental data. The position offset to the detection
correction value is realized by the control structure, and the stress to
the wavelength change is obtained through the test data. It can affect
the original data directly and the calibration accuracy, so the
simulation analysis of its parameters is very necessary. The FBG
distribution position and FBG axial direction are guided by the
simulation results, which provide theoretical support for accurately
obtaining stress distribution data. Taking the common jack-type
installation structure in Figure 1 as an example, the simulation
analysis is carried out for the two main error forms of position
deviation and angle deviation, and the results are shown in Figure 2.

Two different abnormal position states common in the product
installation process are simulated and analyzed. It shows the stress
distribution caused by the deviation of the installation position in
Figure 2A. The assembly depth is too large, so that there is a stress
effect of extrusion between the insertion end and the installation
hole, the stress field distribution is shown in Figure 2A, and its stress
is mainly concentrated on the insertion end. When the residual
stress is 10N, the maximum position offset is about 2.6 μm. It shows
the stress distribution caused by the deviation of the installation
angle in Figure 2B. There is an angular deviation between the axis of
the insert and the axis of the installation hole during assembly. The
stress field distribution is shown in Figure 2B, and the stress is
mainly concentrated at the end of the installation hole. When the
residual stress is 30N, the maximum position offset is about 1.82 μm.
The size of the components and the force applied by the assembly
robot are corresponding to the weight of the workpiece and the
clamping requirements, so the stress range changes greatly.

5 Experiments

5.1 Calibration test

The stress test of the FBG array was calibrated before completing the
stress acquisition at the assembly location. The test mainly completes the
test of the temperature compensation data and the test of the variation
law of stress and wavelength. The stress test adopts the classic cantilever
beam structure. The effective distance is 5.0 cm. The FBG length is
2.5 mm. The material is steel. The elastic modulus is 6.54 × 1010 Pa, and
the expansion coefficient is 21.6 μm/mk. The external force value was
increased from 0 to 400 N, and the test data was recorded every 100 N.
The functions of wavelength with respect to stress are

λ � 0.00043F + 1550.32 (6)
The target location uses a stress sensitive FBG, and the stress test

results are shown in Figure 3. At the same time, temperature FBG is
used to compensate for the temperature drift of the stress FBG. The

FIGURE 1
Based on laser scanning and optical fiber detection and correction system.
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relationship between stress and wavelength shift is linear. The
average slope is 0.43 p.m./N. In order to improve the test range
of the system application, the strain value of the test point can be
calibrated by calibrating the database, so that it is suitable for a larger
stress response range that conforms to elastic deformation.

5.2 Assembly structure test experiment

The stress distribution position has the regularity of gradient
diffusion. The structure distribution design of the FBG in the insert
and the mounting hole is completed, and the FBG is numbered.

In the insert clamping structure, comparing the test results of
No. 1 to 12 FBGs, it can be seen that the relationship between the
axial position and the direction of stress is very important. The effect
of FBG’s response effect is very obvious. According to the positive
and negative values of the test, it can also be concluded that when the
stress distribution position is in the compression transition state, its
value is negative, and when it is in the tensile state, its value is
positive. By comparing No. 1, 5, 9 and No. 4, 8, and 12 FBGs, it can

be seen that the stress distribution of the insert is affected by the
depth of the insertion position. The more inward the stress value is,
the greater the position deviation is. It can be seen from FBG No. 14,
16, 18, and 20 that there is an obvious stress gradient in the area of
the mounting hole, which is basically consistent with the simulation
results. It can be seen from the test results that the system has an
obvious response law to the position deviation caused by the stress
change, and the inversion accuracy is also compared with the visual
inspection system. The relative error is concentrated between 4.0%
and 9.0%, which has good stability. The experiment is expressed by
the comparison relationship between stress and wavelength offset
value and position offset value in the range of 0–400 N. Four groups
of FBGs were selected for the comparison detection position, and
there were No. 1 and No. 2, No. 11 and No. 12, No. 13 and No. 15,
No. 14 and No. 16. The test changes are shown in Figure 3.

The corresponding relationship between the wavelength
offset and the position offset is shown in Figure 3A. The two
groups of orthogonally distributed FBGs are No. 1 and No. 2, No.
11 and No. 12, respectively. The distribution of stress on the
insert had obvious directionality, and the sensitive direction of

FIGURE 2
Simulation of stress under different states.

FIGURE 3
Wavelength offset values at different positions.
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FBG No. 1 and No. 12 is consistent with the axial direction of
FBG, so they had a good response. No. 2 and No. 11 were basically
unchanged. It can be seen that when the force is applied
perpendicular to the current force direction, the test result is
just the opposite. For the mounting holes, the corresponding
relationship between the wavelength offset and the position offset
is shown in Figure 3B. The two groups of orthogonally distributed
FBGs were No. 13 and No. 15, No. 14, and No. 16 respectively, the
distribution of stress on the mounting hole also had obvious
directionality, FBGs No. 14 and No. 16 are sensitive test points,
and FBG No. 13 and No. 15 were insensitive points. For FBGs No.
1, No. 12, No. 14, No. 16, the fitting curve was basically close to
linear, so the wavelength offset and position offset of the system
in this stress test interval are linear functions. The center
wavelength of the wave can effectively compensate the
deviation of the assembly position, which verifies the
feasibility of the system.

5.3 Comparative experiment analysis

In order to verify that the optical fiber sensing system can
provide trajectory correction data for the assembly control
module, the test data of R1X 3D laser scanner is used as the
standard test data, with a sight distance of 50.0 cm and an
accuracy of 120 μm, which can accurately reflect the assembly the
position trajectory of the structure. The comparison experiment is
shown in Figure 4.

A three-dimensional strain field monitoring system based on
FBG sensors is established, and the physical diagram of the
experimental device is shown in Figure 4. The type of FBG
strain sensor used in the experiment; the bandwidth of the six
sensors is 0.213 nm; the edge-to-mode rejection ratio is 16.21 dB;
the length of the grid region is 20mm; , 1,536.124, 1,540.347,
1,542.428, 1,546.758, and 1,549.224 nm. The target points for
comparing the position information are pasted on the assembly

FIGURE 4
Comparative experimental system.

TABLE 1 Position test data.

Force/N Deformation degree
by FBG/mm

Position deviation/mm Force/
N

Deformation degree
by FBG/mm

Position deviation/mm

Before
correction

After
correction

Before
correction

After
correction

0 0 0.024 0.025 160 2.154 3.658 0.096

20 0.851 0.198 0.029 180 2.684 4.035 0.115

40 1.254 0.266 0.035 200 3.148 4.426 0.129

60 1.634 0.651 0.042 220 3.587 4.869 0.135

80 2.012 0.955 0.049 240 4.068 5.261 0.139

100 2.451 1.369 0.057 260 4.517 5.635 0.152

120 2.866 1.533 0.069 280 4.928 6.025 0.168

140 3.171 1.952 0.081 300 5.248 6.415 0.197
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structure, so as to analyze the position trajectory test accuracy of
the method. The thickness of the structural parts used in the test
is 20.0 mm, and the diameter of the axle is 40.0 mm, which is
smaller than the simulation body. Therefore, considering
its structural bearing capacity and avoiding plastic
deformation, the force strength used in the test is from 10 to
200 N, and the test results are deviated. The degree is shown in
Table 1.

In Table 1, when the external force gradually increases, the
maximum position offset of the test position also increases, which
can be known by linear fitting. It can be seen that in the range of
0–300.0 N, the relationship between the deformation offset and
the applied force satisfies the change relationship of 0.0214 mm/
N. The mean absolute value of the test error using this system is
0.124 mm, the maximum relative error is 1.92%, and the mean
value is −0.96%. And from the distribution of test data, it can be
seen that with the increase of the force, the test error decreases
significantly. The analysis believes that this is because the increase
of the test stress increases the signal energy. Compared with the
basic white noise, the overall signal-to-noise ratio is improved.
The average relative error is about −0.96%, and it meets the design
requirements. Before and after correction, the distance deviation
between the assembly position and the digital analog position has
been significantly improved. With the increase of external stress,
the effect of correction becomes more and more obvious. When
the stress is 300 N, the average position deviation before
correction is 6.415 mm, while after correction, it is only 0.197.
The position deviation between the test point and the digital
analog has been reduced from 2.953 to 0.095 mm. Correction can
significantly suppress positional deviation over the entire stress
application range.

5 Conclusion

The optical fiber sensor network is applied in the field of
trajectory correction of assembly by taking advantage of the
characteristics of small size, high sensitivity and anti-
electromagnetic interference. The sensor array corresponding to
the assembly structure is designed, and the stress distribution
under different assembly abnormal conditions is simulated and
analyzed. The experiment applies optical fiber sensing data to
three-dimensional point cloud reconstruction from laser scanning,
and obtains a target surface reconstruction model with higher

positional accuracy. The experimental results show that the
position deviation accuracy of the system is close to the average
relative error of standard test data, which meets the design
requirements. The system has certain application prospects in
the trajectory correction of assembly.
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Up till now, the spatial and temporal dynamics of transverse mode instability (TMI)
in fiber laser oscillator have increasingly attracted a worldwide attention. Here, we
develop a high-speed modal decomposition (MD) system to analyze the modal
coupling for fiber laser oscillator above the TMI threshold. A set of angular-
multiplexing transmission functions (TFs) are designed for simultaneous MD and
monitoring the far-field beam profile. The TMI threshold of the deployed fiber
laser oscillator is 181 W at a co-pumping power (CPP) of 279 W. As the CPP
increases from 318 W to 397 W, the power fluctuations of the output laser become
more drastic. The changes of the far-field beam profile and the centroid of far-
field spot (COFFS) indicate an increased velocity of energy transfer between
modes. The high-speed MD verifies above process and analyzes the modal
components, indicating that the single cycle of modal coupling decreases
from 11 ms to 4 ms. Otherwise, the strong mode coupling occurs between
modes with relatively large weights. The high-speed MD provides a powerful
tool to research the TMI effect.

KEYWORDS

transverse mode instability, mode decomposition, modal coupling, fiber laser, optical
correlation filter

1 Introduction

With the remarkable progress of high-power fiber laser (HPFL) in recent years [1, 2], the
demands of large-mode-area (LMA) fibers have been increasing. The LMA fibers are
commonly referred to as few mode fibers. The V-number of this fiber is normally
greater than the cut-off value for single-mode operation (i.e., V = 2.405), since it has a
larger core diameter than the single mode fiber (i.e., 8 μm–10 μm) [3]. This leads to an
increase weight in the higher-order mode (HOM). Although the HOMs can be reduced by
the bending and coiling of optical fiber, the existence of HOMs will cause transverse mode
instability (TMI) [4]. When the power reaches a certain threshold, the beam quality
degrades [5].

The conventional beam diagnostic methods mainly include the records of spectrum,
power and beam quality. However, mode coupling in fiber laser after the occurrence of TMI
has not been fully researched. Modal decomposition (MD) is used to analyze transverse
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mode components in LMA fibers. In recent years, a variety of MD
methods have been proposed, involving the spatially and spectrally
resolved imaging (S2) [6, 7], low-coherence interferometry [8, 9],
numerical analysis [10], wavefront analysis [11], and ring-
resonators [12, 13]. The method of S2 and low-coherence
interferometry are realized by measuring the interference between
different transverse modes according to their different group
velocities in the fiber. They are completed by spatial scanning or
wavelength scanning, thus consuming several minutes [14]. For
numerical analysis, it is mainly based on the iterative optimization
algorithm [15]. It takes over hundreds of steps and several minutes
due to the large number of optimization parameters. Even though
there are several reports based on S2 and numerical analysis with a
high-speed, they need off-line data processing [16]. The wavefront
analysis relies on the use of wavefront sensors [17]. The method of
ring-resonators involves a piezo translator (PZT) [13]. However, the
error of these two methods exceeds 10% since the measurement
accuracy of HOMs cannot be guaranteed. Compared with other
techniques, optical correlation filter (OCF) is suitable for high-speed
MD because it only requires straightforward algebraic calculation to
obtain the modal weights with a high accuracy above 95% [18]. The
implementation of high-speed cameras and high-performance
processors using OCF can help to achieve a fast MD.

In this paper, we propose a method of high-speed modal analysis
based on OCF, which is beneficial to analyze modal coupling when
the TMI occurs. A set of transmission functions (TF)s for the
measurement of modal weight and monitoring far-field beam
profile are designed and encoded into one computer-generated
hologram (CGH). In addition to the use of conventional beam
diagnostic methods, the change of modal weight with the increase of
pumping power after the occurrence of TMI is monitored.

2 Theory

2.1 The modes of weakly guiding fibers

The weakly guided fibers commonly used in HPFL systems are
step-index fibers (SIFs) with a small refractive index difference
between the core and the cladding. In the weakly guiding
approximation, the electromagnetic fields can be recognized as
linearly polarized (LP) modes system [19]. The optical field of
each polarization component can be expressed by using the
orthogonal basis functions:

U r( ) � ∑K
k�1

ckψk r( ) (1)

where k is the total number of modes supported by the fiber, ψk(r)
representing the set of LP eigenmodes, and the kth modal coefficient
ck is shown below

ck � ρke
jφk � ∫∫

R2

d2rψ*
k r( )U r( ) � 〈ψk, U〉 (2)

with ρk denoting the kth modal amplitude, φk representing the kth
intermodal phase difference (the phase difference between the HOM
and the fundamental mode). d is a sign for differentiation in the
formula of integral. The modal coefficients fulfill the relation

∑K

k�1|ck|2 � ∑K

k�1|ρk|2 � 1. Hence, the modal weight can be
acquired via the measurement of amplitude based on modal
analysis.

2.2 The MD based on OCF

The OCF is a powerful technique for modal analysis [20–22].
The core of OCF is TFs by design, which play key roles as matched
filters. The TF is composed of amplitude and conjugate phase
information related to eigenmode of LMA fiber laser
Tk(r) � ψ*

k(r). A set of TFs can be superimposed at certain
spatial frequencies for simultaneous measurement for multimode.
The total TFs are expressed as follows

Ttotal r( ) � ∑K
k�1

Tk r( ) · eiFreqk r( ) (3)

where, Freqk(r) denoting a certain spatial carrier frequency, which
is induced to realize a spatial separation of each diffraction pattern in
the Fourier plane. The total TFs are then converted into a phase-only
CGH via certain coding process. This CGH is loaded on a spatial
light modulator (SLM). When the laser beam illuminates the SLM,
the beam is diffracted according to the CGH. Then, we realize the
modulation of laser beam under TFs. Only the light containing the
same modes as the designed filters can be diffracted and converge at
the specified positions (sub-optical axes r = 0) in the far-field plane.
e.g., when LP11o mode passes its filter, LP11o mode will be
superposed with the filter containing its conjugate phase. Then,
there is a certain intensity on the sub-optical axis of the +first order
diffracted light. However, other transverse modes cannot go through
LP11o mode filter, and no relevant intensity can be detected at the
same position. The ratios of the intensities at sub-optical axes
represent the modal coefficients I ∞ |cn|2. Thus, the modal
weight can be directly accessible via a simple intensity
measurement to investigate the modal coupling [23].

Since the Ytterbium (Yb)-doped fiber (YDF) of the fiber laser
oscillator to be test has a core diameter of 30 μm (NA = 0.064), the
supported eigenmodes at an operating wavelength λ of 1,080 nm are
LP01, LP11e, LP11o, LP21e, LP21o, LP02, LP31e, LP31o, LP12e, and LP12o.
The mode filtering can be realized via certain bending and coiling of
fiber [24–26]. After repeated experiments, we find ten eigenmodes
can be limited to six by coiling the YDF in a ∞ shape with a
minimum bend diameter of 85 mm. The other four higher HOMs of
LP31e, LP31o, LP12e and LP12o sustain complete transmission loss.
Thus, we design a total TF which can measure the contents of six
modes simultaneously. Removing the TFs of non-transmission
modes can help to shrink the range of interest (ROI) of far-field
camera to increase the computational efficiency. Besides, a mirror-
like TF with a tilting phase is added to monitor the far-field beam
profile.

Tfar−field r( ) � eiFreqfar−field r( ) (4)

The final TF in our experiments can be expressed as

Tfinal r( ) � Ttotal r( ) + Tfar−field r( )

� ∑6
k�1

Tk r( ) · eiFreqk r( ) + eiFreqfar−field r( ) (5)
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Then, the final TF is encoded into a phase-only CGH via a
coding technique introduced by Arrizón et al. [27].

3 Experimental setup

The experimental system mainly involves an all-fiber laser
oscillator and beam diagnostic equipment, as shown in Figure 1.
The all-fiber laser oscillator is co-pumped via fiber-coupled laser
diodes (LDs) with a stabilized emission wavelength of 976 nm. A
number of pump LDs are grouped by a co-sided (6 + 1) × 1 pump-
signal combiner (Co-PSC) and inject into the laser oscillation cavity.
Three pump ports of the Co-PSC are applied, and the central pump
port of the Co-PSC is angle cleaved to prevent facet reflection. The
remaining three ports are not used in this experiment. The co-
pumping light enters the laser cavity through a high reflection fiber
Bragg grating (HR-FBG). The gain fiber is a length of ~20 m YDF
with 30/400 μm core/cladding diameters (NAcore = 0.064), which is
coiled in a ∞ shape with a minimum bend diameter of about
85 mm. The length, bend diameter and shape of YDF mainly affect
TMI threshold and the number of transmission modes in the fiber.
The HR-FBG is inscribed on the end of YDF, which provides a
reflectivity of ~99.9% with a 3 dB bandwidth of ~4 nm around a
central wavelength of ~1,080 nm. The transmitted light goes
through an output coupler fiber Bragg (OC-FBG) with a
reflectivity of ~10% and a 3 dB bandwidth of ~1.7 nm at a
central wavelength of ~1,080 nm. Then, it is received by a length
of 3 m delivery fiber (30/400 μm) and the laser beam output via a
quartz block head (QBH). A part of the polymer cladding of delivery
fiber is stripped and the inner cladding is coated with high refractive
index ointment. The entire all-fiber laser oscillator is water-cooled to
avoid thermal damage.

(OSA: Optical spectrum analyzer; PD: Photodiode; MMF:
Multimode fiber; QBH: Quartz block head; PM: Power meter;
HR: High reflection; BS: Beam splitter; BQA: Beam quality
analyzer; PBS: Polarizing beam splitter; RLR: Residual light
receiver; NPBS: Non-Polarizing beam splitter; ND: Neutral
density; CCD1: Near-field camera; SLM: Spatial light modulator;
CCD2: Far-field camera; CLS: Cladding light stripper; OC: Output
coupler; FBG: Fiber Bragg grating; YDF: Ytterbium-doped fiber; Co-
PSC: Co-sided pump-signal combiner; LD: Laser diode).

In the experiment, the spectrum, temporal trace, beam
quality, and modal content are monitored simultaneously as
shown in Figure 1. The collimated beam first passes through a
high reflection (HR) mirror. The 99.99% of the light is reflected
into the power meter 1 (PM1), and the remaining 0.01% of the
light is weaken by the attenuator and then split into two beams
via a beam splitter (BS). A beam of light directs to the beam
quality analyzer (BQA) to obtain the data of M2, and the second
beam of light enters the MD system. The near-field beam profile
is monitored by charge-coupled device 1 (CCD1, pixel size:
10 μm, 62.23 fps) for the calibration of the entire optical path
before the experiment and the investigation of the beam at a
fixed time under test. The specially designed CGH is loaded on
the SLM (resolution: 1920 × 1,152, pixel size: 9.2 μm). The beam
illuminates the CGH, and then the reflected light is Fourier
transformed by a lens. The +first order diffracted light in the far-
field plane is recorded via a CCD2 (pixel size: 4.5 μm, 2000 fps)
for modal analysis. Besides, the scattered light from the
photosensitive surface of PM1 is received by optical spectrum
analyzer (OSA), photodetector (PD) and oscilloscope to record
the data of spectrum and temporal trace. PM2 and PM3 are
applied to monitor the power vibrations of the end-face reflected
light and the residual pump light.

FIGURE 1
A setup of all-fiber laser oscillator and beam diagnostic system.
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FIGURE 2
Laser output characteristics. (A) The spectrum at 100 W. (B) The STD variation of the temporal tracewith the increase of CPP. (C) The power changes
of output laser, residual pump light and end-face reflected light with the increase of CPP. (D) The beam quality at 181 W.

FIGURE 3
The beam profiles of near-field (A) and far-field (B) captured from CCD1 and CCD2.
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4 Results and discussion

The spectrum, output power and beam quality are measured in
the experiment. Figure 2A depicts that the central wavelength of the
output laser at 100W is around 1,080 nm, and the full width at half
maxima (FWHM) is ~2 nm. Figure 2B shows the change of standard
deviation (STD) of the temporal trace with the increase of co-
pumping power (CPP). This fiber laser oscillator has a TMI
threshold of 181W under a CPP of 279W. The power changes of
output laser, residual pump light and end-face reflected light with the
increase of CPP are depicted in Figure 2C. After the occurrence of
TMI, the output power continues to decrease from 181W to 100W
with the increase of CPP from 318W to 397W. The decrease of the
output laser results in the increase of residual pump light and end-face
reflected light. Compared with drastic vibrations of the output laser
and the residual pump light, the change of the end-face reflected light
is relatively weak, i.e., only from 0.7 W to 6.2 W. The is because that
the central pump port of Co-PSC is cleaved with an angle of 8, which
weakens the return light. When there is no TMI, the beam quality
remains at 1.55. Figure 2D shows that the beam quality is about 1.81 at
the TMI threshold of 181W.

