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Zhiyong Wang*

Institute of Laser Engineering, Beijing University of Technology, Beijing, China

Signal beam combiners play a pivotal role in enhancing the output power of
fiber lasers, which have wide-ranging applications from industrial processing
to medical and military uses. This paper explores the influence of fiber twist
angle and non-uniform symmetric arrangement on the performance of 19 X
1 fiber signal combiners. A simulation model was developed to analyze the
impact of these parameters under adiabatic tapering conditions and the principle
of brightness conservation. The model allowed for a systematic investigation
of how varying twist angles and non-uniform spacings affect the combiner’s
performance metrics, such as transmission efficiency and beam quality. The
study found that an optimal balance between high transmission efficiency
(up to 98.5%) and good beam quality (minimum M? factor of 1.06) can be
achieved when the twist angle is kept below 60° and the non-uniform spacing is
maintained within 10-30 um. These conditions ensure minimal degradation of
the beam quality while maximizing the transmission efficiency of the combiner.
These findings offer valuable insights into the optimization of signal combiner
design, which is critical for advancing high-power fiber laser systems. By
carefully controlling the fiber twist angle and non-uniform spacing, designers
can achieve superior performance in fiber laser applications, thereby enhancing
the overall efficiency and reliability of these systems. This research contributes
to the broader field of optical engineering by providing a deeper understanding
of the underlying principles that govern the performance of signal combiners.

signal combiner, torsion, non-uniform symmetric alignment, transmission efficiency,
beam quality

1 Introduction

Fiber lasers, known for their high efficiency, excellent beam quality, and modular
design, are widely used in industrial processing, medical surgery, and military applications.
However, the output power of a single fiber laser is limited by the physical and optical
properties of the fiber. Signal combiners address this limitation by merging multiple low-
power fiber lasers into a single, high-power output, thereby expanding the application range
and performance capabilities of fiber lasers [1-4].

Signal combiners play a crucial role in modern optics and communication technology,
as they not only increase the output power but also enhance the overall efficiency,
reliability, and signal stability of fiber laser systems [5-7]. Despite their importance, practical
implementation faces technical challenges, particularly with respect to fiber twisting angles
and non-uniform symmetrical arrangements during the tapering process. Tapering, a
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critical step in combiner manufacturing, involves controlled
stretching of fibers to achieve efficient signal merging [8]. The
twisting and non-uniformity that occur during this process can
significantly affect the transmission efficiency and beam quality of
the combiner, making precise control of these parameters crucial for
optimal performance [9, 10].

Currently, signal combiners are a focal point of scholarly
attention, especially in signal combiner fabrication, high-power
all-fiber coherent synthesis, signal combiner design, and laser
combiner performance evaluation. For example, [11] successfully
manufactured a 7 x 1 mid-infrared fiber combiner using advanced
low-temperature fusion tapering technology [11]. The research
results demonstrate that the combiner exhibits outstanding fusion
quality with minimal losses at fusion points (only 0.45dB),
and can withstand a tension force exceeding 300g, achieving an
average transmission efficiency of approximately 80% and the
highest output power of 4.32W in a single channel, showcasing its
exceptional transmission characteristics and high-power tolerance.
[12] developed a special (6 + 1) x 1 reverse pump/signal
combiner, with both input and output ends using 50 pm large core
diameter signal fibers [12]. Through feedback calibration of the
M? beam quality evaluation factor, a combiner was successfully
developed to maintain high beam quality, with a beam quality
degradation ratio of only 3.4%. This device was applied in a
simple MOPA structure narrow linewidth laser system, achieving
a near single-mode output of 4.1 kW and a Raman suppression
ratio of 40.5 dB, demonstrating its potential in high-performance
laser systems.

Despite the abundant research on signal combiners, there
is relatively little focus on the specific parameters of fiber
twisting angles and non-uniform symmetrical arrangements, which
represents a current research gap [13-16]. This paper investigates
the impact of fiber twisting angles and non-uniform symmetrical
arrangements on signal combiners. The study delves into the effects
of these parameters during the tapering process on the performance
of the combiner, comparing the transmission efficiency and beam
quality under different conditions to determine the optimal twisting
angles and non-uniform arrangements. The goal is to optimize the
design of fiber signal combiners and provide important technical
support for increasing the output power and performance of
fiber lasers.

2 Theoretical basis
2.1 Beam propagation method

In 1978, Fleck etal. first proposed the Beam Propagation
Method (BPM), which accurately solves the Helmholtz equation to
obtain the mode field distribution of different parts of the optical
fiber. This calculation method has significant implications in the
field of optical waveguides, as it can simulate the propagation
characteristics of the mode field within them, providing a powerful
mathematical tool for research in optical fiber communication and
related technologies [17].