When TMI occurs, the near-field beam profile is captured via
CCD1. Figure 3A extracts ten frames of the pictures during 132 m at
318 W. Even the low-speed of 63.2 fps can catch the beam
fluctuation. The far-field beam profile is recorded via CCD2 with

a speed of 2000 fps. Figure 3B depicts the variation in the first 5 ms at
multiple CPPs (318 W, 357 W, 377 W, and 397 W). It can be clearly
seen that the velocity of energy transfer is accelerated with the
increase of CPP. Especially when the CPP is 397W, the far-field
beam profile is obviously split from one lobe to two lobes. This
implies intense modal couplings between fundamental mode and
higher-order modes.

To clearly investigate beam fluctuation above the TMI threshold,
we compute the centroid of the far-field spot (COFFS) at each CPP, as
shown in Figure 4. At the beginning of TMI, the area of COFFS is only
within one pixel (Figure 4A). Then, it is mainly distributed within seven
pixels (Figure 4B) and nine pixels (Figure 4C) at the CPP of 357W and
377W. As the CPP reaches 397 W, it is further broadened to ten point
five pixels (Figure 4D). This gradual expansion implies an intensified
strength of the multimode coupling.

To analyze the change of modal component, we carry out a
high-speed MD with a rate of 2 kHz.The MD results are shown in
Figure 5, and the accuracies are about 98%. The modal coupling
reflects the energy transfer between multimode and it clearly
shows periodic change within the selected 50 ms window at
multiple CPPs. At the onset of TMI, modal coupling is
mainly among LP01, LP11e, LP11o, and LP02, while LP21e and
LP21o are relatively stable (Figure 5A). As the CPP increases
from 318 W to 397W, the single coupling cycle shortens from
11 ms to 4 ms, indicating an increased velocity of energy transfer

FIGURE 4
The fluctuation of the COFFS at the CPP of (A) 318 W, (B) 357 W, (C) 377 W, and (D) 397 W.
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(Figure 5A–D). More modes (LP21e and LP21o) are involved in
the coupling process from 357 W. The MD results demonstrate
the modal coupling becomes complex with the increase of CPP.
Otherwise, there is a drastic modal coupling between modes with
large modal weights (LP01, LP11e, LP11o, and LP02), while those
with less modal weight (LP21e and LP21o) have relatively weak
coupling. Thus, it is inferred that TMI can be suppressed by
mainly breaking the coupling between modes with large modal
weight.

Furthermore, the rate of MD depends on the performance of
far-field camera and processors. The high-performance
processors in current system are based on FPGA with a
bandwidth of 100 kHz. To realize a faster MD for
investigating TMI with even faster coupling speed, multi-
element PD with pin-holes can be used to replace the far-field
camera. Each beam of + first diffracted light with modal
information illuminates on a photosensitive surface. Then,
the intensities on the sub-optical axes are collected by the
multi-element PD with pin holes, and they are transmitted to
the FPGA for the calculation of modal weights. Then, the
performance of this MD system can be improved to~100 kHz
with current processors. However, it is complicated to calibrate
the optical path and locate the modal detection point, since the
beam profile cannot be viewed via the multi-element PD.
Besides, the power of diffracted light behind the hole is weak
to a few nanowatts and hard to be detected, thus an extra system
for weak opto-electrical signal processing is needed.

5 Conclusion

In summary, we present a high-speed MD to characteristic modal
coupling properties above the TMI threshold. A set of angular-
multiplexing TFs is designed for simultaneous MD and monitoring
the far-field beam profile. The TMI threshold of the deployed fiber laser
oscillator is 181W at a CPP of 279W. We find the velocity of energy
transfer accelerates with the increase of CPP from 318W to 397W. The
high-speed MD demonstrates this and analyzes the change of modal
components. The MD results show the single cycle of modal coupling
decreases from 11ms to 4ms. The strongmodal coupling occursmainly
between modes with relatively large weight. The characteristic of modal
coupling obtained from high-speed MD is conducive to evaluate the
effect of TMI mitigation in fiber lasers.
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In order to achieve underwater wireless dynamic optical communication, a laser
communication system is proposed based on Pulse Position Modulation (PPM). In
order to achieve underwater laser communication accurately, the mathematical
model of underwater laser communication was constructed with small angle
analysis. The pulse position modulation demodulation algorithm is designed, and
theworkflowofmodulation and demodulation is given in the transmit module and
the receive module. In the experiment, Lumileds-470 nm light source was
selected for data communication for testing at a communication rate of
15 Mbp/s. In the servo control process, the square wave signal used for
stepping motor drive had a stable amplitude output and a stable time width. It
can well simulate the testing process of underwater dynamic scanning. In the
experiment, laser light spots were obtained under different attenuation states, and
the characteristics of the light spot distribution were analyzed. The numerical
reconstruction of the light spot energy was completed in MATLAB. Three types of
light attenuators, 1.0%, 0.1%, and 0.01%, were used to simulate different light
attenuations underwater. The test results show that the system error rate is better
than 10−6 when attenuation chip is 1.0%. When attenuation chip is 0.1%, the error
rate of the system is reduced to 10−4. When attenuation chip is 0.01%, a valid signal
cannot be obtained by the system. The feasibility of the system is verified.

KEYWORDS

laser communication, underwater communication, servo control, dynamic testing, PPM

1 Introduction

Underwater wireless communication technology is widely used in resource exploration
[1], abnormal sea state monitoring [2], sensor monitoring [3], underwater imaging [4],
underwater robots [5], and airspace integration [6]. It is important advantages for blue or
green laser, such as good penetration ability, strong anti-interference, large communication
depth, and high transmission rate in seawater. It has become a research hotspot.

The characteristics of underwater laser communication include: a) high transmission
rate. Due to the use of high-frequency information transmission, the transmission rate can
reach Mbit/s, far due to traditional acoustic equipment. b) Large information capacity. The
blue light of laser communication is about 620 THz, which can support the construction of
large capacity link systems. It has the underwater transmission requirements of image signals
and multi-channel video signals, and its high bit rate is generally around the GHz level. c)
Strong anti-interference. The laser transmission process is not affected by electromagnetic
interference. It is not significantly affected by seawater temperature, concentration, etc. d)
High safety and density. Light wave has strong directionality and small beam divergence
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angle. If the communication signal is truncated, the receiving end
will lose the signal, which is easy to be detected in a timely manner,
so its security and confidentiality are very good. e) The system
structure is compact. Underwater laser communication systems
have a compact structure and low power, making them more
concealable.

Duntley [7] found that lasers with a wavelength range of
470–525 nm can effectively reduce the light wave absorption of
seawater. Shimura S [8] had experimentally verified that the visible
light band has a low loss window, and its propagation loss was only
1% of that of other light waves. This discovery will have greatly
advanced for the underwater laser communication research. Tivey
et al. [9] developed an underwater wireless communication system.
It still had the ability to transmit data underwater. The system
achieves effective communication of signals within a range of 5 m.
Huang A P et al. [10] designed an optical communication system
with acoustic systems. This system used low-power receivers and it
could achieve underwater data transmission of 10–20 Mbit/s within
100 m. Campagnaro F et al. [11] used a 405 nm wavelength laser to
conduct communication tests in 4.8 m long clear water, when the
communication rate is 1.45 Gbit/s, the bit error rate is only 9.1 ×
10−4. Fu et al. [12] studied the impact of communication aperture on
the bit error rate of underwater wireless optical communication
systems under medium intensity turbulence. Han et al. [13] used
electro-optical crystal modulation to generate communication
signals, and completed the extinction characteristics of
underwater communication systems on modulated signals by
Monte Carlo method. Based on the analysis of transmission link
span and laser divergence angle, Vali et al. [14] analyzed and
discussed the effects of system aperture and field of view on
underwater communication under turbulent conditions.

In summary, this paper studies an underwater laser
communication system based on PPM (Pulse Position
Modulation [15]) modulation. The system uses a servo
mechanism to align the optical path at both ends of the laser
communication, then uses PPM modulation technology to

complete data communication, and simulates underwater
communication by using an attenuator.

2 Underwater laser communication
system design

In this paper, a blue laser communication experimental system
based on PPM modulation and demodulation is constructed. The
overall structure of the system is shown in Figure 1.

The entire laser communication system consists of a transmitter
and a receiver. The transmitter is mainly composed of a data
transmission module, a PPM modulator, and a laser. The data
transmission module is used to input the data to be transmitted
and transmit it to the PPM modulator through USB interface. The
PPM modulator converts the modulated data into an output signal
and drives the laser to emit light through the laser interface. A laser
beam emits a signal in the form of a carrier wave. The laser adopts a
tunable semiconductor blue laser with a central wavelength of
470 nm and a maximum communication rate of 15 Mbps. In the
experiment, in order to simulate the optical attenuation effect from
10 to 20 m underwater, variable optical attenuators were added to
the communication path, achieving 30%, 50%, and 80% optical
attenuation, respectively. In actual experiments, the distance
between the two laser communication modules after using the
attenuator will be set to be 2–4 m.

The receiving module is mainly composed of a receiving optical
path, a PPM demodulator, and a data receiving terminal. After the
certain attenuation, the laser pulse containing modulation
information is transmitted to the receiving optical path. After
photoelectric conversion is completed by the APD (Avalanche
Photodetector [16]) detector, it is sent to the PPM demodulation
module. The demodulated data can be displayed on the LCD panel
of the PPM demodulator. Data can also be transferred to a computer
through a USB port to complete operations such as storing and
recording.

FIGURE 1
Receiving and transmitting module of underwater laser communication system.
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3 Small angle analysis mathematical
model

Small angle analysis is a typical method for studying underwater
laser propagation [17]. During communication, the laser transmitter
and receiver can achieve good position alignment through a servo
mechanism, so their transmission divergence angle is small. The
mathematical model is constructed from the particle nature of light,
and the scattering process between photons and suspended particles
is described using a small angle approximation method, which is
more consistent with the actual test situation.

The laser beam is transmitted in water along the z-axis, and the
light source coordinates are set to the origin (0, 0, 0). During
transmission, seawater molecules and impurity molecules can
cause laser light to scatter, assuming this scattering angle is θ i.

The movement displacement L per unit time is

dL

dt
� dx

dt
( )

2

+ dy

dt
( )

2

+ dz

dt
( )

2

[ ]
1
2

(1)

x, y, z represents the numerical value on the corresponding
coordinate axis, and t represents time. According to the
scattering theory, assume that the single scattering rate is w, the
unilateral scattering angle is θ, and the optical thickness is τ.
There are

dL

dz
� 1 + d r( )

dz

∣∣∣∣∣∣∣
∣∣∣∣∣∣∣
2[ ]

1
2

, r �
�����
wτθ2

√
(2)

Then r is the photon scattering projection angle.
Due to the small value of r, the above formula can be simplified

and approximated as follows:

L � 8z

27wτθ2
1 + 9

4
wτθ2( ) 3

2 − 1[ ] (3)

According to the principle of optical communication [18], it is
possible to calculate the time delay of the small angle analysis
method as follows:

tm � zn

c

3

10wτθ2
1 + 9

4
wτθ2( ) 3

2 − 1[ ] − 1{ } (4)

Where c is the speed of light and n is the refractive index of the
water transmitting medium [19]. Therefore, the optical power at the
receiving end of the system can be expressed as

Ps t( ) � EL
t

t2m
exp − t

tm
( ) (5)

Then EL is the energy value of the received light. In
communication systems, the width of laser pulses affects time
domain broadening. After the laser pulse passes through the
water, since only the pulse broadening is considered, the shock
response of the initial time domain waveform p (t) can be assumed
to be Pc (t). After the transmission distance z of the initial pulse p (t),
the broadened waveform can be expressed as

I t( ) � p t( ) ⊗ Pc t( ) (6)
I(t) represents the energy value that varies with time t. From this

energy value, the energy distribution of the communication laser

spot at the receiving end can be calculated, thereby completing the
inversion of communication efficiency.

4 PPM demodulation algorithm

The PPM communication pulse sequence is composed of
several frames, each frame being divided into protection
segments and information segments. When a pulse is
included in the K time slots of the communication period,
the pulse width is set to ΔT. One frame period is equivalent
to one optical pulse period, which is also the repetition
frequency of the laser.

The protection segment is related to the characteristics of the
laser and is the minimum time interval for the laser to reach the
threshold condition again. Use J light pulse lengths JΔT represents.
K determines the number of bits k of modulated information, which
can be expressed as:

k � log2 K (7)
In PPM modulation, the transmitted information corresponds

to the position of the laser pulse one by one. The analysis of the pulse
position can calculate the transmitted data value, which belongs to a
phase modulation.

PPMmodulation transmits information using a laser pulse from
K time slots in the information segment. In a system, a frame period
is the period of a light pulse, i.e., (K + J)ΔT. When the energy of a
single laser pulse is high, the average power over the entire cycle is
very small, reducing the need for average power in signal
transmission. In terms of transmission rate, PPM modulation
achieves log2M bit data transmission, and its speed can be
expressed as

Vb � log2
K

K + J( )ΔT (8)

To further improve speed, you can increase the information time
slot or reduce the protection time slot. However, this increase and
decrease is not arbitrary, and is limited by the characteristics of the
laser.

4.1 Transmission module

The laser emission module with a microprocessor as its core
achieves timing output through a high-speed timer. Controllable
output at a certain port is achieved by controlling the timer amount.
Specific process: First, the timer operates in a high-speed timing
state, and counts with the minimum resolution time slot. Then,
when the algorithm controls the time corresponding to the
modulated information data, a pulse is generated, and the rising
edge of the pulse is its modulation information. Next, a similar rising
edge is generated through the PPM conversion module to control
this narrow pulse and complete the PPM modulation output.
Finally, the output signal can be connected to the modulation
interface of the laser to control the laser to emit a modulated
optical pulse sequence.

Frontiers in Physics frontiersin.org03

Dong et al. 10.3389/fphy.2023.1195052

125124

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2023.1195052


4.2 Receiving module

The PPM demodulator, as the core device of the reception section,
converts the received pulses containing modulation information into
slot positions and demodulates the information. Firstly, it is
implemented using the comparison and capture module of high-
speed timers. As long as the received signal meets the trigger
conditions after processing, it can accurately capture the pulse jump
edge and achieve accurate timing. Secondly, a high-speed clock is used
for timing decisions, and the positions of each pulse are recorded in the
form of time counts. Finally, the modulation information is obtained
through the corresponding demodulation algorithm.

5 Experiments

5.1 Experimental system

The main structure of the system includes a transmitting light
module and a receiving light module. In the receiving module, the
computer controls the modulation module to complete the uploading
andmodulation of data. In the receivingmodule, the computer controls
the demodulation module to complete data download and
demodulation. Lumileds-470 nm type light source is selected as the
emission laser. At a communication rate of 15 Mbps, a single LED has a
luminous power of about 200 mW and a divergence angle of 120°. The
output power of the entire LED array is above 1W, which can meet the
system requirements. In the receiving module, the APD detector
selected by Hamamatsu Company is C12702-12. The processing
part uses ALINX’s AN108 A/D module and FPGA development
board to work together. The system is shown in Figure 2.

Before the experimental test, first use a test target to calibrate the
position of the receiving module and the transmitting module, and then
add attenuation pads to the communication link to complete the
simulation of underwater communication attenuation. The emitting

laser spot is collected by the receiving end after passing through the
medium. The original spot signal is restored through demodulation
processing. Processing system is used to calculate the energy loss of the
light spot, thereby analyzing the communication efficiency of the system.

5.2 Servo control

Servo control modules are installed in the transmitting and
receiving parts respectively, which are used to adjust the laser and
detector by step scanning, thereby achieving effective alignment of
communication angles. The servo control module is shown in
Figure 3A, and its control response signal is shown in Figure 3B.

The system drives the stepper motor through a servo control
module to achieve adjustable control of the position and angle of
the optical module, achieving alignment of the irradiation position and
posture during communication. By Figure 3B, the maximum signal
value is 0.75 V, and theminimum signal value is 0.14 V in Ch1 channel.
This is a control command issued by the control module that completes
stepping control through a square wave level signal. After adjustment by
the servo module, the corresponding command signal is displayed on
the Ch2 channel. The maximum value of the signal in Ch2 channel is
2.41 V, and the minimum value is 1.23 V. After amplifying the step
signal, the amplitude has significantly increased, and the time interval
has not changed. This control module can effectively control the
scanning system through a stepper motor. In the servo system, a
stepper motor is used to complete the scanning of the
communication module, simulating the characteristics of underwater
dynamic communication.

5.3 Receiving spot energy test

In underwater laser communication, the spot energy of the
communication laser is an important indicator to judge the

FIGURE 2
Laser communication experimental system.
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communication quality. The attenuation and turbulent disturbance of
water on the laser spot can significantly affect the energy distribution
characteristics of the laser spot. Therefore, it is necessary to measure the
energy of laser spots with energy attenuation and turbulence
disturbances. In the experiment, 50% attenuation plates were used to
simulate the attenuation effect of seawater medium on laser light. The
energy of the actual test laser spot obtained by the APD detector is
shown in Figure 4A. The energy distribution is reconstructed using
MATLAB software, as shown in Figure 4B.

As shown in Figure 4A, over a communication distance of 10m,
when 1.0% attenuation chip was used, the laser spot still undergoes
significant deformation. When 0.1% attenuation chip was used, the

energy peak decreases significantly and the signal-to-noise ratio
decreases. When 0.01% attenuation chip was used, the laser
communication receiver cannot obtain a valid signal. The deformation
of the laser spot tends to be elliptical, and the analysis shows that its
deviation angle is caused by alignment deviation between the receiving
module and the transmitting module. This situation will exist in actual
laser communication. On this basis, the energy distribution of the light
spot is simulated and reconstructed, and the reconstruction results are
shown in Figure 4B. The energymap shows that the energy distribution of
the light spot is elliptical, consistent with the actual test results. The
intensity of energy meets the energy requirements of laser
communication, which can achieve effective information transmission.

FIGURE 3
Wavelength offset values at different positions. (A) Servo control module. (B) Servo control signal

FIGURE 4
Laser spot acquisition and energy distribution reconstruction. (A) Grayscale image from APD. (B) Energy Reconstruction by MATLAB
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As the pass rate of the attenuator decreases, the input power
decreases. The laser spot energy becomes weaker, and the packet
loss of communication data gradually increases. Under the condition
of using 1.0% attenuator, the test results show that the error rate of the
system is better than 10−6. Under the condition of using 0.1% attenuator,
the test results show that the error rate of the system is better than 10−4.
It can be seen that when the energy attenuation exceeds an order of
magnitude, the bit error rate significantly increases. With a 0.01%
attenuator, the effective signal is submerged in noise.

6 Conclusion

An underwater laser communication system was proposed based
on PPMmodulation. The system is mainly composed of a transmitting
module and a receiving module. The system applies PPM modulation
and demodulation technology to the transmitting module and the
receivingmodule. The control of step scanning in the servomodule was
tested and analyzed in the experiment, for verifying the stability of clock
matching. In the spot energy analysis test, the laser spot intensity at
different attenuation states was obtained. The system communication
error rate under different laser spot energy intensities was tested and
studied. The feasibility of this system has been verified, and it has certain
application prospects in the field of underwater laser communication.
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When the polarization-maintaining fiber (PMF) delay coil of a fiber optic current
transformer (FOCT) is impacted, external forces on the optical fibers and change
of their birefringence may lead to extra phase errors during the propagation of
optical signals in the fibers. These errors increase the error in current
measurement. In the paper, the environmental impact mechanisms influencing
the PMF delay coil of FOCT were investigated with a mathematical error model.
The method of replacing PMF with a polarization-maintaining photonic crystal
fiber (PCF) as the delay coil was proposed. Also, the relationship between
structural parameters of air holes and linear birefringence of the polarization
maintaining PCF subjected to stress was investigated. The structural parameters of
optical fibers were also optimized subsequently. Simulated impact experiments of
FOCT with polarization-maintaining PCF and PMF as the delay coil, respectively,
demonstrated the effective impact resistance of FOCT with polarization-
maintaining PCF delay coil after the optimization of its structural parameters.
The current measurement errors of the FOCTs with polarization maintaining PCF
delay coil reduced by approximately 35% with respect to the FOCT with PMF
delay coil.

KEYWORDS

polarization maintaining fiber delay coil, fiber optic current transformer, polarization
maintaining photonic crystal fiber, environmental impact, current measurement error

1 Introduction

As a kind of current transformer based on the Faraday effect, the fiber optic current
transformer (FOCT) can be used as one of the key test instruments for the ship’s integrated
power system due to its good insulation and high reliability or later [1–6]. Due to the high-
energy weapons (electromagnetic guns, laser systems, etc.) and detection systems equipped
in modern ships, the impact and large ambient temperature fluctuations resulting from the
impulse load greatly increase the current measurement error of FOCT. This error increase
causes the protection circuit on the ship to trigger incorrectly [7–9]. Consequently, the FOCT
loses its original monitoring and control function of the integrated power system of the
ship. Therefore, the integrated power system of the ship puts forward higher requirements on
the environmental adaptability of the FOCT.
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As one of the important applications of FOCT, the integrated
power system of a ship has been proposing the requirements of high
environmental adaptability to FOCT, which mainly involves
adaptability to temperature and impact. Reference [10] proposed
the appropriate delay length of a λ/4 wave plate to compensate for
the change in the Verdet constant of a fiber sensing coil, which could
compensate for the influence of temperature on current
measurement error well. So we need to focus on the effect of
environmental impact on the FOCT and compensate for the
current measurement error.