BPM is crucial for calculating the coupling efficiency between
the input fibers and the output fiber, which directly impacts
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the overall transmission efficiency. By simulating the mode field
distribution and the overlap integral, BPM helps in visualizing
and analyzing how light modes evolve through the tapered region,
identifying any modal instabilities or distortions that could degrade
beam quality. The method also allows for the optimization of
design parameters such as the twist angle and the non-uniform
symmetric arrangement distance. For instance, the simulations show
that maintaining a twist angle not exceeding 60° and a non-uniform
symmetric arrangement distance between 10 and 30 pm leads to
high transmission efficiency (up to 98.5%) and better beam quality
(minimum M? factor of 1.06).

Furthermore, BPM provides a robust theoretical framework for
validating the simulation results, ensuring that the performance
metrics, such as transmission efficiency and beam quality, are based
on a well-validated physical model. This enhances the credibility of
the findings and supports the practical applicability of the optimized
design. By leveraging BPM, the manuscript offers a solid theoretical
foundation for the design and optimization of the 19 x 1 fiber signal
combiner, contributing to the development of more efficient and
reliable high-power fiber laser systems [18-21].

Based on the Maxwell’s equations, we can delve into the
fundamental properties of light propagation within optical fibers
shown as Equations 1-4 [22]:

;.
VxH=]+ o (1)
__9B
VXE= 5 (2)
VeD=p 3)
VeB=0 (4)

To determine the electric field strength E, electric displacement
vector D, magnetic induction intensity B, and magnetic field
strength H, it is necessary to relate them to material equations.
The characteristics of material equations are deeply influenced by
the medium in which the electromagnetic fields exist shown as
Equations 5, 6 [23]:

D(r) = e(r) o E(r) (5)

B(r) = p(r) « H(r) (6)

based on this, the wave equation for optical fibers (where ¢ is a
constant, Ve = 0) can be further derived:

VZE+KE=0 7)

VIH+K*H=0 (8)

Equations 7, 8 represent the vector Helmholtz equation. In this
coordinate system, the x, y, and z components of E and H strictly
follow the laws of the scalar Helmholtz equation:

V2y+ Ky =0 9)

In the Equation 9, y represents the components of E or H.
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2.2 Conical fiber characteristics

The tapered fiber in the signal combiner is made of fiber through
a special fusion stretching process, which changes the diameter and
shape of the fiber, thus affecting its optical properties.

2.2.1 Adiabatic tapering condition

Adiabatic tapering is used to describe the extremely small degree
of change in the diameter of the taper zone after the fiber is
processed by the tapering process. This characteristic ensures that
when light propagates inside the tapered fiber, it can be tightly
confined to the core area, effectively preventing light from leaking
to the outer cladding [24]. That is:

Ar_
.

1 (10)

In the formula, =r represents the difference in the diameter
of the fiber end face before and after the tapering process, while
A represents the original size parameters of the fiber. If the rate
of change of the core diameter is too large, the propagation mode
of the light wave will transition from the fundamental mode
state to a higher-order mode, leading to a coupling phenomenon
in the fiber. Usually, the propagation constant f3 is used to
quantitatively describe the transmission mode in the fiber [25],
defined as follows Equation 11:

2
T”eff

B= (1)

In the formula, n.¢ represents the effective refractive index of
the fiber, while A represents the transmission wavelength. In the
definition of the fiber transmission mode, the propagation constant
of the fundamental mode is denoted as 3, , and the propagation
constant of the higher-order mode is denoted as 3,. Based on this,

the beat length of the fiber is precisely defined as Equation 12:

21
Lp= (12)
’ ﬁl _ﬁz
Expressing the change in core diameter in terms of beat length:
dr
Ar=Lg— 13
=t (13)

Substituting Equation 13 into Equation 10, we get Equation 14:

ar o r (14)
dz = Ly

When the first high-order mode propagation constant is taken as
B, » the value Ly reaches a maximum, and at this point, the adiabatic
tapering standard is most stringent. It can be inferred that under this
standard, the transmission loss of the fiber will be minimized. The
tapering process of the fiber is usually considered as linear tapering,
that is, the slope of the fiber diameter remains constant over the
entire taper zone. Therefore, for the entire taper zone dz = L,dr =
r, —,, the initial diameter of the fiber is set as r;, and the waist
diameter formed after tapering is , . Further defining the taper ratio
of the fiber TR =r, /r,, the adiabatic tapering condition of the fiber
can be expressed as Equation 15 [26]:

L>(TR-1)Lg (15)
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From Equation 15, it is evident that a longer fiber taper zone
better satisfies the adiabatic tapering condition, reducing losses
during the tapering process. However, in practical applications,
an overly long taper zone can increase the fragility of the
fiber and complicate packaging. Therefore, it is necessary to
balance the theoretical benefits of adiabatic tapering with practical
considerations. This involves determining an optimal taper zone
length that minimizes losses while ensuring the fiber’s stability and
ease of packaging.

2.2.2 Brightness conservation principle

In the coupling process from input fiber to output fiber of
the laser, the brightness conservation principle plays an important
role. This principle elaborates from the perspective of the fiber’s
reception and emission capabilities towards the laser, delving into
the necessary conditions for achieving efficient coupling between
lasers and fibers.

During the coupling process between laser and fiber, the
reception and emission capabilities of the fiber can be quantitatively
expressed through the parameter of Integrated Brightness (IB) [27].
When the laser is uniformly incident on the fiber, the integrated
brightness can be specifically described as Equation 16:

) 9
IB:ARJ ¢oncAj sin pdg = A[1 - cos ¢] (16)
0

0
Where A represents the irradiation area of the fiber, R is the
distribution profile of irradiance, and ¢ denotes the laser acceptance
angle of the fiber. There exists a proportional relationship between
the numerical aperture NA of the fiber and sin ¢. Due to the small
acceptance angle of the fiber under normal circumstances, it can be
derived that sin ¢ = ¢. In this scenario, integrated brightness can be
expressed as Equation 17:
IB oc A[1 - cos ¢] = %NAZ (17)
The concept of Brightness Ratio (BR) is introduced to
quantify the relative relationship of integrated brightness between
input and output fibers [28]. Its mathematical expression is
as follows Equation 18:

out out

2 2
nDin NAin

IBOut —
IBy,  nDZ [1-cos ¢, |

sz)ut [I—COS (pout] _ D}, NA]

BR = (18)

In the application of signal combiners, D;, and NA;, respectively
represent the diameter and numerical aperture of the input fiber
bundle layer after tapering, while D .« NA_ refers to the diameter
and numerical aperture of the output fiber core. n indicates the
number of input fibers received by the combiner. IB;, and IB,
as parameters, respectively measure the reception and emission
capabilities of the input fiber bundle layer and the output fiber core
in terms of light. When BR > 1 is satisfied, i.e., when the reception
capability of the output fiber exceeds the emission capability of
the input fiber, the light intensity in the input fiber can be
completely coupled to the output fiber, thereby achieving a low-loss
coupling process.

Based on the brightness conservation principle, to ensure
efficient transmission of the signal combiner, the output fiber should
have a larger core diameter and numerical aperture. However,
improving the beam quality of the output laser requires reducing
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the number of modes excited during fusion splicing. Therefore,
when selecting the size of the output fiber core, it is necessary
to balance transmission efficiency and beam quality in order to
achieve the relative optimization of the performance indicators of
the signal combiner.

2.3 Signal combiner quality metrics

The quality metrics of the signal combiner mainly focus on its
performance and reliability, which are crucial for evaluating and
ensuring that the combiner meets specific application requirements.
This paper primarily adopts the M? factor and transmission
efficiency as the quality metrics for the signal combiner.

2.3.1 M? factor

The M? factor is defined as the product of the actual beam’s spot
size and the far-field divergence angle, divided by the product of
the spot size and the far-field divergence angle corresponding to the
ideal fundamental Gaussian beam.

It is determined through the second moment [29] to ascertain
the waist radius of the optical fiber [13]:

JOO ro x-E(x,y) - E* (x,y)dxdy

X= =2 (19)
J_ J_ E(x,y) - E*(x,y)dxdy
” (x=%)*E(x.y) - E* (x,)dxdy
0x=2 (20)
jj E(x,y) - E*(x,y)dxdy
JOO j‘x’ y-E(x,y) - E* (x,y)dxdy
J= e (1)
j_ J_ E(x,y) - E*(x,y)dxdy
JJ (y=)*E(x.y) - E*(x,y)dxdy
w, = 2 (22)

” E(x,y)- E*(x,y)dxdy

In the formula: (x,y) represents the centroid coordinates of
the electric field, E(x,y) represents the electric field distribution
function, and w, and , represent the second-order moment widths
of the electric field in the x and y directions, respectively shown as
Equations 19-22.

According to the definition of the M? factor, we can obtain [30]:

0
M2 = lim WNOLRD) =nw,0,n (23)
Z—00 ZA
nwy(O)wy(z)
Mi = lim —————— = w0, (24)
Z—00 Z

M? = \M2- M2 (25)

M2 and Mi respectively represent the M? factor in the x and y
directions, while ®, and ®, respectively represent the effective
beam radius of the laser in the far field in the x and y directions.
z and n represent the coordinates in the far-field plane shown as
Equations 23-25.
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The laser output from the fiber is a mixture of the fundamental
Gaussian beam and higher-order mode Gaussian beams. Therefore,
it is appropriate to evaluate beam quality with the ideal fundamental
Gaussian beam as a reference. When the laser passes through an
ideal optical system, the beam parameter product remains constant,
making the M?factor a constant quantity [31]. This characteristic
enables the M? factor to rigorously and comprehensively reflect the
beam quality of different fiber laser systems. As the M?factor is
referenced to the ideal fundamental Gaussian beam and considers
both near-field and far-field characteristics of the beam, it is
particularly suitable for evaluating the quality of signal combiners.