The effect of external impacts on FOCT is mainly through a
polarization-maintaining fiber (PMF) delay coil [11], but the
winding method of the PMF delay coil has not been taken into
consideration so far in the research. In fact, different layers of a fiber
coil have different forces. Reference [12] analyzed the forces of a
PMF delay coil under an impact environment and established a
resulting phase error model. However, the model is not applicable to
FOCT, and the error model needs to be rebuilt to analyze the
relationship between environmental impact and current
measurement error quantitatively. In addition, there have been
no studies to provide a suitable solution for the current
measurement error of FOCT caused by an impact. Taking
practical application into account, the requirements for FOCT to
be lightweight and of small size are proposed, so adding an impact-
proof shell to FOCT cannot satisfy our requirements. Therefore, we
believe that it is of great significance to establish the error model of
impacts on a fiber delay coil and to explore appropriate solutions.

In the article, we first analyzed the force of the PMF delay coil in
in-line Sagnac FOCT under an impact condition. We subsequently
established the phase error model of the fiber delay coil and revealed
the essential relationship between linear birefringence, phase error,
and current measurement error. Based on this error model, a
polarization-maintaining photonic crystal fiber (PCF) was
proposed to replace PMF as the delay coil. Then, the change of

linear birefringence under forces of polarization maintaining PCFs
with different sectional structural parameters was analyzed. Based
on the analysis, the structural parameters of the polarization
maintaining PCF were optimized. The study proved that the
linear birefringence fluctuation of the PCF with the optimized
structural parameters is smaller compared to that of the PMF
under the impact environment in theory. Finally, this study
verified the accuracy and rationality of the model and confirmed
the effectiveness of the proposed solution using the two types of
optical fibers. The optical fibers were used for the test of the current
measurement error of the FOCT fiber delay coil under the normal
and the impact environments, respectively. It is proved that the
proposed solution can improve the current measurement stability of
the FOCT under impact by using the optimized design of the
polarization-maintaining PCF delay coil.

2 The establishment of the error model
of FOCT

2.1 Optical circuit and force analysis of FOCT

Figure 1 shows the optical circuit structure of FOCT as the
mainstream scheme [4]. The natural light from a super-luminescent
diode (SLD), which has a center wavelength of 1,310 nm, is
converted into a linearly polarized light along the x-axis (slow
axis) of the panda PMF after passing through a fiber coupler and
a polarizer. The linearly polarized light is split into two orthogonal
linearly polarized lights after entering the next PMF through the 45°

fusion point one. The two orthogonal linearly polarized beams are
changed into left-handed and right-handed fundamental mode
lights after passing through the 45° fusion point two and λ/
4 wave plate. The lights enter a fiber sensing coil and are
reflected back to the λ/4 wave plate by the reflector at the end of

FIGURE 1
The schematic diagram of the in-line Sagnac FOCT structure.
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the optical fiber to change back to the linearly polarized light at the
same time. The information of the measured current carried in the
optical signal is finally interfered with by two linearly polarized light
beams at the polarization, and the optical signal is converted into an
electrical signal by a photoreceptor. Finally, the information of the
measured current is outputted as a digital signal by a signal
processing system.

When a FOCT is affected by external impacts, only the
photoelectric devices related to optical fiber are influenced. Since
the lengths of the fiber coupler, phase modulator, and λ/4 wave plate
are very short compared to the length of the PMF delay coil and fiber

sensing coil, the effect of impacts on these devices can be ignored.
With respect to the fiber sensing coil, based on the analysis of the
above system, the relative magnitude that the impacts brought to the
left-handed and right-handed fundamental mode light and their
respective polarization directions are small and can also be ignored.
Therefore, the PMF delay coil is affected mostly by the impacts in
FOCT. The above theoretical analysis has also been verified by the
experimental results of Ref. [11]. Therefore, only specific force
analysis will be conducted on the PMF delay coil.

When a ship is sailing in the sea, the impact on the ship’s
integrated power system generally comes from sudden changes in

FIGURE 2
The structural diagram of PMF delay coil. (A) The three-dimensional structure of the PMF delay coil. (B) The side view structural diagram of the PMF
delay coil.

FIGURE 3
The equivalent model of the PMF delay coil system.
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the underwater environment, such as an explosion. Impact
experiments usually use waveforms such as rectangular, semi-
sinusoidal, and back-peak serrated to simulate different impacts.
According to Refs. [12,13], the impulse signal can be equivalent to an

ideal semi-sinusoidal pulse, and the change of its force over time can
be expressed as

F0 t( ) � F0 sin
π

τ
t( ), 0≤ t≤ τ

0, t> τ

⎧⎪⎨⎪⎩ (1)

where τ represents the duration of impact received by the fiber delay
coil of the polarization-maintaining fiber, and F0 represents the
amplitude of the function F0(t). t represents the time. The winding
structure diagram of the PMF delay coil is shown in Figure 2.

Figure 2A shows the three-dimensional structure of the PMF
delay coil [14]. Figure 2B shows the side structure of the delay coil.
All fibers are closely connected using an ultraviolet-curing adhesive.
It is defined that each horizontal line represents a layer wound of the
optical fiber, and each vertical line represents a turning wound of the
optical fiber. Assuming that the total number of the turning wound
isM, and the number of layers isN, an optical fiber at any position is
defined to be in the nth (n = 1, 2. . . .N) layer and mth (m = 1, 2. . . ,
M) turning. As can be seen from Figure 2B, there are dense
arrangements between any two optical fibers. Considering that
the actual conditions can only be suitable for simulated impulse
experiments, the impact force applied on the PMF delay coils is in
the vertical direction, and it is considered that the force between each
turning wind of the fiber in the same layer is uniform. Under the
above premise, we simplify the fixed model and consider that a small
damped oscillation system is formed between each layer of fiber
when the whole PMF delay coil is impacted. Subsequently, we
establish the corresponding under-damping oscillation model
with a single degree of freedom. To analyze the specific motion
and force of the PMF delay coil, we need to carry out a two-step
analysis. First, we need to consider the PMF delay coil as a whole
system and analyze its motion and force. Then, based on the above
conditions, we separately analyze the motion and force of each layer
of the PMF delay coil. The motion and force of the whole PMF delay
coil system are shown in Figure 3.

Here, the blue part represents the PMF delay coil whole system.
The movement of the whole system can be considered equivalent to
a simple harmonic vibration of a spring with gradual attenuation
amplitude in the vertical direction, and the corresponding equation
of motion is

mcoil
d2x

dt2
� F0 t( ) − Fe − Fd (2)

where mcoil represents PMF delay coil mass, F0(t) represents the
external impact force, and Fe represents the elastic restoring force,
which is equal to kx. k and x represent the stiffness coefficient and
displacement in the vertical direction of the equivalent spring,
respectively. Fd represents the viscous damping force, which is
equal to γdx/dt. γ and dx/dt represent the viscosity coefficient
and velocity of spring, respectively. According to Eq. 2, the
displacement of the spring x1 during the process of impact (t <
τ) can be expressed as

x1 � be−δt sin
������
ω2
0 − δ2

√
· t + ε( ) + b sin ωt − ε( )

b � a0/
����������������
ω2
0 − ω2( )2 + 4δ2ω2

√
ε � arctan 2δω/ ω2

0 − ω2( )[ ]
a0 � F0/mcoil � 2

����
2ghd

√ /τ
(3)

FIGURE 4
The curves of the variation of total force Fh with the time
increase.

TABLE 1 Simulation parameters.

Parameters Value

Impact time τ 10 m

Turns M 8

Layers N 10

The mass of PMF delay coil mcoil 7 × 10−11 kg (for 200 m length of the
fiber)

Viscosity coefficient γ 0.2

Center optical wavelength of light
source λ

1,310 nm

Original beat length of PMF LB0 5.43 mm

Light speed c 3 × 108 m/s

Average refractive index n0 1.45

Longitudinal elastic optical coefficient B1 6.9 × 10−13 m2/N

Transverse elastic optical coefficient B2 41.9 × 10−13 m2/N

Diameter of fiber D 250 μm

Turns of fiber sensing coil Nsc 10

Verdet constant of the fiber V 1.1 × 10−6 rad/A

Measured current I 640 A

Gravitational acceleration g 10 m/s2

Damping coefficient η 0.01

Elasticity modulus of the fiber E 7 × 1010 Pa
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where ω0 represents the natural angular frequency of the whole
system with the value of √k/mcoil, δ represents the damping
coefficient of the whole system with the value of γ/2mcoil, ω

represents the impact frequency with the value of π/τ, g
represents gravitational acceleration, and hd represents the falling
height. When the impact is over (t > τ), the displacement of spring x2
can be calculated as

x2 � Ae−δt sin
������
ω2
0 − δ2

√
· t + θ( )

A �
����������������������
x2
0 + v0 + δx0( )2/ ω2

0 − δ2( )√
θ � arctan x0

������
ω2
0 − δ2

√( )/ v0 + δx0( )[ ]
(4)

where x0 and v0 represent the displacement and velocity,
respectively, of the equivalent spring when t = τ. For each
layer of the PMF delay coil, the whole motion is the same as
the process described in Figure 3. According to Ref. [12], for the

nth line fiber, the stiffness coefficient of the equivalent spring can
be calculated as k = EΔS/L, and the damping coefficient of the
fiber is η. E represents the elasticity modulus of the fiber. L
represents the distance between the bottom of the fiber coil and
each layer of the fiber with the value of (2n-1)D/2. ΔS represents
the basal area of the fiber coil with the value of (√3(M-1)LdD)/
(2NM). Ld represents the length of the PMF delay coil, and D
represents the diameter of the fiber. Therefore, the stiffness
coefficient k can be calculated as

k �
�
3

√
2 M − 1( ) ELdD

N × M
2n−1
2 D

(5)

In the actual process, when the whole system vibrates due to
force, each line of the fiber and its coil bottommove simultaneously,
and the corresponding dynamic equation of each line of fiber can be
expressed as

FIGURE 5
The diagram for the force analysis of PMF delay coil.

FIGURE 6
FOCT current measurement error caused by impacts under a PMF delay coil. (A) The variation of FOCT current measurement error with different
free-fall heights when the length of the fiber delay coil is 80 m. (B) The variation of FOCT current measurement error with different lengths of fiber delay
coil when the free-fall height is 50 cm.
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mcoil

N

d2x

dt2
+ η

dx

dt
+ dx1

dt
( ) + k x + x1( ) � 0, 0< t≤ τ

mcoil

N

d2x

dt2
+ η

dx

dt
+ dx2

dt
( ) + k x + x2( ) � 0, t> τ

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
(6)

Here, the first differential equation of motion corresponds to the
stage of continuous impact (t < τ), and the second differential
equation of motion corresponds to the stage of no impact (t < τ).
Finally, the solutions of Eq. 6 are

x � e−α0 t C1 cos βt( ) − C2 sin βt( )[ ] − e−α0 t cos βt( )H + e−α0 t sin βt( )I, 0< t≤ τ
x � e−α0 t C3 cos βt( ) − C4 sin βt( )[ ] − e−α0 t cos βt( )HH + e−α0 t sin βt( )II, t> τ

{ (7)

According to Eq. 7, we can solve the impact force Fn of the nth
layer PMF delay coil at two stages of 0 < t ≤ τ (F1n) and t > τ (F2n).
The total impact force Fh can be written as

Fh �
∑n
i�1
F1n, 0≤ t≤ τ

∑n
i�1
F2n, t> τ

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
(8)

The specific values and names of all the symbols in Eqs 7, 8 are
shown in the Supplementary Material S1. The relationship between
Fh and t is shown in Figure 4. The simulation parameters can be
found in Table 1 [13].

As shown in Figure 4, the change curve of force with time shows
a sinusoidal trend of decay. During the first stage of t ≤ 10 ms, the
external impact force plays a leading role, causing a small degree of
attenuation of the total impact force. During the second stage of t >
10 ms, there is no external impact force acting on the fiber delay coil.
The damping of the ultraviolet curing adhesive plays a leading role,
causing a gradual decrease in the amplitude of the total force. The
higher the dropping height is, the smaller the total force will be. The

results in Figure 4 prove that the total force variation trend over time
is consistent with the motion process analyzed above.

2.2 Phase delay error of FOCT caused by
impact

To simplify the force analysis mechanism and process of the
optical fiber, the force analysis of the nth layer of the PMF delay coil
is carried out in this study, and the force analysis diagram of the layer
is shown in Figure 5 [15].

Figure 5 represents the diagram for the force analysis of the PMF
delay coil. There is a transverse force Fn in the fiber; from the
direction of the force, the x-axis is deviated by an angle θρ. nx and ny
are the refractive indices of the x and y-axes of the PMF delay coil,
respectively. Δn is the linear birefringence of the PMF delay coil with
a value of nx-ny. Considering the external force of the PMF delay
coil, the refractive index of the axis of the PMF delay coil can be
calculated according to Eq. 4 in Ref. [16].

nx � nx0 + B1σx + B2σy
ny � ny0 + B1σy + B2σx

{ (9)

where nx0 and ny0 represent the original refractive index without the
external force of the x and y-axes, respectively. σx and σy represent
the transverse stress along the x and y-axes, respectively. B1 and B2
represent the longitudinal and transverse elastic optical coefficients,
respectively. The specific equations for stress are

σx � 2Fny

πLdD

σy � − 6Fny

πLdD

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
(10)

where Fny denotes the component of the external force Fn along the
y-axis with a value of Fnsinθρ. According to Eqs 9, 10, the
relationship between Δn and Fn is

Δn � nx0 − ny0( ) + 4Fn sin θρ
πLdD

B1 − B2( ) (11)

In practice, the angle between the direction of the external force
and that of the x-axis is a residual value. Hence, we need to consider
the greatest effect of the impact on the fiber. So, we consider a
maximum value of 90° for the residual value. The above analysis
focused on the change of the birefringence of any layer of the fiber
under impact, and the extra phase error is marked as Δϕsn and
obtained by summing up the phase error of each layer. According to
Eq. 4 in Ref. [10], the specific equation for the extra phase error is

Δϕs � ∑n
n�1

Δϕsn � ∑n
n�1

2πLd

L2
B

zLB

zFn

zFn

zt
τsn (12)

where LB represents the beat length of the PMF delay coil and is equal to
λ/Δn. λ denotes the center optical wavelength of the light source, and τsn
represents the light transmission time of a single-layer PMF delay coil
and is equal to n0Ld/c. c and n0 represent the light speed and average
refractive index of fiber, respectively. According to Eqs 8, 11, 12, the
final current measurement error can be simplified as

FIGURE 7
The cross-sectional structure diagram of the polarization
maintaining PCF.
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Perror � Δϕs

4NscVI
� 2λn0Ld B1 − B2( ) sin θρ

cDL2
B0Δn2NscVI

·∑n
n�1

zFn

zt
(13)

where Nsc represents the number of turns of the fiber sensing coil, V
represents the Verdet constant of the fiber sensing coil, and I denotes
the measured current. From Eq. 13, the simulation results of the
current measurement error of FOCT caused by impacts are shown
in Figure 6. The simulation parameters can be found in Table 1.

As can be seen from Figure 6, the error of the fiber delay coil
reaches the maximum value when the time duration of impacts is
less than 10 ms, and the error at each peak value almost does not
attenuate and is close to the maximum error value. When the time
duration lasts for more than 10 ms, the error decreases over time and
becomes even smaller when the time duration reaches 60 m. As can
be seen from Figure 6A, the peak error decreases with the decrease in
the free-fall height of the FOCT. The peak errors of the FOCT in free
falling at 50, 20, and 10 cm are 35.8, 22.7, and 16%, respectively. As
can be seen from Figure 6B, with the shortening of the length of the
fiber delay coil, the peak error also decreases gradually. The peak
errors corresponding to the lengths of 110, 80, and 50 m are 65.9,
35.8% and 14.9%, respectively. The above results proved that the
phase error of the FOCTwill be affected by different impact forces or
changes in the fiber length of the fiber delay coil during the impacts.

3 Theoretical analysis of the
polarization maintaining PCF

It can be seen fromEq. 13 that the phase error of the FOCT induced
by impacts is mainly affected by its length, the beat length of the PMF
delay coil, the beat length variation rate with the force, and the force
variation rate with time. The change of force with time is determined by
the external environment. In a panda PMF, the beat length is generally
fixed. The length of optical fiber is mainly affected by the modulation
speed of the FOCT circuit, so the choice of length reduction for phase
error minimization is limited. Therefore, to greatly reduce the phase

error, the way of reducing the sensitivity to forces of the beat length
should be followed. The beat length of the fiber is related to the linear
birefringence, and the linear birefringence of the fiber can be considered
as the linear birefringence of the fiber core. The fundamental reason
why the linear birefringence of the fiber changes with the force is the
elastic effect. Therefore, from the perspective of weakening the elastic
effect of the fiber core, polarizationmaintaining PCF can fundamentally
solve the problem of the high sensitivity of linear birefringence of the
fiber to force [17]. Reference [18] also pointed out that the air hole
covering of the PCF can effectively reduce the influence of the elastic
optical effect of the fiber core.

3.1 Force analysis of polarizationmaintaining
PCF under impacts

The structure of the polarization maintaining the PCF of this
research is shown in Figure 7. The cross-sectional structure of the
polarization-maintaining PCF shown in Figure 7 contains five layers,
and the air holes in each layer are arranged in a hexagonal pattern.
Among the six air holes in the innermost layer, the diameters d1 of two
holes are larger than the diameters d2 of the other air holes, and the
distance between every two adjacent holes is Λ (lattice constant).
Although the polarization maintaining PCF is not only limited to
this structure, the panda PMF is adopted in the fiber tails of all the
optical devices in the FOCT system. Therefore, the optical fiber with the
structure shown in Figure 7 as the fiber delay coil of FOCT canmake the
mode fields between fibers more similar, allowing easier axis fusion and
ensuring relatively small fusion loss. As for the force of the fiber,
although the direction of force cannot be determined, it can be clearly
seen from Eq. 11 that when the force direction of the fiber coincides
with the y-axis (fast axis) of the fiber, the linear birefringence caused by
elastic optical effect changes the most. Meanwhile, the polarization
maintaining PCF of this structure is similar to the ordinary panda PMF
structure. Although Eq. 11 cannot be completely used for quantitative
analysis, its properties are similar to those of the panda PMF, so the

FIGURE 8
(A) The beat length variation with the change of force of the two kinds of fiber. (B) The beat length relative variation rate with the change of force of
two kinds of fiber.
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same qualitative analysis method as the one in the case of the panda
PMF can be used. In addition, since we believe that the optical fiber
receives a uniform force in the vertical direction and the changes in the
length and refractive index of the optical fiber in the vertical direction
can be ignored, the force of the optical fiber can be simplified as two-
dimensional. The force direction of the polarization maintaining PCF is
marked in Figure 7.

Combined with a finite element method according to Eq. 11, we
gradually increase the stress of the two kinds of optical fibers, and the
relationship between the change of fiber beat length and the change
of force can be obtained, respectively, as shown in Figure 8A. The red
solid line represents the panda PMF, while the blue full line
represents the polarization maintaining PCF. The parameters
corresponding to the two kinds of optical fiber in the simulated
experiment can be found in Table 1.

Although it can be seen from Figure 8A that the beat length of
the two kinds of optical fibers changes with the increase of the force,
it cannot be intuitively seen which optical fiber beat length is less
sensitive to the external force. Therefore, we defined the relative
change rate O (LB) of an optical fiber (when the beat length changes
with the force of the optical fiber) as

O LB( ) � LB Fny2( ) − LB Fny1( )
LB Fny1( )

∣∣∣∣∣∣∣∣∣∣
∣∣∣∣∣∣∣∣∣∣ × 100% (14)

In Eq. 14, LB (Fny1) and LB (Fny2) represent the beat lengths of
the optical fibers corresponding to the initial and changed force
condition, respectively. According to the original data of the beat
lengths of the optical fiber corresponding to the force conditions
in Figure 8A, the calculation and processing are performed
according to Eq. 14. It can be concluded that the relative
change rates of beat lengths of the two kinds of PMFs vary
with their forces, as shown in Figure 8B. It can also be clearly seen
from Figure 8B that during the process of the force increasing
from 0 to 1,500 N, the relative change rate of beat length of panda
PMF is always greater than 2.2%, while that of the polarization
maintaining PCF is always less than 1.8%. Therefore, it can be
proved from the results of the simulated experiment that, under
appropriate structural parameters, the polarization-maintaining
PCF has less sensitivity compared to the panda PMF to the beat
length force, and the results are also consistent with those of Ref.
[17]. Therefore, according to Eqs 12, 14, under the same force,
compared with the panda PMF, the polarization-maintaining
PCF has lower beat length change rates. As the fiber delay coil of
FOCT, the polarization-maintaining PCF can reduce the current
measurement error caused by impacts.

3.2 Optimization of structural parameters of
a polarization maintaining PCF

To increase the impact resistance ability of the polarization
maintaining PCF as a delay coil of FOCT, we need to analyze and

FIGURE 9
(A) The variation of relative change rate O (LB) of beat length of fiber with the change of lattice constant Λ, d1 = 5.2 μm and d2 = 3.2 μm. (B) The
variation of relative change rateO (LB) of beat length of fiber with the change of large air holes d1, Λ = 5 μm, and d2 = 3.2 μm. (C) The variation of relative
change rate O (LB) of beat length of fiber with the change of small air holes d2, d1 = 5.2 μm and Λ = 5 μm.