2.3.2 Transmission efficiency

Assuming that the mode field of the tapered input fiber bundle
is defined as E;,(x,y,z), when this mode field is coupled to the
output fiber, its mode field representation can be viewed as a linear
superposition of all excitable mode fields in the output fiber shown
as Equation 26 [16]:

M N
E(x,y,2) = Z CnEin(%,3,2) (26)
T 1

In the equations, E,,,(x, y,z) represents the (mn) th-order mode

(
mn
in the output fiber, i.e., one of the modes that can be excited in
the fiber. The total number of excitable modes is denoted as M x
N (where m,n are non-negative integers not greater than M, N,
reflecting the mode capacity of the fiber. Meanwhile, C,,,, represents
the mode coeflicient, which quantifies the proportion of each mode

in all excitable modes. Its expression [32] is given by Equation 27:

” E,, (x,y,2) X E,,  (x,y,2)dxdy

27)

\j” B 2Py [ 1B, 20y

Here, «,,, represents the ratio of the power of the (mn) th-order
mode to the total input power.

Based on the proportion of power carried by each mode, the
coupling efficiency at the fusion point can be calculated [33]:

M N
T:ZZamot (28)
1T

From Equation 28, it can be observed that an increase in
the number of excited modes during the coupling process will
directly lead to an improvement in the coupling efficiency, thereby
significantly enhancing the overall transmission efficiency of the
signal combiner [34].

2.4 Theoretical background and practical
application

Fiber signal combiners play a crucial role in high-power laser
systems by merging multiple low-power fiber lasers into a single,
high-power output. This technology is widely applied in industrial
processing, medical surgery, and military applications due to its
ability to significantly enhance the overall efficiency, reliability, and
signal stability of fiber laser systems. However, current designs face
limitations, such as reduced transmission efficiency and degraded

frontiersin.org


https://doi.org/10.3389/fphy.2024.1502544
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org

Yin et al.

beam quality, which are primarily influenced by the physical
properties of the fibers and the alignment during the tapering
process. The twisting and non-uniformity that occur during this
critical manufacturing step can severely impact the performance of
the combiner.

To address these issues, the study focuses on optimizing the
design of 19 x 1 fiber signal combiners by investigating the
effects of fiber twist angle and non-uniform symmetric alignment.
Specifically, the study explores how adjusting the twist angle and
maintaining controlled non-uniform spacing can lead to significant
improvements in both transmission efficiency and beam quality. By
doing so, the aim is to overcome the existing limitations and provide
a more robust solution for high-power fiber laser systems.

2.5 Model assumptions and simulation
conditions

In developing the simulation model, adherence to fundamental
principles of light propagation and the conservation of brightness
ensures that the model accurately reflects the behavior of light
within the fiber combiner. The simulation is conducted under
adiabatic tapering conditions, where the gradual change in the
fiber’s cross-sectional area minimizes loss and distortion of the
propagating signals. The model assumes an idealized environment
but incorporates realistic parameters to closely mimic actual
operating conditions.

For the simulations, a range of twist angles not exceeding 60° is
specifically focused on, as higher angles tend to introduce excessive
stress and deformation, leading to lower transmission efficiencies
and poorer beam quality. Additionally, the non-uniform symmetric
arrangement distance is maintained between 10 and 30 um. This
range is based on preliminary studies indicating that it optimally
balances efficient signal combination with minimal interference.
These parameter choices are grounded in a thorough understanding
of the underlying physics and have been selected to represent a broad
spectrum of potential real-world scenarios, thereby enhancing the
applicability and relevance of the findings [35-38].

3 Methods

Building on the previous theoretical framework, this study
constructs a basic simulation model of a fiber signal combiner
to analyze the effects of fiber twisting angles and non-uniform
asymmetric arrangements on the signal combiner [39].

In the established simulation model, the beam propagation
method is employed to simulate the propagation of light waves in
complex media. This method considers changes in refractive index,
fiber structure, and the interaction between fibers. Based on the
wave optics simulation of the propagation characteristics of light
waves in the signal combiner, combined with the beam propagation
method, the basic simulation model of a 19 x 1 fiber signal combiner
is established using the Beam Prop module in the RSoft software
package, as shown in Figure 1.

The 19 x 1 fiber signal combiner selected in this study
represents a balanced solution, integrating practicality, efficiency,
and the stringent demands of high-power laser systems. This
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FIGURE 1
Simulation model of 19 x 1 fiber signal combiner.

design consolidates 19 low-power input fibers into a single, high-
power output, significantly amplifying power while maintaining
design and fabrication simplicity. The 19 x 1 configuration
achieves impressive transmission efficiency (up to 98.5%) and
maintains excellent beam quality (M? > 1.06), ensuring minimal
loss and distortion. Leveraging standard optical fibers and
established techniques, such as adiabatic tapering, it simplifies
alignment and coupling, enhancing manufacturability. Moreover,
its performance aligns with the specific needs of industrial,
medical, and military applications, supporting tasks like cutting,
welding, and precise material processing. The 19 x 1 combiner
also provides scalability and adaptability, enabling parallel use
or expansion to accommodate higher power requirements. By
adopting the 19 x 1 fiber signal combiner, this research aims
to optimize for both high performance and practical feasibility,
addressing existing limitations and improving the reliability of fiber
laser systems [40].