FIGURE 10
The current measurement error caused by FOCT after using
polarization maintaining PCF with optimized parameters as the fiber
delay coil.
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optimize the structural parameters of the air holes of the optical
fiber. In the polarization maintaining PCF, the main structural
parameters are the diameters of the two larger air holes (d1), the
diameters of smaller outer air holes (d2), and the lattice constant (Λ)
of the optical fiber. The influence of the changes of each of these
three parameters on the relative change rate of the beat length is
studied under the same force with the other two parameters fixed.
The simulated results are shown in Figure 9, where the red solid line
represents the panda PMF, and the blue solid line represents the
polarization maintaining PCF.

It can be clearly seen from Figure 9A that for polarization
maintaining PCFs, the relative change rate of the corresponding
fiber beat length increases from 0.02% to 0.06% with the increase
of lattice constant. As can be observed from Figures 9B, C, the
increase of diameters d1 and d2, respectively, decreases the
relative change rate of the optical fiber beat length. In
particular, the change of diameters of the larger air holes has
a greater impact on the relative change rate of optical fiber beat
length compared to the change of diameter of the smaller air
holes. Notably, the relative change rate of optical fiber beat length
decreases from 0.05% to 0.027% and from 0.034% to 0.028% for
the change of the larger and smaller holes’ diameters,
respectively. The reason for the above results is that the
decrease of lattice constant or the increase of the diameters of
the air holes increases the filling ratio of air in the fiber. In fact,
the function of air holes can be equal to that of the protective
layer of the optical fiber core, which can reduce the interference
of external force when the light is transmitted in the fiber core.
The increase of the air-filling ratio further reduces such
interference, weakens the change of refractive index caused by
the elastic optical effect, and reduces the force sensitivity of the
optical fiber beat length. If the changes in the diameters of the air
holes remain the same, compared with the smaller air holes, the
increase in the diameter of larger air holes can significantly
reduce the relative change rate of the optical fiber beat length.
The reason for this significant reduction is that the increase in the
diameter of the larger air holes can significantly change the
optical fiber beat length. So, in conclusion, the range of the
relative change rate of the optical fiber beat length of large air
holes is more obvious.

To further reduce the influence that impacts bring to the beat
length of the polarizing maintaining PCF delay coil and taking the

FIGURE 11
The process of the simulated impact experiment.

FIGURE 12
The actual current measurement error of the FOCT under
different free-fall heights.
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mathematical rationality of the actual size of the optical fiber and the
possibility of production into account, the structural parameters of
the optical fiber are designed accordingly. The final values are lattice
constant Λ = 4.8 μm, d1 = 5 μm, and d2 = 3 μm. According to Eq. 13,
the decrease in the length of the fiber delay coil can also reduce the
aftermath brought by impacts. However, considering the limitation
brought by the modulation period of the FOCT signal processing
unit, the length of the fiber delay coil is reduced to 50 m here. After
the polarization maintaining PCF corresponding to the above
structural parameters serves as the fiber delay coil of the FOCT,
the additional phase delay error curve diagram can be obtained

during impacts according to Eq. 13. The diagram is shown in
Figure 10.

As can be seen in Figure 10, for a 50 m-long fiber delay coil,
when the free falli height of the FOCT is 50 cm, the current
measurement error of FOCT with the polarization maintaining
PCF delay coil is reduced to 8.4%, compared to the 14.9% with the
PMF delay coil. When the free fall height of the FOCT is 10 cm,
the current measurement error of the FOCT with the PCF delay
coil is reduced to 3.8% compared with the 6.6% error of FOCT
with the PMF delay coil. The above results proved that the FOCT
with the polarization maintaining PCF delay coil can reduce

FIGURE 13
The comparison of current measurement errors of two kinds of fiber delay coils with different free-fall heights. (A) 50 cm free falling height. (B)
20 cm free falling height. (C) 10 cm free falling height. (D) 5 cm free falling height.

TABLE 2 The comparison of current measurement errors with two kinds of FOCT fiber delay coils.

Free falling
height

Current measurement error with PMF the
delay coil (%)

Current measurement error with the polarization maintaining
PCF the delay coil (%)

50 cm (63 g) 13.65 8.14

20 cm (40 g) 10.93 7.19

10 cm (28 g) 7.14 4.82

5 cm (20 g) 4.18 3.14
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the influence of extra phase error caused by impacts better in
theory.

4 Comparison and analysis of
experiment results

4.1 The verification of the current
measurement error model

To verify the reasonableness of the impact-induced FOCT
current measurement error model, PMF was adopted as the
optical fiber delay coil of the FOCT, the length of which was set
at 80 m. Other relevant parameters were consistent with the
parameters in Table 1. The specific experimental process is
shown in Figure 11.

In the experiment, we simulate the effect of free fall impact on
the whole FOCT from free-fall under different heights of the
photoelectric module of the FOCT. First, the height of the free-
fall is measured to the left side of the FOCT photoelectric module
and marked. Then, the FOCT photoelectric module is lifted to the
height of the marked position. Finally, the FOCT photoelectric
module is allowed to free fall and the impact is captured by the
data acquisition software.

The free-fall height of the FOCT photoelectric module is set to
50 and 10 cm, respectively, and the actual current measurement
error of the FOCT can be obtained, as shown in Figure 12.

As can be seen from Figure 12, when the height of the FOCT in
free falling is 50 and 10 cm, the corresponding peak current
measurement errors are 32.44% and 18.82%, and both errors
reach the peak within 10 ms. After 10 ms, the errors
corresponding to the two free-fall heights tend to decrease
gradually, and the errors can be reduced to the range of noise
current at about 60 ms. The results are roughly the same as those
shown in Figure 6A in terms of trend and peak current errors, which
can prove the rationality and accuracy of the impact-induced error
model in this paper.

4.2 Comparison of current measurement
errors of two kinds of optical fibers as the
fiber delay coils results

To verify the error suppression effect under the impact of the
polarization maintaining PCF as the FOCT fiber delay coil, we
conducted a comparative experiment of polarization maintaining
PCF and PMF as the FOCT fiber delay coils, respectively. The
lengths of the two optical fiber delay coils are 50 m, and the free-fall
heights of the FOCT photoelectric module are 50, 20, 10, and 5 cm,
respectively. The corresponding current measurement errors are
shown in Figure 13, and the specific values are shown in Table 2.

For the convenience of comparison, the current measurement
error values marked in Figure 13 are all absolute values. As can be
seen from Figure 13 and Table 2, compared with the FOCT
corresponding to the PMF delay coil, the peak current
measurement error in the FOCT using the polarization
maintaining PCF delay coil reduced by about 35%, which proved
that the method of using polarization maintaining PCF as the FOCT

delay coil can reduce the current measurement error caused by
impacts more effectively.

5 Conclusion

In this article, the forces on the polarization-maintaining fiber
(PMF) delay coil of a fiber optic current transformer (FOCT) under
environmental impact were investigated, and a current
measurement error model based on the delay coil winding
method was established. Also, the essential correlation of linear
birefringence with phase error and current measurement error was
derived. According to the proposed model, both the magnitude and
force sensitivity of the beat length of fibers contribute to current
measurement errors induced when FOCT is impacted. Apart from
reasonably reducing the delay coil length, a polarization-
maintaining photonic crystal fiber (PCF) is proposed as the delay
coil of FOCT to reduce its phase error under impact conditions.
Changes in linear birefringence of fibers under stress were also
analyzed based on the structural parameters of different cross-
sections of polarization maintaining PCF to optimize its
structural parameters. This analysis thereby demonstrated by
numerical simulation that the fluctuation of the linear
birefringence of the polarization maintaining PCF under
environmental impact is reduced by optimizing the structural
parameters. In addition, the current measurement errors of
FOCT with the two delay coils under environmental impact were
investigated. The current measurement errors of FOCT based on the
PMF delay coil in cases of different free fall heights obtained by
measurements were compared with corresponding simulation
results. The proposed current measurement error model is
accurate for the FOCT under environmental impact. The current
measurement results of FOCT with PMF and polarization
maintaining PCF as the delay coil, respectively, in cases of
different free-fall heights were compared. The comparison
demonstrated that the FOCT with optimized polarization
maintaining PCF as the fiber delay coil shows less current
measurement error than the FOCT with PMF as the fiber delay
coil. Specifically, the peak error of the current measurement of
FOCT with the polarization maintaining PCF as the fiber delay coil
was 35% less than that with the PMF as the fiber delay coil when the
delay coil has a length of 50 m. Hence, the polarization maintaining
PCF as the delay coil in FOCT provides an effective measure for the
improvement of the environmental impact adaptability of
the FOCT.
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In order to improve the data sharing and comprehensive information processing
capabilities between multi-microgrids in the power system, the multi-microgrids
scheduling system based on laser communication has been proposed. In order to
reduce the error rate of laser communication and reduce the impact of
atmospheric turbulence on signal acquisition, an adaptive modulation
algorithm has been designed. A mathematical model for laser communication
modulation and demodulation based on adaptive modulation algorithm has been
constructed. In simulation analysis, the target signal was extracted from the
original signal superimposed with atmospheric turbulence noise through
filtering and demodulation. The energy fluctuation of the extracted signal
decreased from 47.3 to 5 mV. The energy attenuation trend of communication
lasers within the range of 0–6 km was experimentally tested. Within 2.0 km, the
energy demodulation results of both algorithms are similar, both below 10%. After
exceeding 2.0 km, the calculation error of the adaptive modulation algorithm
remains basically unchanged, while the error of traditional algorithms increases by
about twice. For the APD response value, the adaptive modulation algorithm
demodulation has a higher response range concentration ratio and the higher
envelope recognition. Under different nominal atmospheric turbulence values,
themaximumerror rates of the adaptivemodulation algorithm are 5.8 × 10−8, 8.9 ×
10−8, and 1.2 × 10−7, respectively, while the maximum error rates of the amplitude
coherent algorithm are 2.9 × 10−5, 6.3 × 10−5, and 1.05 × 10−4, respectively. It can
effectively suppress the impact of atmospheric turbulence on the error rate of
laser communication by adaptive modulation algorithm.

KEYWORDS

laser communication, multi-microgrids scheduling, adaptive modulation, error rate,
demodulation analysis

1 Introduction

With the development of the Internet and microgrids technology, a single microgrid is no
longer able to meet existing energy needs. In order to improve the reliability of large-scale power
supply, sub-microgrids are constructed into interconnected and interconnected multi-
microgrids systems [1]. “Internet plus + multi micro network” can realize the intelligence of
energy, and realize the comprehensive management of energy storage, energy transmission and
energy use through big data, cloud computing and other technologies [2]. A multi-microgrids
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system can achieve reliable power supply for multiple loads, and by
combiningmicro sources, multiple sources can complement each other
and improve energy utilization efficiency. The coordinated control
technology of Internet plus multi-microgrids connection is one of the
important research directions [3]. In order to achieve efficient
communication of multi-microgrids data, laser communication
technology is used to construct high-speed data communication
transmission channels in the multi-microgrids system.

With the continuous maturity of equipment such as lasers,
detectors, and optical amplifiers, laser communication technology
has also made significant progress in the civilian field. In 2017,
Ratnam V [4] completed laser communication experiments between
airships using an FSOC optical transceiver. Its communication distance
exceeds 100 km and communication rate is 130Mbps. In 2018,
Horwath [5] used airborne terminals MLT-70 and GS-200 ground
stations to achieve communication, with a communication rate of up to
10Gbps and a communication distance of 10 km. In 2018, Hu H [6]
completed laser communication between vehicles using a 15ZFF optical
transceiver, with a central wavelength of 1550 nm. At a distance of
0.5km, the communication rate is 2.5Gbps. At a distance of 10km, the
communication rate is 155Mbps. In 2019, Li L [7] completed laser
communication experiments between buildings using an Artolink
optical transceiver. In the experiment, a 1550 nm laser was used,
with a system link distance of 4.4 km and a communication rate of
1.25Gbps. In 2019, Sayan O F [8] completed laser communication
between aircraft using the MLT-30 optical transceiver, with a
communication link of up to 40 km and a communication rate of
10Gbps. In 2019, Von Rhein J [9] used a 15YDF optical transceiver for
malicious communication between two buildings, with a
communication distance of 500 m and a communication speed of
10Gbps. In 2020, Yu X [10] used a full cycle laser terminal for real-time
communication of 12.7 km dynamic targets, and the system adopted a
full cycle dynamic servo mechanism, with a communication rate of up
to 2.5Gbps. In 2021, Quintana C [11] conducted laser communication
between ground and unmanned aerial vehicles, constructing a data link
through the combination of modulators and reflectors. The system has
achieved an effective aperture of 11mm, with a communication rate of
up to 500Mbps and an error rate of 7.6E-4 over a testing distance of
560 m. In 2023, Chen Hui [12] completed the measurement of
Brillouin scattering in laser communication. In 2023, Jin D [13]
achieved precise control of modulation frequency by using a narrow
linewidth laser modulation. In 2023, Bai Z [14] achieved laser
amplitude modulation using a tunable pulse width oscillator,
improving the stability of laser communication.

In summary, laser communication has the advantages of large
communication capacity and no electromagnetic interference in
laser signals. It is very suitable for massive data calculation and
communication between multiple microgrids. Therefore, this article
proposes a multi micro network networking system based on laser
communication.

2 Multi-microgrids scheduling system
with laser communication

The multi-microgrids scheduling system based on laser
communication is shown in Figure 1. The electrical energy of
the main power grid is transmitted to various electricity

consuming units through Power transmission lines. The
power generation department also transmits electrical energy
to the Energy storage system through the main power grid. The
load end includes industrial power units, urban power units, etc.
All modules use Transformers to complete current matching and
circuit breakers to complete circuit protection before being
connected to the main power grid. The main information
such as power consumption of each output and input unit
will be transmitted to the LCU (Laser communication unit)
through Data communication. Lidar sends data
information from the power microgrids to another. After
summarizing all electrical energy transmission information, it
is transmitted by the microgrids management system to the
Power Grid dispatch center, ultimately completing control of
power network distribution, grid connection, etc. In the system,
LiDAR can not only achieve data interaction between sub units
and the main control unit, but also complete data
communication between sub units. Each laser communication
unit can be a power data communication terminal in an
industrial factory area or a power data communication
terminal in an urban area.

The Laser communication unit mainly includes atmospheric
channels, lasers, detectors, optical antennas, terminal
equipment, power supplies, etc. The information is controlled
by the processing system and modulated onto the optical carrier
generated by the laser using a modulator. Then transmit it to the
receiving end through an optical transmitting antenna. The
optical signal reaches the receiving end through an
atmospheric channel. The optical receiving antenna focuses
the laser signal, which is then converted into an electrical
signal by the detector. After amplification and filtering, it
enters the processing system of the receiving end.

3 Adaptive laser modulation model

Due to the fact that there is more than one communication
location in the power network, the entire system is a laser
communication network. For networks, the order of
communication between laser communication modules, channel
occupancy ratio, and communication time allocation can have an
impact on communication efficiency. So in the process of laser
communication, it is necessary to adaptively modify the modulation
degree and demodulation method under different distances and
atmospheric turbulence interference conditions. The adaptive
algorithm proposed in this article is to improve the efficiency of
laser communication by introducing adaptive parameters during the
modulation process.

3.1 Signal expression

In order to achieve higher communication efficiency [15] and
reduce the error rate of laser communication, a mathematical model
based on adaptive laser modulation was constructed. The signal
sequence can be represented by the state values of 1 and 0, that is,
1 and 0 in the carrier amplitude. Firstly, set the main data parameters
in the system.
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a) Signal amplitude. The data amplitude modulation in laser
communication is achieved by modulating the basic signal
[16], and its formula is as follows

V x( ) � ∑
i

xih x − kXi( ) (1)

Among them, xi is the amplitude of ith signal. Xi is the period. h(x) is
the pulse waveform. k is the compensation coefficient within the
cycle.

b) Frequency shift signal and phase shift signal. Frequency shift
signal is the carrier wave of information achieved by the system
by overlaying signals of different frequencies [17]. A phase shift
signal is the phase shift of a signal. Let the two communication
states be 0 and 1, where 0 represents the basic carrier frequency f1
and 1 represents the carrier frequency f2. The frequency shift
signal and phase shift signal have

Qf x( ) � G∑
i

x − kXi( )ϕi

Qp x( ) � G∑
i

x − kXi( )ϕ−ϕi
⎧⎪⎪⎨⎪⎪⎩ (2)

Among them,G is the amplitude. φ is the initial phase. φi is the phase
of ith test position.

3.2 Modulation model design

Set the power data in the power communication process as the
modulation signal f(x), and the carrier signal as e(x) = cosα0x, where
α0 is the carrier frequency [18]. The output signal y(x) of the system
can be expressed as

y x( ) � f x( ) cos α0x (3)

According to Eq. 1, there is a proportional relationship between
y x) and f x), which is the amplitude modulation of the laser signal
[16]. According to the frequency domain convolution calculation, its
spectral expression is

Y iα( ) � 1
2π

F iα( )*E iα( ) (4)

F (iα) and E (iα) can be modulated to achieve signal loading and
parsing. The spectrum Y (iα) of y(x) will generate a controllable
frequency shift during modulation, which can be automatically
aligned during laser communication through adaptive algorithms.
The sideband signal in the system can be represented as

c x( ) � kf x( ) cos αix (5)
Among them, k represents the processing coefficient. The above

formula can suppress noise entering the communication system and
achieve real-time adjustment of the system sideband signal
amplitude [19]. In order to enable the communication system to
automatically switch communication targets in different subunits,
an adaptive function is set to classify communication data. The
setting parameters for classification are achieved by adding a high
pass filtering module, and modifying the filter to perform secondary
processing on the updated signal. Set the noise phase shift of the
signal in the subunit as an independent state parameter, which has a
uniformly distributed feature in the signal interval. Then, calculate
the phase offset of different units through processing functions, and
obtain the phase setting value for the optimal overall
communication. In sub unit communication, initialize the setting
data of the processing function. Then, the preset modulation
parameters are substituted into the system to complete the
adaptive iterative calculation. Finally, the parameter settings that
match the overall communication optimal solution will be combined
as the updated control parameters.

FIGURE 1
Power microgrids monitoring system by laser communication.
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4 Filter simulation analysis

When laser communication is completed between mult-
microgrids, communication data will be attenuated in the
atmospheric transmission channel, and stray light will interfere
with the reception of laser signals. However, due to the
significant difference in frequency between other interference
signals such as stray light and the modulation signal of the
system, the adaptive laser modulation algorithm proposed in this
article can be used for filtering. Filter and process the loaded noise
signal through Labview. The root mean square value of the noise is
200.0 mV, and the root mean square value of the signal source is
250.0 mV. The noise reduction filtering in this article adopts the
built-in filtering program in Labview software, namely, the Cutoff
function. Select its bandpass function and set the frequency to
10–100 Hz. Analyze two sets of superimposed signals and extract
modulated signals from the mixed signals. The mixed signal and the
signal is shown in Figure 2.

As shown in Figure 2A, the laser modulation signal emitted by
the laser communication system is affected by atmospheric
attenuation and atmospheric turbulence when passing through
the atmospheric channel, and the signal will mix with noise,
mainly Gaussian white noise. During the simulation, the root
mean square value of the noise was set to 200.0 mV, indicating
that the modulation waveform experienced peak to peak bifurcation
and signal mean shift. The average value of the entire test curve was
58.5 mV, with fluctuations of approximately 47.3 mV. If this signal
is directly used for demodulation, it will result in a significant
increase in the error rate of the communication system.
Therefore, the original signal needs to be filtered first, and the
modulated waveform after processing is shown in Figure 2B. The
laser modulation signal becomes smooth, and there is no longer a
bifurcation phenomenon at each peak position, presenting a single
main peak waveform. The average of the entire test curve is 52.3 mV,
with fluctuations of less than 5.0 mV, which is about an order of

magnitude lower than before optimization. The overall mean shift is
very small, and the signal output is stable. Throughout the entire
communication process, the error changes of all sampling point test
data are basically consistent with it.

5 Experiments

The experimental system includes a laser, a modulation and
transmission module, and a reception and demodulation module.
The laser adopts Lumileds’ c-band infrared laser, with a luminous
power superior to 300 mW and a divergence angle of 100 at a
communication rate of 10.0Mbps. The collimator adopts the
RC08FC collimation system from THORLABS company, with a
transmission power of −3.38dBm. The adaptive modulation
galvanometer adopts OIM103 electromagnetic galvanometer, with
a control voltage of 0- ± 10 V and a maximum rotation amplitude of
25.3 mrad. The APD detector uses the S8664 photoelectric sensor
from Hamamatsu Company, with a detection bandwidth of
20Mbps. The AD7605 AD chip is selected in the signal
acquisition module to complete rapid data processing.

5.1 Communication laser energy testing

In the process of laser communication, the communication
distance has the most significant impact on the communication
effect. On the one hand, as the communication distance increases,
the degree of spot divergence increases, resulting in a decrease in
received laser energy and a decrease in signal-to-noise ratio. On the
other hand, the longer the distance through the atmospheric
channel, the more obvious the effect of atmospheric disturbances
and turbulence. In order to verify the better communication
capability of the laser communication system based on adaptive
modulation, the same system hardware is used to receive the same

FIGURE 2
Signal curve before and after filtering.
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set of laser test signals, and the adaptive modulation algorithm and
amplitude coherence algorithm are respectively used for analysis.
The test results are shown in Table 1.

The test results show that the received optical power conforms to
the logarithmic normal distribution within 2.0 km. Its energy is
mainly distributed in the range of 20–40 mA, with a variance of
approximately 0.0825. After adopting adaptive modulation, the
optical power tends to stabilize, with its energy mainly
distributed in the range of 20–25 mA, and the variance reduced
to 0.0064. Experiments have shown that adaptive modulation can
effectively suppress signal power fluctuations caused by turbulence.
Within the range of 2.0–6.5 km, the output optical power of APD
exhibits a negative exponential distribution. Its energy is mainly
distributed in the range of 0.5–20.0 mA, with a variance of
approximately 0.9258. Compared to the test results below 2.0 km,
it can be seen that there is energy attenuation and the fluctuation has
increased by nearly an order of magnitude. As the communication
distance increases, the energy of the communication laser weakens
and the variance fluctuation significantly increases. The signal
energy calculation results of the two algorithms are similar
within 3.0 km. After exceeding 3.0 km, the solution performance
of the adaptive modulation algorithm gradually outperforms that of
the amplitude coherence algorithm. The testing of laser energy is to
analyze the signal amplitude during laser communication, as it is
proportional to the laser energy.

5.2 Signal demodulation analysis

In order to verify the good demodulation performance of the
adaptive modulation algorithm signal, demodulation analysis was
conducted on the laser signal at the receiving end. The signal was
obtained using the receiving module in the laser communication
system, and 600s of test data were intercepted, as shown in
Figure 3.

As shown in Figure 3, the original signal (blue curve in the
figure) contains a large amount of noise after passing through the
atmospheric channel. The response current fluctuation range on the
APD detector is 5–70 mA, with an average of about 38.5 mA and a
large variance. After filtering, the filtered signal can be obtained
through the demodulation calculation of the adaptive modulation
algorithm (red curve in the figure). After filtering and demodulation
calculation, the response current fluctuation range on the APD
detector is reduced to 22.0–53.0 mA, with an average of about
39.3 mA and a significant reduction in variance. The APD
response current demodulated using an adaptive modulation
algorithm has good output characteristics. The curve can roughly
see the signal envelope in the range of about 100 s, and after data
processing, the modulated data can be well recognized. By
performing Fourier transform on filtered signals, their frequency
domain information can be obtained, and their Frequency shift
signal and Phase shift signal can be solved. By comparing with the
original modulated signal of the laser communication signal, the
frequency shift signal and phase shift signal of the received signal
relative to the original signal can be calculated.

5.3 Error rate comparison test

From the received light intensity and the response current of the
APD detector, it can be seen that the signal-to-noise ratio has been
improved after adopting adaptive modulation. In order to further
validate the advantages of this design in laser communication, the
error rate of the adaptive modulation algorithm and the amplitude
coherence algorithm under different atmospheric turbulence
nominal values were compared. The nominal values of
atmospheric turbulence are taken as C1 = 10–15, C2 = 10–16 and
C3 = 10–17, respectively, and the test results are shown in Figure 4. C1,
C2 and C3 are the error rate of a laser communication system,
calculated by subtracting the total amount of communication data

TABLE 1 Laser energy test data under different communication distances.

Test distance (km) TH-
M900HDJG (mA)

Adaptive modulation
algorithm (mA)

Error
(%)

Amplitude coherence
algorithm (mA)

Eror
(%)

0.5 43.55 41.36 5.03 40.36 7.32

1.0 35.61 33.58 5.70 32.58 8.32

1.5 28.89 27.69 4.15 25.89 9.46

2.0 20.36 18.95 6.93 18.25 9.84

2.5 16.57 16.85 1.69 14.15 14.60

3.0 12.35 11.48 7.04 10.48 15.14

3.5 9.48 8.81 7.07 7.81 17.62

4.0 6.35 5.79 8.82 5.19 18.27

4.5 3.64 3.31 9.07 2.91 20.05

5.0 0.52 0.47 6.77 0.41 21.15

5.5 0.26 0.24 8.69 0.21 23.56

6.0 0.11 0.09 9.25 0.07 24.35
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from the amount of error data during the communication process
and dividing it by the total amount of communication. It is often
used to analyze the transmission accuracy of communication
systems.

As shown in Figure 4A, as the communication distance
increases, the error rate also increases. The testing distance has
increased from 0 to 6 km. When C1 = 10–15, the error rate increases
from 4.5 × 10−9 to 2.9 × 10−5; When C2 = 10–16, the bit error rate
increases from 8.5 × 10−9 to 6.3 × 10−5. When C3 = 10–17, the error
rate increases from 1.3 × 10−8 to 1.05 × 10−4. As the nominal value of
atmospheric turbulence decreases, the error rate of laser
communication systems is also gradually decreasing. In contrast,
when C1 = 10–15, the bit error rate using adaptive modulation
algorithms increases from 4.3 × 10−9 to 5.8 × 10−8; When C2 =
10–16, the bit error rate increases from 8.2 × 10−9 to 8.9 × 10−8. When
C3 = 10–17, the error rate increases from 1.2 × 10−8 to 1.2 × 10−7. The

error rate variation amplitude of the adaptive modulation algorithm
is much smaller than the calculation result of the amplitude
coherence algorithm. The error rate of the adaptive modulation
algorithm is also less disturbed by the nominal value of atmospheric
turbulence than that of the amplitude coherence algorithm. The
superiority of this algorithm has been verified.

6 Conclusion

This article focuses on the problem of requiring a large amount
of data transmission in the multi-microgrids scheduling process of
power systems, and designs a multi-microgrids scheduling system
based on laser communication. Apply adaptive modulation
algorithms in laser communication systems to modulate and
demodulate communication signals. The impact of atmospheric

FIGURE 3
APD response current value before and after filtering.

FIGURE 4
Bit error rates before and after adaptive modulation optimization.
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turbulence on communication laser energy, APD response value,
and laser communication error rate was analyzed through
simulation and experimental testing. We compared the testing
results of adaptive modulation algorithm and amplitude
coherence algorithm, analyzed the error rate of laser
communication in different states, and verified the feasibility of
the system and the superiority of the algorithm.
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2.85-kW cryogenic Nd:YAG slab
laser operating at 946 nm

Jin-Quan Chang1,2,3, Qi Bian1,2, Yong Bo1,2, Yu Shen1,2* and
Qin-Jun Peng1,2*
1Key Lab of Solid State Laser, Technical Institute of Physics and Chemistry, Chinese Academy of Sciences,
Beijing, China, 2Key Lab of Function Crystal and Laser Technology, Technical Institute of Physics and
Chemistry, Chinese Academy of Sciences, Beijing, China, 3University of Chinese Academy of Sciences,
Beijing, China

A several-kilowatt level laser at 946 nm is demonstrated in a cryogenically cooled
diode-pumped Nd:YAG slab system. The oscillator realizes the record of the
output power of 2.85 kW in a compact cavity with the homemade cryogenically
cooled Nd:YAG crystal slab. The pulse repetition rate and pulse width of the laser
are 400 Hz and 200 µs, respectively, and the center wavelength under full power
is 946.2 nm with a bandwidth of about 0.5 nm. The absorption linewidth at
808 nm is a little narrowed and blue shifts at the cryogenic temperature, while
the cooling temperature decreases from 300 to 77 K. The measured thermal
conductivity increases from 10 to 70W/mˑK, and the thermal expansion
coefficient decreases from 7.5*10−6 to 1.5*10−6/K. These results could guide us
in simulating the temperature gradient and thermal-induced stress distributions in
the crystal slab.

KEYWORDS

high power, cryogenically cooled, diode-pumped, Nd:YAG, slab laser, 946 nm

1 Introduction

High-power lasers with special wavelengths offer a wide range of applications in the
fields of medical aesthetics, laser processing, and nonlinear optics [1–5]. As the most widely
used solid-state gain medium, neodymium-doped yttrium aluminum garnet (Nd:YAG)
crystals with different shapes have received widespread attention in the fields of high-power
laser oscillators and short-pulse laser amplifiers [6–8]. The common radiation wavelengths
of Nd:YAG include 946 nm, 1064 nm, and 1319 nm [9, 10]. The 4F3/2→4I9/2 transition of Nd:
YAG is attractive for achieving a high-power radiant source with a wavelength of 946 nm.
Such laser sources are suitable for differential absorption LiDAR systems or for generating
into the blue at 473 nm radiation for various applications, such as medical imaging, data
storage, manufacturing and processing, and remote sensing [11–14]. However, the 946-nm
laser radiation from Nd:YAG with the quasi-three-level transition suffers from some
limitations, including significant reabsorption losses, a small stimulated emission cross
section compared to the 1064-nm transition, and an intense thermal loading of the gain
medium [15]. However, the laser performance could be enhanced for the quasi-three-level
946-nm Nd:YAG laser by cryogenic cooling, which breaks the physical limitation of
thermodynamics at room temperature and is inspired from the demonstration of
cryogenic Yb:YAG lasers [16–18]. In recent years, extensive research has since been
performed toward power scaling of 946-nm Nd:YAG lasers. For example, a 3.8-W
continuous wave 946-nm Nd:YAG laser was demonstrated under cryogenic cooling with
the temperature range of 90 K–290 K [19]. A 30.2-W 946-nm laser was obtained by using an
8-mm Nd:YAG crystal at 130 K [20]. A 60-W cryogenically cooled Nd:YAG laser at 946 nm
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was reported with a high-brightness pumping diode laser array of
869 nm [21]. In addition, G Shayeganrad broke through the 100-W
level Nd:YAG laser at 946 nm with a closed-cycle cryogenically
cooled laser [22]. In our previous reports, a 1.06-kW quasi-
continuous wave surface-pumped cryogenically cooled 946-nm
Nd:YAG slab laser was developed [23]. These demonstrations
suggest that cryogenic cooling is an excellent solution for
achieving high-power 946-nm laser radiation.

In this paper, a cryogenically cooled Nd:YAG crystal slab laser
with quasi-continuous wave operation having an output power of
2.85 kW at 946 nm is demonstrated. We first thoroughly measure
the absorption spectra of the 0.6-at.% Nd:YAG crystal at the
temperatures of 300 K and 77 K. Then, the temperature-
dependent thermal expansion coefficient and thermal
conductivity of the 0.6-at.% Nd:YAG crystal were studied
simultaneously. The results indicate that the peak of absorption
is shift to 808.9 nm when the sample is cooled to 77 K and the
bandwidth of the absorption spectrum is narrowed. The conversion
efficiency can be improved according to the optimization of the
wavelength of the pumped diode laser. To date, this is the highest
power laser at 946 nm, acquired in a single Nd:YAG slab, to the best
of our knowledge. These results can be used in simulating the
temperature gradient and thermal-induced stress distributions in
the crystal slab, which guides in optimizing the cooling system of the
module.

2 Experimental setup

The key for the performance enhancement of Nd:YAG slab
lasers is to increase the overlap region of the Nd:YAG absorption
spectrum and the pump laser emission spectrum. The stimulated
absorption spectra of the Nd:YAG crystal are measured at the
temperatures of 77 K and 300 K. Figure 1A gives the absorption
spectra of 0.6 at % Nd:YAG samples from 4F3/2 to

4I9/2 transition,
which is carried out using a fluorescence spectrometer (Edinburgh
FLSP980) with a 0.02-nm resolution. It can be observed that the
absorption intensity around 809 nm is increased as the temperature

decreases, where the bandwidth of the absorption spectrum is
narrowed from ~1 nm to 0.6 nm, with the temperature
decreasing from 300 K to 77 K. Meanwhile, the peak wavelength
was decreased by 0.1 nm over this range. Traditionally, diode lasers
are used as pump sources for high-power solid-state lasers due to
their merits, including a high conversion efficiency, wavelength
tunability, and compactness. Taking the measured absorption
spectrum of Nd:YAG in a cryogenic environment, we optimized
the pump absorption efficiency at different coolant temperatures of
diode laser arrays. As shown in Figure 1B, the emission spectra of the
pump sources were measured using an Aurora 4000 spectrum
analyzer. The wavelength of a laser diode array (LDA) was
temperature-tuned to reach the maximum absorption when it
passes through the slab that is cryogenically cooled. This can be
realized when the coolant temperature is 303.5 K and the
corresponding center wavelength is 809.0 nm with a bandwidth
of 1.3 nm.

FIGURE 1
(A) Absorption spectrum of Nd:YAG at 77 K and 300 K and (B) output spectrums of the diode laser array at the coolant temperatures of 299 K, 300 K,
301 K, 302 K, 303 K, and 304 K.

FIGURE 2
Thermal expansion coefficient and thermal conductivity of Nd:
YAG as a function of temperature.
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In order to enhance the output performance of the 946-nm laser,
the cryogenic temperature for the cooling slab needs to be reduced to
below 140 K to practically eliminate the reabsorption loss [24].
Moreover, we need to minimize the temperature excursion and
thermal stress across the slab to ensure the reliability of the laser
operation due to the large size of the slab. Therefore, the
temperature-dependent thermal expansion coefficient and
thermal conductivity of the gain medium should be studied.

It was demonstrated that the cooling of the gain medium to
cryogenic temperatures resulted in a significant increase in thermal
and mechanical properties compared to that at the room
temperature [25, 26]. The measurements presented in this paper
were carried out with the φ3 × 9-mm Nd:YAG sample. Thermal
conductivity was measured using PPMS-9 by the steady-state
longitudinal heat-flow method, and thermal expansion was
measured in the temperature range of 77–300 K using a Linseis
L75 thermal dilatometer whose accuracy deviation is estimated to be
within 1%. The measured thermal conductivity and thermal

expansion of Nd:YAG versus the temperature is shown in
Figure 2. It can be seen that the thermal expansion coefficient
tends to get substantially lower when the cryogenic temperature
decreases below 300 K, and the thermal conductivity increases up to
almost an order of magnitude as the temperature decreases to 77 K.

The heat transfer coefficient could be affected by the physical
characteristics of the gain medium, geometry of the slab, and
parameters of the coolant. Slab lasers are well-suited for high-
efficiency cooling systems, thus exhibiting favorable results, further
realizing the high output power with a high beam quality [27],
compared to rod active media. Considering the growth size of the
crystals and the absorption efficiency for a pumping laser, the 0.6 at.%
doping concentration of the Nd:YAG slab is cut into 173.6 mm ×
66mm × 10mm. The two end faces of the crystal slab with the angle
of 40° are polished and anti-reflection-coated at 1061 nm and 946 nm
to reduce the surface reflection. To suppress the parasitic oscillation,
we adopt the non-parallel structure with small angle deviations
between the two opposite side faces along the length of the slab.
At the same time, the two large side faces need to be rough in order to
suppress effectively the ASE along the width direction of the slab [28].

Figure 3 shows the experimental setup of the LDA-pumped
double face-cooled Nd:YAG slab laser. It is quite important for
obtaining a good performance of the slab laser by controlling the
intensity distribution and irradiation size of the pump beam [29].
Here, the spot of the LDA-adopted micro-lens array and cylindrical
lens is shaped into a well for the overlapping and uniformity
pumping intensity. The cooling liquid flows along the two large
side faces, entraining the heat when the 946-nm beam passes
through the slab in a zigzag path. For improving the cooling
efficiency, liquid nitrogen usually flows in a turbulent manner
along the large side faces of the slab within the 1.2-mm gap
between the shaping element and the slab. A large flow rate is
beneficial for improving the heat transfer coefficient; however, a
large flow rate also can break down the sealing structure. In addition,
a strong turbulent flow may generate vortices that will affect the
pump laser transmission, suggesting that the heat transfer coefficient

FIGURE 3
Schematic diagram of the experimental setup of the Nd:YAG slab
laser.

FIGURE 4
(A) Output power of the 946-nm Nd:YAG cryogenic slab laser as a function of diode pump power with 7%, 10%, and 15% optical couplers. (B)
Oscillator trace of output pulses. (C) Emission spectrum for Nd:YAG under full power.
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is about 15 kW/K-m2 between the crystal and the liquid nitrogen
coolant at a flow rate of 60 kg/min.

According to the measured result of the absorption spectrum
(α = 0.9 cm-1), with a low doping concentration, the absorption ratio
for the pumping laser is around 60%. In the simulation, we adopt the
curves of thermal conductivity and thermal expansion of the Nd:
YAG crystal versus temperature. When the pumping power reaches
up to 20 kW, the simulated temperature gradient in the slab is about
39 K and the highest value of thermal stress is about 45 MPa, which
is quite smaller than the limit of the fracture [30]. The simulated
results indicate that the cooling structure we designed can effectively
remove the extra heat in the slab under the high power pumped.
Thus, the meticulous design of thermal management for the gain
medium can play a role in developing the high-power quasi-three-
level lasers.

3 Experimental results

In order to evaluate the laser performance of the cryogenic Nd:
YAG slab module operating at 946 nm, we adopted the short cavity
structure. A plano-concave mirror with a radius of 750 mm was
chosen for its high reflectivity at 946 nm and high transmission at
1061 nm to suppress parasitic lasing. Moreover, we use different
plane–plane output coupler transmissions of Toc = 7%, 10%, and
15% to examine the laser performance, considering it as the low-
stimulated emission cross section.

The output power of the Nd:YAG slab laser at 946 nm is measured
using the Ophir Nova II power meter. Figure 4A shows the results of
output power by comparing it with threeOCs as a function of the pump
power. The maximum optical efficiency was obtained with the output
coupling of 7%. We can see that the average output power at 946 nm
approximately increases linearly in accordance with the incident pump
power. At the pumping power of 18.9 kW, themaximumoutput power
is 2.85 kW, with a corresponding optical-to-optical efficiency of 15.1%.
In order to achieve high output power, the profile of the laser beam is in
multiple transverse modes, owing to the short cavity setup [31]. The
pulse profile of 946-nm laser is measured using a Thorlabs
DET200 photodetector whose increase in time is less than 25 ns.
The oscillator trace of laser pulses is shown in Figure 4B. The
output-pulse temporal characteristics of the 946-nm laser are
measured under the maximum output power, and it indicated that
the pulse repetition rate of the laser is 400 Hz; the pulse width is about
200 µs. Emission wavelengths of the Nd:YAG slab laser are measured
using an Ocean Optics NIRQuest256-2.5 optical spectrum analyzer, as
shown in Figure 4C. It can be seen that the center peak of the laser
spectrum is 946.2 nmwith a bandwidth of 0.5 nm under the full output
laser and no evident peak at 1 μm.

4 Discussion and conclusion

We have undertaken a thorough examination of the variations of
adsorption, thermal expansion coefficients, and thermal conductivity of
the Nd:YAG crystal with temperature. Employing this measured data
source, a model temperature gradient and thermal stress distribution in
laser slabs can be simulated and calculated to optimize the cooling

system design during the development of a high-power laser module.
Based on the design parameters, such as the characteristics of the
coolant flow, wavelength of the pumping laser, and gain medium
geometry, the cryogenic cooling of the multi-kilowatt QCW double
face-pumped 946-nm Nd:YAG slab is realized. The laser oscillator
delivers a record high average power of 2.85 kW at 946.2 nm, with the
conversion efficiency of 15%. The oscillator operates at a repetition
frequency of 400 Hz with a pulse width of 200 µs.
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Photonic crystal fiber with
double-layer rings for the
transmission of orbital angular
momentum

Xingyu Qi1,2 and Yudong Lian1,2*
1Center for Advanced Laser Technology, Hebei University of Technology, Tianjin, China, 2Hebei Key
Laboratory of Advanced Laser Technology and Equiment, Hebei University of Technology, Tianjin, China

In this paper, we propose a novel photonic crystal fiber (PCF) with double-layer
rings for transmitting orbital angular momentum (OAM). The substrate of PCF is a
pure silicon base. The inner circle is doped with Fluoride to reduce the refractive
index (RI), and the transmission domain is doped with Germanium dioxide to
increase the RI. On the outer side of the transmission ring, air holes are regularly
arranged to restrict the beam transmission within the transmission layer. After
calculation, the proposedOAM fiber can effectively support 118OAMmodes in the
range of 1.3–1.75 μmwith excellent characteristics. In addition, we also found that
proposed fiber has “bandgap-like” mode field characteristics.

KEYWORDS

orbital angular momentum, photonic crystal fiber, doped fiber, double layer rings,
bandgap-like

1 Introduction

Optical communication is one of the important communication methods, and is highly
favored with its high capacity and high speed. In recent years, conventional optical
communication technology is getting closer to Shannon’s limit. Therefore, wavelength
division multiplexing (WDM) [1], mode division multiplexing (MDM) [2] and other
multiplexing technologies have become the primary directions of optical
communication. Among them, orbital angular momentum (OAM) beam is an excellent
carrier beam [3–5]. OAMwas proposed by Allen [6] in 1992 and has made a big splash in the
field of optical communication. The vortex beam has the phase factor of eilφ and the phase
distribution is vortex-shaped. Most importantly, OAM theoretically has infinite orthogonal
modes in Hilbert space, which provides a very ideal transmission channel for optical
communication.

In recent years, the research of OAM transmission fibers has focused on ring core fibers
(RCFs) and photonic crystal fibers (PCFs).OAM-RCFs include step index RCF [7], graded
index RCF [8], refractive index modulated (RI- modulated) RCF [9], etc. OAM-RCFs
improve the characteristics by making corresponding changes of transmission layer rings to
make them more compatible with OAM transmission. The design principle of OAM-PCF is
that the periodic arrangement of air holes restricts the beam propagating in the fiber core. By
adjusting the number [10], arrangement [11], shape [12] of air holes, the supported OAM
number by the fiber is greatly increased. There are also some studies on setting transmission
rings in PCF, which are RI-modulated. The transmission layer works with the air holes to
confine the beam. The fiber combining RCF and PCF has good characteristics for
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transmitting OAM. In addition, some special rotating fibers [13] also
have unique advantages in transmitting OAM.