The simulation model for the fiber signal combiner employs
20/130 pm fibers as inputs and a 105/125 um fiber for the output. The
20/130 pm fibers, featuring a 20 um core diameter with a numerical
aperture (NA) of 0.08 for the core and 0.46 for the cladding,
are selected for their mode control and efficient light collection,
critical for maintaining high beam quality and effective coupling. In
contrast, the 105/125 um output fiber, with a 105 pm core diameter
and an NA of 0.22, is designed to manage higher power densities and
reduce modal dispersion, ensuring a stable and robust output. This
fiber combination ensures high transmission efficiency and excellent
beam quality, with the smaller input fibers providing precise mode
control and the larger output fiber offering mechanical durability
and compatibility with existing optical systems.

During the adiabatic tapering process, the specified diameters
enable controlled tapering, minimizing energy loss and preserving
the integrity of the optical signal. This selection of fiber dimensions
optimally balances efficient signal transmission, beam quality, and
manufacturability, making it well-suited for high-power, high-
quality laser applications.
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FIGURE 2
Transmission efficiency of signal combiner with different taper ratio.

4 Results and analysis

4.1 Impact of taper ratio and length on the
signal combiner

Optimizing these parameters ensures an adiabatic process,
minimizing energy loss and enhancing the beam quality. Simulation
analysis is used to determine the optimal taper ratio and length,
guiding the experimental production and reducing trial-and-
error costs [41, 42]. Figure 2 illustrates the transmission efficiency
of a single fiber signal combiner under different taper ratios,
highlighting the importance of these parameters in achieving
optimal performance.

From Figure 2, it can be observed that as the taper ratio
increases, the transmission efficiency of a single fiber signal
combiner gradually improves. When the taper ratio reaches 0.52, the
transmission efficiency of a single fiber signal combiner reaches a
peak and remains relatively stable. Therefore, the taper ratio for the
signal combiner is set to 0.52.

Setting the taper ratio to 0.52, the transmission efficiency
of a single fiber signal combiner under different taper lengths
is shown in Figure 3.

As shown in Figure 3, the transmission efficiency of a single fiber
signal combiner increases sharply as the taper length increases from
0 mm to 0.75 mm, and then stabilizes. At a taper length of about
1.01686 mm, the efficiency reaches a high and stable value. Thus, a
1 mm taper length is optimal, balancing efficiency and stability.

The ideal parameters for the combiner, based on simulations,
are a 1 mm taper length and a 0.52 taper ratio, adhering to
adiabatic tapering and brightness conservation principles. These
settings yield an M? factor of 1.06 and a maximum transmission
efficiency of 98.5%.

An M? factor of 1.06 indicates near-ideal beam quality,
with minimal deviations. The 98.5% transmission efficiency
demonstrates that the combiner effectively combines and transmits
optical power with minimal loss.
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FIGURE 3
Transmission efficiency of signal combiner with different taper lengths.

Fiber bending also affects transmission; a 5 cm bending radius
results in approximately 90% efficiency compared to a straight
fiber. This slight difference does not significantly impact the overall
simulation results.

In summary, the optimized design parameters—1 mm taper
length, 0.52 taper ratio, M? of 1.06, and 98.5% efficiency—provide
a solid foundation for the combiner’s development and fabrication.

The length of the taper affects the adiabaticity of the mode
evolution. A longer taper can ensure better adiabaticity, leading to
higher transmission efficiency and potentially better beam quality.
However, an excessively long taper may introduce additional losses
due to increased interaction with the cladding and other factors.

The taper ratio, defined as the ratio of the final diameter to the
initial diameter, influences the mode field distribution and coupling
efficiency. An optimal taper ratio ensures that light modes are well-
confined and efficiently transferred from the input fibers to the
output fiber. A non-adiabatic taper can lead to mode mixing and
increased beam divergence, negatively affecting the M? factor.

4.2 The impact of twist angle on the signal
combiner

The twist angle of the optical fibers significantly impacts light
propagation, mode distribution, and the overall performance of the
beam combiner, including transmission efficiency and output beam
quality. Moderate twisting reduces crosstalk between adjacent fibers
by maintaining proper spacing and alignment, leading to better
coupling and higher efficiency.

Based on the simulation model, various twist angles were
analyzed to assess their effects on the signal combiner’s performance,
as shown in Figure 4. The results indicate that a moderate twist angle
optimally balances fiber spacing and alignment, thereby enhancing
the combiner’s overall performance.

The transmission efficiency and beam quality of the signal
combiner at different twist angles are shown in Figure 5.
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FIGURE 4
Schematic diagram of torsion angle change.
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FIGURE 5
Transmission efficiency and beam quality of signal combiner with
different twist angles.

As shown in Figure 5, the twist angle significantly affects the
transmission efficiency and beam quality of the signal combiner.
The transmission efficiency fluctuates with increasing twist angle.
Between 10° and 70°, the efficiency increases and remains high.
Beyond 70°, the efficiency gradually declines, reaching its lowest
point at 180°. The beam quality factor M? also fluctuates and
increases from 10° to 140°, indicating a decline in beam quality.
Overall, a twist angle between 10° and 70° maintains both high
transmission efficiency and good beam quality.