In this paper, we propose a PCF containing a double layer of
rings. The inner ring is doped with Fluoride to reduce the RI, and the
transmission layer is doped with Germanium dioxide to increase the
RI. Air holes are regularly arranged on the outside of the
transmission layer to restrict the beam within the transmission
layer. After calculation, our proposed fiber can support
118 OAM modes in the range of 1.3 μm–1.75 μm and has
excellent features such as large mode field and flat dispersion. In
addition, proposed fiber also shows characteristics of “bandgap-
like PCF".

2 Structure of the designed PCF with
double-layer rings

The schematic diagram of our proposed OAM fiber with double
layer rings is shown in Figure 1. We dope two layers of rings in the
silicon-based PCF. The inner ring is fluoride doped to reduce the RI,
and the outer ring is germaniμm dioxide doped to improve the RI.
The double-layer circular structure fiber effectively improves the RI
difference between the transmission layer and the substrate. The
radius of the fiber cladding r1 is 62.5 μm r2 is 32 μm, and the
thickness of the fluoride doped layer is d1 = 1 μm with a RI of 1.43.
The thickness of the high refractive index layer (HRIL) of the
germanium dioxide doped layer is d2 = 2 μm with a RI of 1.48.

Outside the HRIL we set the air holes arranged periodically. r3 is
37 μm, and the diameter of the air holes d is 6 μm. The air hole
spacing Λ is 2 μm. The number of air holes from the inner layer to
the outer layer is 30, 36, and 40. In the outermost layer, we set the
perfect match layer (PML) with a thickness of 7.5 μm. PML acts as a
near-ideal absorber or radiator domain. Therefore, PML reduces the
influence of beam reflection and improves the calculation accuracy.

3 Characteristics of PCF with double-
layer rings

3.1 Number of OAM modes

According to the fiber coupling mode theory, OAM can be
formed by coupling the even and the odd mode of the same vector
mode in the fiber [14]:

σ±OAM±l � HEeven
l+1,1 ± jHEodd

l+1,1
σ ∓OAM±l � EHeven

l−1,1 ± jEHodd
l−1,1

{ (1)

where l represents the order of the OAM and vector modes. The
positive and negative of σ represents the spin direction. even and odd
denote the even and odd modes of the vector modes, respectively.
The imaginary number j represents the phase difference of π/2.

In the field of optical communication, increasing the
communication capacity is very important. And using OAM as a
transmission carrier, the number of modes determines the
communication capacity. For OAM transmission fibers,
increasing the RI of the transmission layer will increase the
OAM numbers. But this results in higher losses. For example,
Sulfur-based doping is chosen as the HRIL. Although this
increases the number of supported OAM modes, it raises the
confinement loss (CL), which is not conducive to the long-
distance transmission of the beam.

The purpose of our design is to reduce the RI difference between
the transmission layer and the substrate as much as possible if the
loss caused by the doped HRIL is acceptable. This will result in a
significant improvement in the number of transmission modes. The
outer ring is doped with Germanium dioxide andHRILis doped with
Fluoride. On the outside of the HRIL, air holes are periodically
arranged, which can reduce the RI of the substrate. Figure 2 shows
the mode field distribution of higher order modes. After calculation,

FIGURE 1
The schematic diagram of proposed OAM fiber with double-layer rings.
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the OAM fiber can effectively support 118 modes in range of
1.3 μm–1.75 μm.

3.2 Effective refractive index and its
differences

We analyzed the supported modes from 1,300 nm to 1750 nm.
The effective refractive index (ERI) is defined as:

neff � β

k0
(2)

where β is the propagation constant, k0 is the wave number in a
vacuum. Figure 3A shows the variation of the ERI with wavelength
for some vector modes. As the wavelength increases, the ERI of the
vector modes all decrease. Among them, the ERI of the higher-order
mode EH29,1 is the lowest, and the ERI is 1.44832 at 1.75 μm. In
addition, the ERI’s variation between different wavelengths of the
same mode increases gradually as the mode order rises.

FIGURE 2
(A)Mode field distribution of HE31,1. (B) Z-direction electric field of HE31,1. (C)Mode field distribution of EH29,1. (D) Z-direction electric field of EH29,1.

FIGURE 3
(A) neff of the some vector modes. (B) Δneff of some vector modes.

FIGURE 4
CL of some vector modes.
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ERID reflects the quality of the OAM formed by vector mode
coupling. According to the fiber degeneracy mode theory, HEl+1,1 and
EHl-1,1 will degenerate when the ERI is close to forming the LP mode.

This is unfavorable for the formation of OAM because we prefer the
coupling of odd and evenmodes of the same vectormode. It is generally
believed that when the ERID of HEl+1,1 and EHl-1,1 is above 10

–4, the
formation of LP mode will be avoided. Figure 3B shows the variation of
ERID with wavelength. The ERID decreases as the mode order
increases. Among them, the ERID between HE31,1 and EH29,1 is the
lowest to 0.000102. Although the model we designed can also support
higher-order vector modes, we discarded them because they do not
satisfy the ERID condition for forming OAM.

3.2.1 Confinement loss
The CL reflects the loss of the light propagating through the

fiber. The CL is defined as [15, 16]:

CL � −2π
λ

20
ln 10( )10

6Im neff( ) dB/m( ) (3)

TABLE 1 The number of OAM modes and CL of the recently proposed OAM
fiber.

References CL OAM number Year

[12] 10–8~10–6 dB/m 42 2020

[24] 10–8 dB/m 56 2020

[25] 10–10–10–8 dB/m 30 2020

[26] 10–8 dB/m 80 2020

[27] 10–9 dB/m 76 2018

This Paper 10–11–10–9 dB/m 118 2023

FIGURE 5
EMA of some vector modes.

FIGURE 6
Nonlinear coefficient of some vector modes.

FIGURE 7
Dispersion of some vector modes.

FIGURE 8
Dispersion values for all vector modes at 1550 nm.
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where λ is wavelength, and Im(neff) is the imaginary part of the neff.
Figure 4 shows the CL’s variation of some vector modes over
wavelength. For wavelength from 1.3 μm to 1.75 μm, the CL of
most vector modes oscillates in the range of 10–11–10–9 dB/m. The
lower transmission loss can ensure more effective transmission of
information. Table 1 shows the number of OAM modes and CL of
other OAM fibers. It indicates that the number of OAM modes
supported by designed OAM fiber is higher, and the CL is smaller.

Theoretically, light is confined inside transmission layer owe to
the HRIL [17, 18], but it will also be leaked out inevitably because the
outer layer of the HRIL is a silicon-based substrate with higher RI
than the inner low refractive index layer (LRIL), and the leakage
from the outer layer will be more serious. Air holes outside the HRIL
can effectively prevent the leakage of light waves and thus reduce CL.

3.3 Effective mode area and nonlinear
coefficient

The effective mode area (EMA) and nonlinear coefficient are
important parameters to evaluate the beam propagation quality [19].
The EMA represents the energy concentration, and the nonlinear
coefficient is used to characterize the nonlinear effect of the fiber
[20]. Since the effective mode field area is inversely proportional to
the nonlinear coefficient, we need to increase the effective mode field
area in optical communication. The higher effective mode field area
and the lower nonlinear coefficient improve the optical signal-to-
noise ratio. The EMA is given by [21, 22]:

Aeff � ∫∫ E x, y( )∣∣∣∣ ∣∣∣∣2dxdy( )2
∫∫ E x, y( )∣∣∣∣ ∣∣∣∣4dxdy (4)

where E(x, y) is the field distribution of the transverse electric field.
The nonlinear coefficient is defined as [21]:

γ � 2πn2
λAeff

(5)

where n2 is the nonlinear index for fused silica, and n2 =
2.6 × 10−20m2W−1. Figure 5 shows the variation of the EMA with
wavelength for some modes. The EMA becomes larger with the
increase of mode order. The EMA of all vector modes is above
320 μm2, and the EMA of HE31,1 reaches 577.763 μm

2 at 1.75 μm.
The greater EMA reflects the higher energy concentration and
smaller nonlinear coefficient.

FIGURE 9
Base-mode of bandgap-like fiber.

TABLE 2 The EMA and ERI of some of the bandgap-like modes.

Mode EMA(μm2) neff

TE 2,247.9 1.443720765

HEeven
2,1 2,248.6 1.443720919

HEodd
2,1

2,248.9 1.44372092

TM 2,249.8 1.443721093

HEeven
1,1 1,660.5 1.443890031

HEodd
1,1

1,660.5 1.443890032
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Figure 6 shows the nonlinear coefficient variation of some
modes over wavelength. As the wavelength increases, the
nonlinear coefficient decreases. In addition, the nonlinear
coefficient decreases with the mode order, which indicates that
the nonlinear effect of the higher-order mode is weaker and more
conducive to transmission. The nonlinear coefficients are all
below 0.4 km-1 W−1, which indicates the OAM mode supported
by proposed fiber has good transmission characteristics.

3.3.1 Dispersion
In optical communications, dispersion has a significant effect

on the efficiency of information transmission. A large dispersion
causes a high delay. The definition of dispersion is [23]:

D � −λ
c

∂2neff
∂λ2

(6)

Where λ is the wavelength, and c is the speed of light in a
vacuum. Figure 7 shows the variation of partial vector mode
dispersion with wavelength. When the mode’s order is below
HE16,1 and EH14,1, the dispersion is negative. When the order is
higher than these two modes, the dispersion value is positive.
And the absolute value of dispersion increases with the
wavelength. The positive and negative distribution of
dispersion is beneficial to the dispersion compensation of
optical communication network and can improve the accuracy
of information transmission.

In addition, the vector mode has a smaller dispersion and a flat
variation. In the calculated band, the HE31,1 mode has the highest
absolute dispersion value of 60.962 ps/(km·nm) at 1.75 μm and a flat
dispersion curve slope of 0.00348 ps/(km·nm2). Figure 8 shows the
variation of dispersion value with mode order for all vector modes at
1.55 μm. The dispersion values show a monotonic increase with the
increase of mode order.

4 “Bandgap-like” properties of OAM
fiber

Due to the LRIL in proposed fiber, the fiber exhibits the
characteristics of a bandgap-PCF. We call this property

“bandgap-like”. Figure 9 shows the fundamental mode of the
bandgap-like mode field. The main feature is that the beam
propagates on a pure silicon-based substrate with a LRIL
doped with fluoride in its outer layer. Intuitively, the beam
appears to be confined by the LRIL, like light propagating
through air in a bandgap PCF. The ERI of the bandgap-like
mode is lower than the normal vector mode. The fundamental
mode of the bandgap-like mode starts to appear at 1,550 nm
when the ERI is 1.44389.

These bandgap-like modes propagate at the central base with
a large EMA. Table 2 shows the EMA and ERI of some bandgap-
like modes. Furthermore, these modes are highly degenerate.
According to fiber mode theory, the ERI of vector modes that
degenerate to form the same LP mode are very close. Figure 10
shows the mode field distribution of the “bandgap-like” vector
modes and their polarization direction. The white arrow shows
the polarization direction of the electric field. Combined with the
optical fiber mode theory, we can analyze the beam mode by the
polarization of the electric field. The bandgap-like mode HEodd

2,1 ,
HEeven2,1 , TM and TE have a very low difference in ERI, which is
consistent with this feature. Although this “bandgap-like” mode
cannot be used to form OAM mode, its large EMA and highly
degenerate properties make it unique. “Bandgap-like” mode of
proposed fiber can be used for optical communication because of
its large field area.

5 Conclusion

In this paper, we propose a PCF fiber with double-layer rings
for transmitting OAM. The RI is modulated by different doping
of the rings. This increases the RI difference between the
transmission layer and the substrate, increasing the supported
OAM numbers. The regular arrangement of air holes also
restricts the light beam. After calculation, the fiber can
support 118 OAM modes in the range of 1.3–1.75 μm. The CL
of most vector modes oscillates in the range of 10–11–10–9 dB/m.
The EMA of all vector modes is above 320μm2, and the nonlinear
coefficients of all modes are below 0.4 km-1 W−1. The dispersion
value is small and changes gently. In addition, the “bandgap-like”

FIGURE 10
Mode field distribution of the bandgap-like vector mode and its polarization direction. (A) TM (B) HEodd

2,1 (C) HEeven
2,1 (D) TE.
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mode field appears in the optical fiber, which is characterized by
large EMA and high degeneracy.
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Research on duplex underwater
wireless laser communication
system

Bing Dong1, Shoufeng Tong1*, Peng Zhang1* and Yangfan Du2

1National and Local Joint Engineering Research Center of Space Optoelectronics Technology,
Changchun University of Science and Technology, Changchun, China, 2College of Optoelectronic
Engineering, Changchun University of Science and Technology, Changchun, China

To improve the bit error rate (BER) of underwater wireless laser communication and
increase communication speed, a duplex underwater wireless laser communication
system is designed. The system uses both blue and green lasers to transmit signals
simultaneously, and adopts an improved modulation and demodulation algorithm
to achieve separate modulation of the two sets of signals. A duplex underwater
wireless laser communication system builds based on 440 and 550 nm lasers. On
the basis of analyzing the absorption and scattering characteristics of seawater in
laser communication, the influence of turbulence on communication efficiency is
discussed. Improved the traditional duplex modulation algorithm and conducted
communication testing at a depth of 2.0m underwater. The experimental results
show that when the communication distance increases from 5 to 50m, the BER of
the unoptimized duplex mode increases from 2.34 × 10−7 to 3.5 × 10−5. After
adopting the optimization algorithm, the BER increases from 2.81 × 10−7 to 1.18 ×
10−6, and the signal attenuation has been significantly suppressed. The duplex
communication structure and algorithm can effectively reduce the impact of
communication distance on bit BER.

KEYWORDS

underwater wireless laser communication, duplex mode communication, modulation
algorithm, bit error rate, optimization model

1 Introduction

The ocean contains abundant biological and mineral resources, and about 70% of the
Earth’s surface is covered by the ocean. The development and utilization of marine resources
is a trend. The application of information and communication technology to ocean
development and utilization is inevitable. Studying underwater communication for the
ocean is one of the important directions for future development. Underwater wireless laser
communication technology is a communication technology with important application
value. Underwater wireless optical communication (UWOC) is an emerging communication
technology [1]. It usually uses the blue green light band (450–570 nm) as an information
carrier to achieve information transmission underwater [2]. Due to the characteristics of
large bandwidth, high speed, and high security, UWOC has become a substitute
communication technology for traditional underwater acoustic communication [3].

In 1960, Gilbert et al. [4] experimentally tested the low attenuation of blue-green light in
water. In 1963, Duntley [5] tested the attenuation characteristics of light in various water bodies,
verifying that the 450–550 nm blue-green band was a weak attenuation band in seawater,
providing important design ideas for UWOC. In 1976, Karp et al. [6] used lasers to achieve
bidirectional communication between satellites and underwater submarines, and designed
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corresponding communication models [7]. In 1991, Puschell J. J. [8]
used duplex communication between aircraft and underwater
submarines, and the laser used in the experiment was a blue green
laser. In 1992, Snow et al. [9] completed underwater wireless laser
communication of 5 m at a communication rate of 50Mbps. In 2008,
Hanson et al. [10] used the Monte Carlo method to analyze the optical
communication characteristics of different water bodies. It achieves
1 Gbps/m underwater communication, and its 532 nm laser operates in
an externally modulated mode. In 2012, John F. Muth et al. [11]
designed an underwater wireless laser communication systemwith dual
end transceiver. In 2017, Ho C. M. [12] achieved 10 Gbps transmission
rate over a length of 10 m using a 405 nm blue laser and a
16 Quadrature-Amplitude-Modulation Orthogonal-Frequency-
Division- Multiplexing modulation module. In 2019, Hong et al.
[13] implemented 18.09 Gbps/m underwater optical communications
using Discrete Multi Tone (DMT)modulation and shaping algorithms.
In 2019, Wang J. [17] achieved indoor underwater optical
communication of 100 m/500Mbps with a transmission power of
only 7.25 mW. Chi Nan et al. [14] utilized hardware equalization to
achieve underwater transmission at a rate of 3.075 Gbps. Zhou Y [15]
achieved 15.7 Gbps underwater visible light communication using GaN
based LEDs and 64 Quadrature Amplitude Modulation technology. In
2019, Wang et al. [16] achieved underwater optical communication of
100 m/500Mbps using a 520 nm laser and Non-Return-Zero On-Off-
Keyed modulation in tap water.

In summary, underwater communication systems are developing
towards multi wavelength, long-distance, and high-speed directions. In
order to further improve the efficiency and stability of underwater
wireless laser communication systems, we design a duplex laser
communication system. By placing narrowband filters in front of the
receiving window at different wavelengths, the signal-to-noise ratio of the
sensing module is improved, thereby suppressing mutual interference.

2 System design

The Duplex underwater wireless laser communication system is
shown in Figure 1. The system includes two parts: reception and

transmission. The Transmission module includes Personal Computer
(PC), modulation system, communication data database, modulation
power supply, blue laser (at 440 nm), green laser (at 550 nm), and lens
group. The Receiving module includes buncher, Administrative
Distance (AD), Avalanche Photo Diode (APD), demodulator, PC,
and display unit. The system modulates communication signals on
both green and blue lasers simultaneously, and the receiving end
obtains a duplex communication signal.

Multiple forms of encoding and modulation can be performed
on the original source electrical signals. The system performs pre
equalization processing on underwater fading channels. It drives the
light source to emit a modulation signal. The photodetector in the
receiving end receives the corresponding optical signal. After signal
amplification, filtering, and other processing, the system can
complete the collection and analysis of dual wavelength signals.
Due to the fact that in real underwater application scenarios, the
receiving and transmitting ends may be dynamic and cannot always
maintain a good optimal state, which seriously affects the
communication performance of the system. Therefore, the
receiving end can design acquisition, pointing, and tracking
modules, namely, APT modules, with the aim of maintaining the
optical link alignment between the receiving and transmitting ends
as much as possible. Corresponding optical components such as
lenses and filters, it can be configured at both ends of the light source
and detector to further optimize and improve the transmission
performance of the beam.

3 Seawater characteristics analysis

3.1 Absorption and scattering

The underwater communication environment is complex, but it
can be mainly divided into two categories: dissolved organic matter
and suspended particles. The optical properties of these components
are mainly manifested as absorption and scattering properties,
corresponding to absorption coefficient and scattering coefficient.
Therefore, attention coefficient can be expressed as:

FIGURE 1
Duplex underwater wireless laser communication system.
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c λ( ) � α λ( ) + β λ( ) (1)
Among them, α(λ) represents the absorption coefficient, and

β(λ) represents the scattering coefficient, both in units of m−1. The
two parameters exhibit different absorption and scattering effects
on different water bodies. When light waves propagate in water,
absorption refers to the conversion of photon energy into thermal
or biological energy of substances in the water and their
disappearance. Scattering refers to the phenomenon where
photons interact with substances in seawater, causing the
direction of photon transmission to randomly change without
loss of energy. Therefore, scattering changes the energy
distribution of the light field.

Seawater refers to water without any impurities, mainly
composed of a mixture of dissolved salt and pure water.
Therefore, the absorption effect mainly comes from water
molecules and dissolved salts, including NaCl, MgCl2, CaCl2,
etc. The absorption characteristics of pure seawater and pure
water are very similar, with the lowest coefficient of absorption
approximately in the 400–500 nm wavelength range, namely,
the blue-green light band, while the absorption coefficients of
other wavelengths are relatively high. This characteristic
basically determines that blue-green light is the main
wavelength band for underwater wireless optical
communication.

Assuming the length of water passing through is l, the incident
light power is Pi, the absorbed light power is Pα, and the scattering
angle θ corresponds to the scattered light power Pθ. The absorption
coefficient and scattering coefficient are:

α λ( ) � lim
l→0

Pα λ( )
Pi λ( )l, β λ( ) � lim

l→0

Ps λ( )
Pi λ( )l (2)

When the water environment for communication is known, the
testing of absorption coefficient and scattering coefficient can be
completed through calibration methods.

The scattering phenomenon is the result of the water molecules
combined action and suspended particles in seawater on light, and
is also related to factors such as temperature, pressure, and salinity.
To the complex size and distribution of different particles, it is
difficult to find a unified scattering model. If the scattering effect
generated by particle size is analyzed, it can be divided into
Rayleigh scattering and Mie scattering. Rayleigh scattering is a
common scattering phenomenon, and it refers to the scattering of
incident light by particles with a diameter much smaller than the
wavelength of light (less than one tenth of the wavelength), and the
intensity of the scattered light is inversely proportional to the
fourth power of the wavelength of light, that is, the shorter the
wavelength, the stronger the scattering effect. The scattering of
seawater mainly comes from Mie-Scattering, and it refers to the
scattering phenomenon that occurs when the diameter of particles
is equivalent to the radiation wavelength. The scattering intensity
of Mie scattering is proportional to the square of frequency, and
Forward scatter is stronger than backward scattering, with obvious
directionality, while Rayleigh scattering is almost symmetrically
distributed. Mie-Scattering can be simply understood as a random
collision between photons and suspended particles that change the
direction of transmission, and typically involves multiple
collisions.

3.2 Turbulent interference

There are similarities between water and the atmospheric
environment. Ocean turbulence in water is the chaotic movement of
water. Turbulence refers to the flow where the velocity and direction of
motion at any point in a water body change in an disordered manner,
and there is a strong mixing phenomenon between different layers of
fluid. The random changes in parameters such as temperature, salinity,
and pressure of water result in significant fluctuations in the refractive
index of the water body. The phase and intensity of underwater
transmitted optical signals will fluctuate randomly and cause beam
wanders, resulting in scintillation at the receiving end. Its phenomenon
will reduce the transmission performance of laser communication
systems. The turbulence intensity can be expressed as

Re � Lv/k (3)
Among them, L represents the characteristic length of water

flow, v represents the velocity of water flow, and k represents the
kinematic/eddy viscosity coefficient of water flow, expressed in m2/s.
When Re > 2700, the water exhibits a significant turbulence
phenomenon. The fading intensity caused by turbulence can be
expressed as the scintillation index, with

σ2
I l, L, λ( ) � E I2 l, L, λ( )[ ] − E2 I2 l, L, λ( )[ ]

E2 I2 l, L, λ( )[ ] (4)

Among them, I (l, L, λ) is the instantaneous intensity at the
position vector (l, L), l is the previous position coordinate (x, y), L is
the link distance, and E (I) represents the expected value.

In fluid mechanics, a dimensionless parameter characterizing
the relative importance of momentum exchange and heat exchange
in fluid flow. It indicates the relationship between the temperature
boundary layer and the flow boundary layer, reflecting the influence
of fluid physical properties on the convective heat transfer process,
which can be defined as:

Pl � k

χ
(5)

Among them, k represents the kinematic viscosity and χ
represents the diffusion rate, expressed in m2s−1. The range of
Prandtl numbers depends on the possibility of turbulence in the
given medium. Each wavenumber can appear within the inertial or
viscous range of its energy spectrum, or within the convective or
diffusive range of its scalar spectrum.

The underwater environment also varies with changes in vertical
depth, resulting in changes in optical properties. When the final
system is applied to communication in seawater, the top layer is called
the Euphoto zone, which is about 200 m deep in ocean water and can
generate a large amount of solar radiation, such as phytoplankton.
Therefore, the absorption coefficient of light in this area is relatively
high. The middle layer is called the weak light zone, where there is
insufficient sunlight, resulting in fewer algae and plants. The bottom
layer is called the opaque zone, where sunlight is extremely scarce. The
salinity, temperature, and other parameters of each layer vary, changes
in the refractive index of the medium. Therefore, separate link
modeling is required. This layering is meaningful for the weight
matching of absorption and scattering parameters in the modeling
process of underwater wireless laser communication.
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3.3 Improved duplex modulation algorithm

Based on the impact of underwater environment on laser
communication, the traditional laser modulation function is optimized
and improved. In single wavelength laser communication, the echo
waveform can be represented as

I t( ) � p t( ) ⊗ Pc t( ) (6)
Among them, p(t) is the initial time-domain waveform, and

Pc(t) is the impact response.
When using duplex communication, the hardware part uses

bandpass filters to filter the corresponding wavelengths. At the same
time, the processing algorithm performs differential calculations on
the two sets of echo data. When the time difference between the
emission laser of two wavelengths is Δ T, the phase difference is ΔÅ.
During duplex modulation, the correction parameters are

c � I1 t( )
I2 t + Δφ( ) (7)

By calculating the correction parameters, the amplitude ratio of
two echo intensities can be solved. Meanwhile, the time difference
between the two times is determined by the pre-set phase difference.
This can achieve feedback control of the modulation state and
suppress mutual crosstalk by correcting parameters.

4 Experiments

4.1 Experimental system

The system consists of a transmitter and a receiver. The emitting
laser adopts dual lasers with center wavelengths of 440 and 550 nm,
respectively. Each laser has a luminous power of approximately
200 mW. The detector adopts the APD detector of S8664-1010.
Choose FPGA as the data acquisition module to achieve high-speed

data acquisition. The modulator is used to modulate the signal of a
duplex laser. The system is shown in Figure 2.

During laser communication, servo control used to achieve
alignment between two modules. Due to the use of duplex
communication, it is necessary to first determine which laser to
communicate with during the alignment process, and then complete
the alignment of laser communication. The reception process adopts
time-sharing communication. There is a filter in front of the
corresponding receiving window that is used to suppress other
stray light.

4.2 Duplex signal sampling

Blue laser and green laser are used to emit laser signals
respectively, and then APD is used to obtain the two optical
signals. To distinguish the response results of laser signals, single
laser pulses of 1 and 3 μs were used, respectively. The test results are
shown in Figure 3.

The amplitude of the signal after filtering and amplification is
about 400 mV, and the operating frequency is 25 MHz. When using
duplex communication, it is first necessary to filter and denoise the
two laser signals. The original signal contains a lot of noise, and
using bandpass filtering can filter out high-frequency noise and low-
frequency noise separately. The laser signals of green and blue light
can be modulated using different pulse periods and phases, which
facilitates data separation during later processing. As shown in
Figure 3A, the input signal pulse width of the blue light signal
source is 1 us, and the signal pulse width of the receiving end is 3.3 µs
When modulating the amplitude strength of the input signal, the
carrier signal is used to generate the envelope of communication
data. It can be seen that the ripple noise of the blue response curve
has been significantly filtered out. The square wave shape is obvious
and can well reflect the peak and phase relationship of the input
signal. As shown in Figure 3B, the input signal pulse width of the

FIGURE 2
Duplex laser communication system.
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green light signal source is 3.0 µs, and the signal pulse width of the
receiving end is 5.4 µs. When modulating the amplitude strength of
the input signal, the carrier signal is used to generate the envelope of
communication data. The energy analysis of signals can calculate the
degree of energy drift during the modulation process. Comparing
the two sets of test signals, it can be seen that using the filtering
processing of this system can obtain better data waveform curves.

4.3 BER analysis of duplex communication

At a depth of 2.0 m, a duplex laser communication system
was tested using single pass and dual pass tests, respectively.
Direct communication and signal modulation communication
methods were used during dual pass operation. The test results
of BER with different communication distances are shown in
Figure 4.

As shown in Figure 4A, blue laser and green laser completed
a 2.0 m deep underwater wireless laser communication test

separately. When the communication distance increases from
5 to 50 m, the BER of blue laser increases from 1.54 × 10−7 to
9.57 × 10−4, and the BER of green laser increases from 1.03 ×
10−7 to 5.88 × 10−5. The communication efficiency of the two
monochromatic lasers is similar, and when the communication
distance is the same, the BER does not differ significantly. As
shown in Figure 4B, using duplex mode, compare whether to
choose the optimization algorithm in this article. When the
communication distance increases from 5 to 50 m, the bit error
rate of the unoptimized duplex mode increases from 1.63 × 10−7

to 9.24 × 10−5, which is basically similar to the communication
BER of monochromatic laser. After using the algorithm
optimization in this article, the bit error rate increased from
2.81 × 10−7 to 1.18 × 10−6. In contrast, after optimization, the
growth rate of the system’s bit error rate significantly
decreases, and the trend of bit error rate variation with
respect to distance weakens. It can be seen that using the
duplex modulation optimization design in this article has
good results.

FIGURE 3
Response waveform of duplex signal (A) blue laser response (B) green laser response.

FIGURE 4
Response waveform of duplex signal. (A) Bit error rate of single laser (B) before and after optimization of dual laser.
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5 Conclusion

A duplex underwater wireless laser communication system is
proposed. The system uses a 440 nm green laser and a 550 nm blue
laser to communicate together. On the basis of analyzing the
characteristics of seawater, a modulation and demodulation algorithm
for suppressing seawater interference is proposed. The experiments were
conducted on monochromatic laser communication and duplex
communication, respectively. After optimization, the growth rate of
the system’s bit error rate significantly decreases, and the trend of bit
error rate variation with respect to distance weakens. It can be seen that
using the duplexmodulation optimization design in this article has good
results. This design can slow down the increase in bit error rate and has
better application prospects in the field of underwater wireless laser
communication.
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Research on far-field spot search
and centre location algorithms
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The energy distribution of the far-field spot is uneven, and the background is
complex. Therefore, the identification of far-field points and the positioning of the
centre are difficult. This article proposes an algorithm for multi-scale Gaussian
cyclic convolution for locating the centre of far-field spots. First, wavelet
denoising is performed on the image of multiple far-field spots, and the
images of adjacent frames are subtracted. Then, the absolute values of the
differences are added. Due to the large size of the far-field spot, the Gaussian
distribution of the laser energy is not obvious. Therefore, a multi-scale Gaussian
convolution kernel is used to perform circular convolution on these images. To
preserve low-scale Gaussian features, features are spliced between two
convolutions. In this article, we also design multi-angle combination filters to
filter the enhanced Gaussian distribution features. Finally, curved polynomials are
fitted to the reconstructed Gaussian energy distribution to obtain the maximum
value; at this point, the position where the maximum value lies is the centre of the
far-field spot. The experiments showed that this method has better robustness.

KEYWORDS

wavelet denoising, multi-scale, circular convolution, combination filters, far-field spot

1 Introduction

The classic laser spot centre positioning methods include the Hough transform method
[1], the circular fitting method [2], and the grey-scale centroid [3]. The aforementioned
methods have some shortcomings in terms of positioning accuracy, computational
complexity, and robustness. The Hough transform method requires a large amount of
computation. The circular fitting method requires high integrity of far-field spots. The grey-
scale centroid method is susceptible to the uniformity of the digital number (DN) value.
Therefore, there is a need to devise more advanced algorithms for laser spot centre
localisation.

To be specific, Zhou et al. used iterative thresholding for coarse localisation, followed by
interpolation, to achieve the positioning of sub-pixels in the centre of the spot [4]. Liu et al.
proposed a curve-fitting algorithm that was introduced to improve the positioning accuracy
of the laser spot centre based on the centroid method, but the algorithm is only suitable for
images that conform to the Gaussian distribution. Liu, Z. R., et al. proposed laser spot centre
localisation accuracy, but the algorithm is only suitable for the case where the grey scale of
the spot image conforms to a Gaussian distribution [5]. Zhang et al. proposed an algorithm
for laser spot localisation based on a weighted interpolation algorithm; the principle is to use
weighted processing for spot positioning, which not only improves the accuracy and stability
of the positioning but also provides accurate positioning to the edge of the spot. However, the
algorithm is computationally complex and susceptible to saturated image elements within
the speckle [6]. Thomas et al. propose a simple approach for the estimation of the circular arc
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centre and its radius [7], which can be used for laser spot centring.
The aforementioned algorithm relies on the image of the ideal spots.

In our study, we found that the far-field spot has a weak
Gaussian distribution at multiple scales but not at other locations
in the image [8]. To enhance this feature, a multi-scale convolution
kernel is used to perform cyclic convolution on the image. Then,
features are spliced between two convolutions. The presence of low-
scale Gaussian features results in the high-scale convolutions.
Finally, the binomials of the results are fitted to the Gaussian
distribution; at this point, the position where the global
maximum value lies is the coordinate of the centre point.

2 Theoretical analysis

2.1 Model for the energy distribution of laser
beams

The energy distribution of laser beams has multiple stable
modes, including fundamental and higher-order modes. The
fundamental mode is the ideal Gaussian beam, which is
usually represented as a plane wave, denoted by I0. As shown
in Figure 1A, red indicates the distribution points with high
intensity, and blue indicates the spatial distribution of weak
intensity; most of the energy is concentrated near the
propagation axis to form an Airy spot [9]. The Gaussian beam
is represented as the plane wave when z is equal to a constant. As
shown in Figure 1B, the amplitude of the light field decreases
gradually from the propagation axis to the edge as a Gaussian
function exp(−r2/r20). When the amplitude is reduced to a
central value of 1/e, r is defined as the radius of the spot.
Therefore, the amplitude of the optical field A of a Gaussian
beam at a certain cross section is expressed as follows:

A r( ) � A0 exp − r2

r02
( ). (1)

In the formula, r0 is the distance from the centre of the spot. The
energy of the laser, I, is expressed as

I r( ) � I0 exp −2r
2

r02
( ). (2)

Due to the long distance of the far-field spot, the following
effects can occur.

2.1.1 Light spot drift
Due to the long distance of the far-field spot, there is an effect on

the beam propagation, resulting in a certain change in the direction
of propagation and a consequent change in the position of the spot.
The effect on the beam is manifested in several ways, and the spot
drift effect refers to the change in the spatial position of the spot.
Furthermore, with time, the spot drift exhibits a certain
superposition effect, which is the beam expansion. The effects of
this phenomenon must be taken into account in applications such as
optical tracking systems and targeted designs should be created.

2.1.2 Beam extension
Based on the previous analysis, it is clear that the superposition

effect of spot drift over time creates a beam expansion. This results in
a beam drift phenomenon, which means that the beam after passing
through the medium has changed, resulting in an increase in the
spot size trend.When beam expansion occurs, the spot size increases
and the light intensity at the centre is reduced [10].

2.1.3 Intensity fluctuations of the laser
The transmission of the laser light over long distances is

subjected to laser undulation, which is the random undulation of

FIGURE 1
Light intensity distribution of an ideal Gaussian beam. (A) Spatial distribution of laser light intensity. (B) Gaussian normal distribution model.

FIGURE 2
Effect of the unprocessed far-field spot image.
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the laser. Affected by the light beam, scattering and other
phenomena occur in the medium, resulting in continuous
changes in the intensity of the receiving surface. This is
known as the intensity fluctuations of the laser [11].

The aforementioned effects weaken the Gaussian characteristics
of the laser spot, as shown in Figure 2.

2.2 Image pre-processing

2.2.1 Wavelet denoising
In this article, wavelet denoising is used to denoise the captured

images to eliminate the effect of noise on positioning accuracy [12].
We believe that suppressing the high-frequency noise of the speckle
helps resolve the inhomogeneity of the far-field spot and improve
the accuracy of speckle image segmentation [13, 14]. The process
can be expressed as shown in Figure 3. After image wavelet
decomposition, the image noise is reflected in the high-frequency
components, and the absolute value of the wavelet coefficient is
small; however, the part with uniform laser energy is reflected in the
high-frequency component, and the wavelet coefficient is large [15].
According to the idea of wavelet threshold denoising proposed by
Johnstone, when the wavelet coefficient is less than a certain
threshold, it is considered to be mainly noise components, and
the part larger than the threshold is retained.

2.2.2 Background removal
Background removal is required for far-field spot images after

wavelet denoising. Figure 4 represents the background removal
process. Two adjacent frame images are subtracted, and the
absolute value is calculated. Due to the frequency of the laser,
there are four cases of adjacent frames: no laser spot in both
frames; a laser spot in both preceding and following frames; a
laser spot in the preceding frame and no laser spot in the
following frame; and no laser spot in the preceding frame and a
laser spot in the following frame. In the first and second cases, image

FIGURE 3
Diagrams of the orthogonal wavelet transform.

FIGURE 4
Background removal results.
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subtraction results in zero, while in the third and fourth cases, image
subtraction of the laser spot energy can be retained; however, the
former has positive laser spot pixels and the latter has negative laser
spot pixels. Finally, the spot pixels are unified to obtain a positive
value by calculating the absolute value.

2.3 Gaussian kernel

Due to the Gaussian nature of the laser, a two-dimensional
Gaussian kernel needs to be selected to convolve the image. A one-
dimensional Gaussian kernel can be obtained by solving the
following equation.

The one-dimensional Gaussian kernel function is defined by

f x( ) � 1
σ

���
2π

√ e− x−μ( )2/2σ2 , (3)

where μ is the mean of x and σ is the variance of x. Because when
calculating the average, the centre point is the origin and μ is equal to
0 by default, which then provides the following equation:

f x( ) � 1
σ

���
2π

√ e−x
2/2σ2 . (4)

A two-dimensional Gaussian can then be derived as follows:

G x, y( ) � 1
2πσ2

e− x2+y2( )/2σ2 . (5)

The value of σ in the formula determines the width of the
resulting Gaussian convolution kernel. The larger the value of σ,
the wider the graph, the smaller the spikes, and the flatter the
graph; the smaller the value of σ, the narrower and more
concentrated the graph, the larger the spikes, and the more
dramatic the graph changes. To ensure consistency in the
transformation of images at different sizes in the Gaussian
kernel, the value of σ can be calculated using the following
formula:

σ � 0.3 × ksize − 1( ) × 0.5 − 1( ) + 0.8. (6)
Figure 5 shows images of Gaussian kernels of different sizes

according to the function.

2.4 Multi-scale Gaussian cyclic convolution

Deeper features in images rely heavily on convolution for
extraction [16, 17]. The laser spot features in the pre-processed
image are submerged in the background, which are still not
extracted and localised, so a multi-scale Gaussian convolution is
designed to suppress the background features and highlight the laser
spot features. The structure diagram is as follows:

In this article, the Gaussian characteristics of the laser are
combined with the choice of using multiple Gaussian

FIGURE 5
Gaussian kernels of different sizes. (A) shows the Gaussian kernel generated by ksize/2, (B) shows the Gaussian kernel generated by ksize/4, (C)
shows the Gaussian kernel generated by ksize/6, (D) shows the Gaussian kernel generated by ksize/8, (E) shows the Gaussian kernel generated by ksize/
10, and (F) shows the Gaussian kernel generated by the function, which is the Gaussian kernel that best meets the algorithm’s needs.
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convolution kernels of different sizes, i.e., weight matrices, to obtain
the convolution feature results at different scales, and then all the
feature results are normalised to finally extract the Gaussian features
of the light spot image.

Figure 6 shows the effect of the image after multi-scale circular
convolution. From the figure, it can be seen that the original image
has no obvious spot features; the spot features are enhanced by
3 times of circular convolution, but the difference in the surrounding
background is small; the Gaussian features in the spot area are more
obvious by 6 times of circular convolution; and the difference
between the Gaussian features of the spot and the surrounding
Gaussian distribution can be clearly observed by 8 times of circular
convolution and above. More detail of the source image is retained
in the high-frequency features [18]. The multi-scale cyclic
convolution method can effectively enhance the Gaussian
characteristics of the spot and improve its distinctness.

Gaussian features in the spot region are significantly improved
after multi-scale cyclic convolution, and the background detail
information in the darker regions of the spot image is improved,
but the search for locating the centre of the spot requires the removal
of information such as background detail that interferes with the
experimental results. To solve this problem, a multi-angle-based
combination filter is proposed to extract contour information and
that information is subtracted from each iteration of the cycle. The
rotation matrix γi is used to construct the kernel function for the ith
angle. Let θi be the rotation angle of the kernel function; then, the
rotation matrix A for the i th angle is as follows:

γi � cos θi −sin θi
sin θi cos θi

[ ]. (7)

If P(x, y) is a point on the kernel function under the coordinate
system, the point �P at the ith angle U − V coordinate after the
rotation process is as follows:

�P u, v( ) � Pγi � x y[ ] cos θi −sin θi
sin θi cos θi

[ ]. (8)

In order to uniformly filter the spot background while extracting
contour and detail information from the image, i.e., if the response
of the background region (i.e., non-contour and detail information)
after stencil filtering is zero, the filter kernel function �G(x, y) for the
ith angle is defined as follows:

�G x, y( ) � ⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢
λ · exp −x

2 + y2

σ2
( ) − ∑

�P∈Q

K/N
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥
+ γiLap · x, y( ), (9)

where a is the weight and b belongs to the neighbourhood.
Q � |u|≤ 3ε, |v|≤ L/2{ }; K is the number of grey values in the
neighbourhood Q at the ith angle; � � is rounded; Lap is the
Laplace operator, which is used to extract the background detail
information of each angle of the image [19].

Figure 7 shows the images and feature histograms before and
after the multi-angle-based filter combined with multi-scale circular
convolution processing. The comparison shows that the spot
features are more pronounced after processing than before
processing.

The contrast of the laser spot image is significantly improved by
comparison with the multi-angle-based combination filter. The
background of the image is filtered out, while the Gaussian
characteristics of the laser spot are enhanced.

3 Verification of the accuracy of the
central positioning algorithm

3.1 Selection of evaluation indicators

Commonly evaluated metrics for laser spot-centring algorithms
are repeatability verification and accuracy verification. Repeatability
means that the spot is photographed and measured several times in
the same position with a stable far-field spot, and the individual
measurements are analysed in comparison with the maximum

FIGURE 6
Multi-scale Gaussian convolution before and after comparison and its histogram. Plot (A) represents the result of looping the convolution 1 time, plot
(B) represents the result of looping 3 times, plot (C) represents the result of looping 5 times 5 times, and plot (D) represents the result of looping 7 times.
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difference between the average values of the measurements.
Accuracy is the difference between the measured value of the
laser position coordinates and the true value [20]. In practice,
however, it is not possible to know the definitive true value
of the laser position coordinates, so straightness is used to
evaluate the accuracy of the positioning algorithm. When the
laser beam moves along a certain straight line, the movement of
the spot centre coordinates must be a straight line, and the
straightness of the fitted line is chosen as the evaluation index.
The smaller the straightness, the better the accuracy of the
positioning algorithm.

3.2 Repetitive experimental results

Eight randomly selected far-field spot images with different
noises added were taken at the same location, and the spot
centre should remain the same. The effect of the spot after the
algorithm is shown in Figure 8.

The coordinates of the spot centres calculated by several
positioning algorithms are shown in Table 1.

The comparison results show that the standard deviation of the
algorithm proposed in this paper is smaller, and its stability and
accuracy are higher than those of other classical algorithms.

FIGURE 7
Image histograms and features before and after multi-angle combination filter processing.

TABLE 1 Coordinates of spot centres calculated by several positioning algorithms.