The twist angle and non-uniform symmetric arrangement
distance play significant roles in overall performance. These
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parameters should be optimized to maintain high transmission
efficiency (up to 98.5%) and a minimum M? factor (1.06). By
carefully balancing these parameters, the design can achieve both
high transmission efficiency and excellent beam quality.

4.3 Impact of non-uniform symmetric
arrangement on signal combiner

Non-uniform symmetric arrangements of fibers in a signal
combiner can significantly affect transmission efficiency and beam
quality. When fiber positions and angles are not uniform or
symmetric, the light distribution during the combining process
becomes uneven, leading to mode mismatch. This results in light
scattering and loss, reducing transmission efficiency. Additionally,
the inconsistent light path causes mode disturbances, degrading the
final beam quality. Therefore, precise fiber arrangement is crucial for
efficient light transmission and high beam quality.

This study categorizes non-uniform symmetric arrangements
into four scenarios: outward deviation of the middle layer, inward
deviation of the middle layer, deviation of multiple fiber cores, and
inward deviation of the outermost layer (Figure 6). Each scenario
impacts the combiner’s performance. Understanding and mitigating
these deviations is essential for designing an efficient and high-
quality signal combiner.

Based on the optimal parameters of the signal combiner’s
basic model, an analysis of the transmission efficiency and beam
quality under non-uniform symmetric fiber arrangements was
conducted. When fibers in the middle layer deviate outward from
the central axis, the signal paths become longer, adversely affecting
transmission efficiency and beam quality. This outward deviation
also results in uneven distances between fibers, further impacting
beam synthesis.

Figure 7 illustrates the transmission efficiency and beam quality
of the signal combiner for different outward deviation distances of
the middle layer.

The outward deviation of the middle layer in a signal combiner
affects both transmission efficiency and beam quality. Despite
these deviations, the transmission efficiency remains relatively
high, indicating effective signal transmission even with some
misalignment. As the outward deviation increases from 10 pm to
40 pm, the transmission efficiency improves, peaking at 40 pm. The
M? factor, which measures beam quality, remains stable across this
range, with the best quality observed at 40 um. This suggests that
a 40 pm outward deviation optimizes both transmission efficiency
and beam quality.

Figure 7 shows the simulation results for different outward
deviations. At 10um, the transmission efficiency is approximately
96.4% with an M? factor of 19.57972. The efficiency peaks at 97.8% at
30 um before decreasing, while the M? factor reaches its minimum
value of 18.75102 at 40 pm.

In contrast, inward deviation, where fibers are displaced closer
to the central axis, increases fiber interference, especially in compact
spaces, affecting beam distribution and uniformity. The impact of
different inward deviation distances on transmission efficiency and
beam quality is illustrated in Figure 8. Optimizing these deviations
is crucial for achieving optimal performance in the signal combiner.
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FIGURE 6

(a) Outward deviation distance of the middle layer (b) Inward deviation distance of the middle layer

(c) Deviation of multiple fiber cores (d) Inward deviation distance of the outermost layer

Non-uniform symmetric arrangement. (A) Outward deviation distance of the middle layer. (B) Inward deviation distance of the middle layer. (C)
Deviation of multiple fiber cores. (D) Inward deviation distance of the outermost layer.

Transmission

efficioncy |~ Beam quality (M?) —— M —8— )1}

20.24 r13.8 -26.6
0.980 4
| 26.4
20.040.978
0076 136|262
19.8 -9 Loas
09741 134 258
19670072 ) )
[ 256
19.40.970
1321254
19.2—0'968_ I 252
0986 13.0 [ 25.0
1900964 ) )
e L2458
1885 = L128 246
0.960 -|
1864 ; ; : : ; L244
0 20 40 60 80 100

Outward offset distance of middle layer(um)

FIGURE 7
Simulation results of outward offset distance of middle layer.

:g::c'“"‘:;"’" —®— Beam quality (M?) —— M} —@— M}
r28.0
20.6 4
0.995 L 136
20.4 I-27.5
0.990
202 SREXY I
200 0.985 r
1989 0.980 | F13.2 1265
19.6 -
0.975 A L
19.4 - -13.0[ 260
_| 0.970
19.2 Loss
128
19.09 0.965 -
18.8 F25.0
0.960- T T T T T 12.6
0 20 40 60 80 100
Offset distance within the middle layer(jm)
FIGURE 8
Simulation results of offset distance within the middle layer.

According to Figure 8, the transmission efficiency of the signal
combiner improves and remains high when the inward offset
distance within the middle layer is between 10 and 50 um. However,
beyond 50 pm, the transmission efficiency becomes unstable and
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significantly drops after 70 pum, indicating that the optimal range for
the inward offset is 10-50 pm.

Regarding beam quality, the M? factor remains relatively stable
for offset distances between 10 and 50 pm. Beyond 50 um, the
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FIGURE 9 Simulation results of inward offset distance of outermost layer.
Offset fiber root number simulation results.

M? factor fluctuates, showing an initial increase followed by a
decrease. Therefore, the best overall performance in terms of both
transmission efficiency and beam quality is achieved when the offset
distance is within 50 pm.

In Figure 8, the simulation results show that at an inward offset
of 10um, the transmission efficiency is 97.4% with an M? factor of
19.42289. As the inward offset increases, the transmission efficiency
peaks at 98.4% at 40 um, while the M? factor remains stable.

The “number of optical fiber offsets” refers to the number of
misaligned fibers in the combiner. Non-uniform arrangements can
lead to unstable performance, as misaligned fibers can weaken
or distort signals. Figure9 illustrates the impact of different
numbers of offset fibers on transmission efficiency and beam quality,
highlighting the importance of minimizing such offsets for optimal
combiner performance.

From Figure 9, it is evident that as the number of offset fibers
increases, the transmission efficiency of the signal combiner remains
high, indicating that the combiner can effectively transmit light
signals even with more misaligned fibers. However, the beam quality
factor M? shows a noticeable upward trend, suggesting that the beam
quality degrades as the number of offset fibers increases. The values
of M2 and M}z, also change, indicating that the beam spreads in
both the x and y directions. This means that while the combiner
can handle an increased number of offset fibers and maintain good
transmission efficiency, the beam quality suffers.

Figure 9 presents the simulation results for the number of offset
fibers, illustrating how the number and respective offsets of these
fibers impact the overall performance. For instance, at a specific
number of offset fibers, the transmission efficiency and beam quality
exhibit distinct patterns. The interaction and interference between
fibers play a critical role in the system’s performance. As the
number of offset fibers increases, the potential for signal degradation
and mode disturbances also rises, leading to reduced transmission
efficiency and beam quality.

When the outermost fibers are offset inward, closer to the
central axis, they may become too close to the intermediate or
inner-layer fibers. This proximity increases fiber interaction and
interference, potentially degrading signal transmission and the
overall combining effect. Figure 10 shows the transmission efficiency
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and beam quality of the signal combiner under different inward
offset distances of the outermost fibers, highlighting the trade-
off between maintaining high transmission efficiency and ensuring
good beam quality.

From Figure 10, it is evident that as the outward offset distance
of the outermost layer increases, the transmission efficiency of
the signal combiner fluctuates. When the outward offset is within
0-40 pm, the transmission efficiency remains stable and high.
However, beyond 50 um, the transmission efficiency gradually
decreases. Additionally, the beam quality factor M? shows a
decreasing trend as the outward offset increases, indicating a
negative impact on beam quality. The effect on beam quality varies in
the x and y directions due to changes in symmetry and propagation
characteristics.

In Figure 10, which illustrates the simulation results for the
inward offset distance of the outermost layer, the data points show
that at an inward offset of 10 um, the transmission efficiency is
97.7% with an M? factor of 18.82093. As the offset increases, the
transmission efficiency decreases to 96.7% at 50 um, while the M?
factor remains relatively stable at 18.87649.

Figures 7-10  highlight the of different fiber
configurations, including twist angles and non-uniform symmetric

impact

alignments, on the signal combiner’s performance. For middle
layer fibers, an outward deviation between 10 and 40 um enhances
transmission efficiency, peaking at 40 um, while maintaining stable
beam quality. In contrast, increasing the outward offset of the
outermost layer fibers beyond 40 um reduces transmission efficiency
and degrades beam quality by disrupting symmetry and propagation
properties.

These findings indicate that moderate deviations can optimize
transmission paths and reduce interference, but excessive offsets
disrupt the necessary symmetry for efficient signal combination
and beam integrity. The impact on beam quality is directionally
dependent, with variations in both the x and y-axes. Therefore,
optimizing the balance between fiber twist angles (optimal around
60°-75°) and controlled non-uniform symmetric alignment (within
10-30 um spacing) is crucial for maintaining high transmission
efficiency and beam quality.
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TABLE 1 Transmission efficiency and beam quality of signal combiner at different distances.

Intermediate layer outward

Intermediate layer inward offset

Outermost layer inward offset

offset

Distance e q - q o :
Transmission Beam quality Transmission Beam quality Transmission Beam quality
efficiency M? efficiency M? efficiency M?
10 pm 0.964 19.57972 0.974 19.42289 0.977 18.82093
20 um 0.967 20.03795 0977 19.55759 0.977 18.86408
30 um 0.978 19.01574 0.98 19.54035 0.975 18.95194
40 um 0.979 18.75102 0.984 19.73862 0.976 18.98422
50 pm 0.969 19.10606 0.988 19.57701 0.967 18.87649
60 um 0.967 19.45702 0.985 20.52663 0.968 1927507
70 um 0.961 19.67324 0.985 20.41706 0.964 19.74733
80 um 0.976 19.17693 0.981 19.68502 0.962 19.98432
90 um 0.978 19.35747 0.979 19.86497 0.971 19.75594
100 um 0.974 19.50702 0.977 19.35282 0.969 19.40132

In summary, the interplay between fiber twist and non-uniform
arrangement spacing significantly affects the performance of the
signal combiner. Adhering to the identified parameter ranges 0.98