Algorithm Group A Group B Group C Group D Group E Group F Standard
deviation

x y X y x y x y X y x y σ x σ y

Current study 301.21 202.14 302.94 203.88 303.46 203.94 304.21 202.61 299.46 204.14 300.92 205.13 1.6398 0.9940

Hough transform 301.83 204.07 299.44 202.66 297.31 202.90 304.67 209.38 302.39 204.84 301.01 204.25 2.3118 2.2331

Circular fitting 300.90 202.34 299.44 202.64 297.12 201.35 311.64 202.94 302.08 206.33 300.51 204.26 4.5956 1.6016

Grey-scale centroid 300.90 202.34 299.56 200.25 297.31 202.89 304.67 209.38 302.40 204.85 301.01 204.25 2.2776 2.8219
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3.3 Accuracy experiment results

The far-field spot image is panned to obtain five frames, and the
same level of noise is added. As only horizontal panning is performed,

the spot centre coordinates should only change on the y-axis. The results
of the far-field spot panning and positioning are shown in Figure 9.

When moving in the horizontal direction, the centre of
the extracted spot must also be a straight line in the vertical

FIGURE 8
Corresponding light spot effect after adding different noise images and algorithm processing, (A–F) imageswith speckle noise added for (0.02, 0.04,
0.06, 0.08, 0.1, 0.12 noise parameters, respectively).

FIGURE 9
Far-field spot translation and positioning results. The (A–E) image represents the image after moving 20, 40, 60, 80, 100 units to the X-axis
respectively.
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direction, and the straightness of this line is used as a criterion to
evaluate the accuracy of the localisation algorithm. Figure 9 shows
the straightness results for several localisation algorithms at
different step sizes.

The results of each algorithm were linearly fitted, and the results
of the fit are shown in Figure 10A. The three coloured lines in the
figure indicate the fitting results for several algorithms in the
horizontal direction. Figure 10B shows the fit results for several
algorithms in the horizontal direction.

From the aforementioned data, it is intuitively clear that
our method is the best fit, meaning that each coordinate is
very close to the trajectory of the motion, which matches
the trajectory of the laser. The Hough transform method is the

second most effective method, with coordinates that are essentially
identical to the trajectory of the motion, and the residual sum
of squares in the circular fitting method transformation is the
largest.

4 Conclusion

The main research in this paper is an algorithm based
on multi-scale Gaussian convolution for locating the centre of
the far-field spot. To improve the accuracy of the segmentation,
several methods are proposed in this paper. First, wavelet
denoising is performed on images of multiple far-field spots,

FIGURE 10
Centre coordinate connections calculated by several algorithms. (A) represents a graph of the effect of several light-point localisation algorithms
after panning the image, (B) represents a line graph of the variation of several light-point localisation algorithms on the Y-axis after panning the image.
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and the images of adjacent frames are subtracted. Second, due
to the large size of the far-field spots, the Gaussian distribution
of the laser energy is not obvious, so a multi-scale Gaussian
convolution kernel is used to perform circular convolution on
the denoised images. We also designed a multi-angle-based
combination filter to filter the enhanced Gaussian distribution
features. Finally, a bending polynomial is fitted to the
reconstructed Gaussian energy distribution to obtain the
maximum value; i.e., the location where the maximum value
lies is the centre of the far-field point. In this article, three
classical algorithms are chosen for comparison, and the
proposed algorithm is more stable and accurate than the other
three classical algorithms. Thus, the algorithm in this paper
demonstrates that a laser point centre localisation algorithm
based on multi-scale Gaussian convolution can be applied to
the detection of far-field spot centres.
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Based on laser energy absorption
ratio differential algorithm
methane concentration detection
system

Fang Liang*, Yanqin Xun, Wenyi Wu and Jianmei Fu

Department of Electronics, Xinzhou Normal University, Xinzhou, Shanxi, China

To reduce the interference of other gases and improve the detection accuracy in
CH4 concentration detection, a CH4 concentration detection system is proposed,
and a ratio differential algorithm is designed. The difference value of the absorbed
light intensity between chamber 1 and chamber 2 used to suppress the calculation
of CH4 concentration by other component gases. The high concentration of CH4

gas in chamber 3 used to obtain the accurate position of the characteristic
absorption peak, and it is applied as a boundary condition for data extraction
in chamber 1. Two sets of gases chamber differential calculations were used, one
set was used to calculate the differential value of laser energy at the characteristic
position of CH4 absorption, and the other set was used to calculate the differential
value of laser energy for the other gases. Then, calculate the proportion
coefficients of the two sets of difference values to obtain the CH4

concentration inversion function using this structure. The interfering gases
include C2H6, SO2 and CO2. A total of 1,000 sets for sample data were
collected for the mixed gas, with 400 sets as the sample data and the rest as
the test samples. The results show that the accuracy of CH4 concentration
inversion by this algorithm is about 3 times that of traditional algorithm. The
algorithmmodeling time is approximately 1/4 of that of traditional methods. It has
certain advantages in detecting CH4 concentration in environments with
interfering gases.

KEYWORDS

CH4, ratio differential algorithm, infrared laser, characteristic absorption peak,
interfering gas

1 Introduction

Methane (CH4) [1–3] gas is a common combustible gas in underground coal mining.
Real time monitoring of gas concentration is crucial. The research can quickly identify
methane gas in a mixture of gases, which is of great significance to ensure the life safety of
underground personnel and the development of coal industry. Methane is often mixed with
other gases, which can affect the detection accuracy of methane gas concentration. Therefore,
the design and improvement of methane gas concentration detection systems are of great
significance.

In 1985, K. Chan [4] used InGaAs material LEDs as light sources to align the absorption
peak of methane gas at 1665.4 nm. It was also combined with narrowband interference
filters, which doubled the sensitivity of the system. In 1992, H. Tai [5] reported on the use of
two DFB lasers with central wavelengths of 1.66 and 1.53 μm to form a composite light
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source, and used harmonic detection technology to achieve
simultaneous detection of methane and acetylene concentrations.
V. Weldon [6] reported in 1993 an experimental study on the
simultaneous measurement of methane and carbon dioxide with a
tunable DFB laser with a wavelength of 1.64 μm. In 1998, B. Culshaw
[7] from Strathclyde University in the UK reported on a multipoint
fiber optic gas sensing network operating by space division
multiplexing. In 2000, Miha Zavrsnik [8] reported on a series
fiber gas sensing network based on coherent multiplexing. In
2003, G. Stewart [9] reported on a gas concentration detection
system for landfills, and used the fiber optic sensing network with
45 sensors and a coverage area of 5 square kilometers. In 2004, the
Institute of Physics of the Russian Academy of Sciences reported an
experiment with a single frequency laser to measure the absorption
of methane gas at 1,654 nm. In 2006, Crawford Massie [10] reported
on a portable gas optical sensor with an absorption wavelength of
1660 nm. In 2018, Zang Yipeng, et al. [11] designed CH4 detection
system by the 1,850 nm laser, and its accuracy is 1.14 ppm. In 2021,
Chen Wenwen, et al. [12] had an accuracy of 1.0 ppm for detecting
CH4 concentration, and its accuracy is 0.13 ppm. In 2022, Dong
Mao [13] achieved modulation of the laser using birefringence
managed normal dissection fiber laser, resulting in a significant
increase in phase matching during the birefringence process and a
modulation energy enhancement of about 10 times. It can achieve a
stronger signal-to-noise ratio when selecting methane characteristic
wavelengths. In 2023, Yanjun Chen [14] used a high-power diode
laser to detect trace methane gas concentration. The center
wavelength of the light source was 1650.96 nm, with an optical
power of up to 38 mW. The sensor was implemented by 3D printing,
with a minimum detection limit of 14.93 ppm. In 2023, Kazuki
Hashimoto [15] used a combination of broadband mid infrared
spectroscopy and ultrafast Fourier transform to obtain high-
resolution broadband TSIR. Its maximum wavenumber
resolution is 0.017 cm−1. In 2023, Yufei Ma [16] completed
ammonia concentration detection by thermoelastic spectroscopy
technology, and its minimum detection accuracy is 80 ppm. In 2023,
Chu Zhang [17] used photoacoustic technology to detect the
concentration of acetylene gas, and improved the signal-to-noise
ratio through time accumulation detection. It increased the
detection accuracy by 1.65 times compared to traditional methods.

In summary, most researchers use more advanced hardware
devices or optimized data processing algorithms to improve the
detection accuracy of methane gas concentration [18]. The article
mainly focuses on proposing a novel detection method that
improves detection accuracy and stability. It proposes a method
of first differentiating laser energy, and calculates the ratio to
calculate the proportional coefficient. Based on the analysis of
characteristic absorption spectra of CH4, a ratio differential
algorithm by adaptive SVM (Support Vector Machine [19]) is
designed. It provides a new approach for methane gas
concentration detection, and this method can coexist with
traditional optimization methods.

2 System design

In Figure 1 chamber 1 and chamber 2 are filled with tested gas,
and it can be discharged through the “Output” channel; Chamber

3 is filled methane with a concentration of 80%. In order to obtain
more accurate information on the special absorption band, methane
with a concentration of 80% used in addition to methane. Gas
entering two chambers requires a filter. In the filter, it is filled with
molecular sieves. It can adsorb water vapor, dust, coal dust, etc.,
thereby reducing the impact of other pollutants in the test gas on the
calculation of CH4 concentration. Chamber 3 is filled with high
concentration of CH4, and it used to over-absorb the characteristic
absorption of CH4.

The signal modulation module is controlled to output modulation
waves by CPU. The modulated signal controls the driver to emit laser
signals from the infrared laser. According to the basic principle of
characteristic spectral absorption, the absorption energy of CH4

molecule is just equal to the photon of the difference between the
energies of two energy levels. The other gases in the well absorb photons
of different frequencies due to different atomic structures and chemical
bond, so different characteristic absorption peaks inhibit the impact of
other gases concentration. Themain characteristic wavelength of CH4 is
1650.8 nm, Analyzing the spectral distribution can determine the
concentration of CH4 gas.

3 Design of adaptive SVM algorithm

3.1 SVM algorithm

There are many methods for processing spectral data, such as least
squares, artificial neural networks, etc. The core idea of the SVM
algorithm is to map data into a high-dimensional space, making it
easier for data to be separated in that space. In the spectral calculation
process, due to the large amount of spectral data and high
dimensionality, this algorithm is more suitable. Meanwhile, the SVM
algorithm has strong generalization ability, making it more applicable
when the type and concentration of mixed gases are unknown. After
comprehensive comparison, it is believed that the SVM algorithm is the
most suitable method in this system.

SVM is often applied to solve classification and regression
problems, and it is suitable for the separation of multi-
component gas. It has high applicability and robustness, and is
suitable for multi-component separation situations. Assuming the
training data (xi, yi), i = 1, 2, 3, . . ., n (n represents the number of
samples), xi and yi belong to R, xi is the sample input, yi is the
expected output, and its fitting function is

f x( ) � ω · x + b (1)
Among them, ω is the space hyperplane, and b offset.
According to the minimum structural risk criterion [20], it can

be optimized as

V � min
1
2
ω‖ ‖2 + C∑l

i�1
ξ i + ξ*i( ) (2)

And its parameters comply with:

s.t. � yi − ωxi − b≤ ε + ξ i,−yi + ωxi + b≤ ε + ξ*i( )
ξ i + ξ*i ≥ 0 i � 1, 2, ..., l( ){ (3)

Among them, C represents the penalty factor, which is used to
adjust the degree of punishment for sample error exceeding the
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limit; ξ represents the relaxation factor; Å represents an insensitive
parameter used to reflect the system’s tolerance for errors.

max −1
2
∑l
i,j�1

αi − α*i( ) αj − α*j( ) xi · xj( ) −∑l
i�1
αi ε + yi( )⎡⎢⎢⎣ ⎤⎥⎥⎦

s.t.
∑ αi − α*i( ) � 0

0≤ αi, α*i ≤C i � 1, 2, ..., l( )
⎧⎪⎨⎪⎩

(4)

According to the test condition, the output can be calculated as
follows:

f x( ) � ∑l
i�1

αi − α*i( ) xi · x( )

+ 1
Ns

∑
S

ts − ε − ∑l
m ∈ S

αm − α*m( ) xm · xS( )⎡⎣ ⎤⎦ (5)

3.2 Adaptive SVM

The formula for finding the optimal solution through
information exchange between sample individuals is

Xk+1
ij � Xk

ij + Vk+1
ij

Vk+1
ij � c1r1 Pk

ij −Xk
ij( ) + c2r2 Pk

gj −Xk
ij( ) + σVk

ij

⎧⎨⎩ (6)

Among them, i∈N (N represents the total number of particles), j
represents the dimension, and σ represents the inertia weight; D
represents the dimension; k. k + 1 represents the current and next
iteration algebra, respectively; Vij represents particle velocity; Xij

represents the particle position; Pij and Pgj represent the extreme
values of individuals and groups, respectively, while c1 and c2
represent the acceleration factor.

By setting constraints on the spectral characteristics of measured
gas, the corresponding particles are mutated, thereby guiding the
population to achieve the optimal convergence effect; The second is
to improve SVM by setting a dynamic change insensitive region ε

(yi) in support vector regression calculation, which is to replace ε (yi)

in the original algorithm. On the basis of this improvement idea, Eq.
4 is replaced and simplified to obtain

f x( ) � ∑l
i�1

αi − α*i( ) xi · x( )

+ 1
Ns

∑
S

ts − ε yi( ) − ∑l
m ∈ S

αm − α*m( ) xm · xS( )⎡⎣ ⎤⎦ (7)

The introduction of ε (yi) can suppress the effect of over-learning
model.The specific process for completing the optimization is shown
in Figure 2.

3.3 CH4 concentration

When the incident light intensity I0 (λ) and transmitted light
intensity It (λ), as well as the absorption coefficient and effective
length L of the gas chamber, are known or can be calculated [21], the
concentration of the measured gas cCH4 can be expressed as

cCH4 � ln It ]( ) − I0 ]( )( )
α ]( )L

∣∣∣∣∣∣∣∣
∣∣∣∣∣∣∣∣ (8)

In the formula, v represents the wavenumber, and it is the
reciprocal of the wavelength. α (v) represents the absorption
coefficient of light intensity. The light intensity between chamber
1 and 2 is I12. The light intensity between chamber 2 and 3 is I23. The
light intensity between chamber 1 and 3 is I13.

With T13, Eq. 8 is substituted into:

cCH4 � ln I12 λ( )
α ]( )L

∣∣∣∣∣∣∣∣
∣∣∣∣∣∣∣∣ T13 ≥T0 (9)

When T13 > T0, it indicates that the absorption intensity of
methane gas at this wavelength is positively correlated with
methane concentration, and it is considered as a characteristic
absorption wavelength with high contribution rate. When T13 <
T0, it indicates that the absorption capacity of methane gas at this
wavelength is relatively weak. There is the characteristic
absorption, and it is susceptible to interference from other

FIGURE 1
Improved laser modulated methane concentration detection system.

Frontiers in Physics frontiersin.org03

Liang et al. 10.3389/fphy.2023.1223755

177176

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2023.1223755


gases. Therefore, this wavelength is not selected during the
testing and calculation processing, and zero value will be set
for its concentration. The difference in light intensity within this
range is calculated, and it can significantly suppress the
interference of stray signals on the system.

3 Algorithm design

The improved Adaptive SVM algorithm completes classification
calculations after setting mutation particles and dynamic
insensitivity regions. Take one-third of the total spectral test data
as training samples, and the rest as test samples; Initialize C and ξ to
construct an SVM model; Set the particle swarm dimension to 2,
select 20 particles for each dimension, set the iteration number to
200 generations, optimize Vij and Xij according to the set range, and
calculate the mean square error of the fitness function; Set the
direction of convergence for mutation particle constraints and
improve learning efficiency by setting ε (yi); Compare the fitness
of each particle, and calculate the local and global optimal values of
each particle; Adjust Vij Xij based on the first two steps; If the ending
conditions are not met, re learn until the requirements are met.

To improve the sensitivity of system and achieve narrowband
filtering effect, a high concentration CH4 gas filtering window
was designed. T0 is determined by the calibration method. Firstly,
match the standard concentration of methane gas, and find the
position of the methane characteristic absorption peaks. Then,
iteratively select different bands for methane concentration
inversion, and sort the positions of the bands that affect
methane concentration inversion; Take the position of the
band with a contribution rate exceeding 80% and set the
corresponding T value of this band position to T0.

The process shows in Figure 2.

4 Experiments

The source is 1,650 nm infrared laser, and its half width is
10 nm. The length of chamber is 40.0 cm. The test gas is
simultaneously input into chamber 1 and chamber 2. A gas
analyzer was used, and the detection accuracy of methane
concentration is ±1 ppm. During the testing process, two
methods are used: individual gas testing and mixed gas
testing. For mixed gases, the basis for selecting mixed gases
is from the perspective of practical applications. In coal mining
environments, methane gas is often mixed with C2H6, SO2, and
CO2, so the above three gases are used as interference gases. The
specific mixing ratio is completed in the form of multiple
proportion combination experiments, with a focus on
discussing situations similar to coal mine gas mixtures.

FIGURE 2
The chart of algorithm flow.

FIGURE 3
Mean square error with the number of iteration epoch.
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4.1 Errors comparison

The underground gas contains a large amount of coal dust, dust,
and water vapor. So the measured gases are introduced into a filter
for dust and moisture removal treatment, and they introduce into
the gas chamber for detection. The testing mainly focuses on CH4

(0%–10%), C2H6 (0%–1%), SO2 (0%–1%), and CO2 (0%–1%). A
total of 800 sets of sample data were collected for the mixed gas, with
400 sets as the sample data and the rest as the test samples. Perform
baseline correction, noise reduction, and normalization on the
samples to complete the preprocessing of spectral data. It shows
in Figure 3.

In Figure 3, the blue curve represents the relationship between
the average relative error and the iteration number when traditional
algorithms calculate methane concentration. The red curve
represents the relationship between the average relative error and
the iteration number when calculating methane concentration using
this algorithm. In the first 20 iterations, the error of this algorithm
decreased from 3.2 × 10−7 to 2.4 × 10−7, while the traditional
algorithm remained almost unchanged during this stage. When
the number of iterations exceeds 50, the error of this algorithm
almost reaches a stationary state, with a value of 4.6 × 10−8. However,
traditional algorithms achieve a stationary state through
100 iterations, with a value of 2.1 × 10−7. Thus, this algorithm
has advantages in Rate of convergence and error.

In order to provide the model with fast and efficient prediction
capabilities, independent modeling was conducted for different gas
components. For the main detection gas CH4, the particle swarm
dimension was set to 2, with 20 particles per dimension. The
optimization iteration was 200 generations, with an inertia weight of
0.9 and a termination value of 0.4, completing the generation by
generation calculation. The particle swarm optimization error curve
is obtained after optimization according to the above model. As shown
in Figure 3, the improved particle swarm optimization algorithm only
needs 43 steps to reach the global optimal solution, which has high
convergence. The optimization time of the 200 generation is about

4,012 s, c = 58.46, σ = 4.67. By incorporating the optimization results
into SVM, the predicted mean square error of the test sample is 4.8 ×
10−8. At the same time, the same set of spectral data was separated and
the concentrations of each component were inverted using a back
propagation network (due to space limitations, only three typical values
within the testing range were selected).

4.2 Detection results analysis

In experiments, the response voltage is tested with CH4

concentration, and the test curve is shown in Figure 4A. The
algorithm is used for proportional calculation, and the function
curve between proportional value and CH4 concentration is shown
in Figure 4B.

In Figure 4A, when the response voltage increases, the
concentration of CH4 increases, too. There is a linear relationship
between them. Its slope value is −0.0215, with good linearity. The
sensor response and concentration change trend are consistent with
the analysis results, and the curve is linear. Throughout the entire
testing process, the maximum response voltage was 3775.217 mV
and the minimum was 3551.060 mV. The fitted linearity is 0.9994,
with relative errors less than 5.0%. It can be seen that the system
linearity meets the design requirements.

In Figure 4B, it can be seen that the CH4 concentration is linear
with respect to the ratio of first harmonic to second harmonic, and
the slope of the fitted polynomial is 8.752, with a linearity of 0.997.
The linearity is relatively in the 0%–10.0% range, and it meets
requirements. The maximum response voltage in the first harmonic
is 4938.25 mV, and the minimum value is 4442.89 mV; The
maximum response voltage in the second harmonic is
2694.24 mV, and the minimum value is 226.58 mV. It can be
seen that there is a significant difference in the voltage ratio
between the first and second harmonics, resulting in a significant
improvement in their signal-to-noise ratio. Their relative errors are
all less than 1.0%, and the testing stability has been improved.

FIGURE 4
CH4 concentration calculation based on harmonic ratio. (A) Response voltage by two harmonics and (B) CH4 concentration by harmonic ratio.
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When there is no methane gas, the second harmonic is not zero,
which is caused by factors such as circuit and optical path noise, as well
as nonlinearity of wavelengthmodulation.When calculating the ratio of
second harmonic to first harmonic, the second harmonic amplitude
value at each non-zero concentration should be subtracted from the
second harmonic amplitude value in the absence of methane, and then
divided by the first harmonic amplitude at that concentration to obtain
a result that is closer to the actual concentration value. From the table, it
can be seen that when the concentration of methane gas is 1%, the
measurement error is the largest.

5 Conclusion

A spectral data processing algorithm for quantitative analysis of
multi-component games has proposed. Prediction accuracy
Improved and the convergence period decreased with mutation
particle constraint method. Compared with traditional SVM
algorithm, the absorption ratio differential algorithm has faster
optimization time, higher model prediction accuracy, and
significantly improved modeling efficiency. The model verified to
meet practical testing requirements and has certain practical
application value in improving the accuracy of methane
concentration detection.
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