. . . . — e
ensures peak efficiency and high beam quality, underscoring o | i 8
09649 ¥ P L
the importance of meticulous design considerations in achieving 0.94 ] MMV AW
optimal laser system integration. - AL, S \e—e

Table 1 summarizes the key observations, comparing the " ‘

transmission efficiency and b li der diff d 0] "% A
y and beam quality under different outwar .
and inward offset distances of the intermediate and outermost layers. B 0887 \

From Table1, the signal combiner’s performance varies ,dg 05647 e
significantly under different offset distance conditions. For the g 0844 W\ ¢
intermediate layer (both outward and inward offsets) and the g 082 "y
outermost layer inward offset, when the offset distance ranges from é 0.80 4 N \

10 um to 50 pm, the transmission efficiency generally remains high, 2 07 =
above 97%, indicating effective signal transfer. Within this range, the [

i T T T T T T T T T T
beam quality (M? value) also stays low, suggesting minimal impact 0 20 40 60 80 100 120 140 160 180 200
on beam uniformity and focusing, resulting in high beam quality. Twist angle (°)

This indicates that under non-uniform symmetrical offset
conditions within 50 um, the signal combiner can achieve both FIGURELL _ .

. . X . X Effect of torsion angle and non-uniform symmetric alignment
efficient transmission and superior beam quality, demonstrating distance on transmission efficiency.
excellent optical performance. Therefore, an offset distance range

of 10 um-50 um is an ideal choice for maintaining the optimal
performance of the signal combiner.

4.4 Comprehensive influence of torsion
angle and non-uniform symmetrical
arrangement

To find the optimal combination of torsion angle and non-

uniform symmetrical arrangement, based on the previous analysis,
the influence of different torsion angles on the transmission
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efficiency of the signal combiner was analyzed under different non-
uniform symmetrical arrangement offset distances (10 um, 20 pum,
30 um, 40 pm, 50 pum), as shown in Figure 11.

From Figure 11, it is evident that as the torsion angle increases,
the transmission efficiency of the signal combiner initially rises,
peaking around 60° and 75° and then decreases. This suggests an
optimal range of torsion angles for high transmission efficiency.
When considering both torsion angle and non-uniform symmetrical
arrangement offset distance, the best transmission efficiency is
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Effect of twist angle and non-uniform symmetric alignment distance
on beam quality M2,

achieved when the offset distance is between 10 pm and 30 pm,
and the torsion angle is between 15° and 75°. However, if the offset
distance increases to 50 um, the high-efficiency torsion angle range
narrows to 15°-45°.

This interaction between torsion angle and offset distance
shows that a suitable torsion angle can mitigate the decrease in
transmission efficiency caused by non-uniform fiber arrangements.
Specifically, when the torsion angle is within 60° and the offset
distance is between 10 um and 30pm, the signal combiner achieves
optimal transmission efficiency, consistently above 98%.

Further analysis of the impact of torsion angle and non-
uniform symmetrical arrangement on beam quality (M?) is
provided in Figure 12.

From Figure 12, it is evident that as the non-uniform symmetric
arrangement distance increases, the M? value, which indicates beam
quality, also increases. Specifically, when the arrangement distance
is between 40 um and 50 pum, the M? value rises significantly,
showing a decrease in beam quality and increased beam divergence
or inconsistency. In contrast, when the arrangement distance is
between 10 pm and 30 um, and the twist angle is between 10° and
90°, the M? value remains lower, indicating better beam quality.
Twist angles beyond 105° lead to a significant increase in the M?
value, further degrading beam quality.

In summary, to achieve high transmission efficiency and good
beam quality, the optimal conditions for the signal combiner are
a twist angle not exceeding 60° and a non-uniform symmetric
arrangement distance between 10 pm and 30 um. These parameters
are guided by adiabatic taper conditions and brightness conservation
principles. Adiabatic tapering ensures stable light mode propagation
during the fiber tapering process, avoiding mode disturbances from
rapid or uneven size changes. The brightness conservation principle
maintains constant optical power through the fiber, even with
structural changes.

By limiting the twist angle to within 60°, the design avoids
mutual interference and mode mismatch caused by excessive
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distortion, ensuring efficient signal transmission and excellent
beam quality. Keeping the non-uniform symmetric arrangement
distance between 10 pm and 30 pum balances effective coupling and
combining of light waves while reducing cross-interference between
fibers. This optimized spacing, combined with adiabatic tapering
and brightness conservation, achieves high-efficiency and stable
light transmission, maintaining beam quality and consistency.

Currently, this design is validated through software simulations
and has not yet been implemented in practical use. Further testing
and validation are needed for its future application.

While this study provides valuable insights into the optimization
of 19 x 1 fiber signal combiners, it is important to note several
limitations. The findings, which indicate that a twist angle not
exceeding 60° and a non-uniform symmetric arrangement distance
between 10 and 30 pm can achieve high transmission efficiency (up
to 98.5%) and good beam quality (minimum M? factor of 1.06),
are based on theoretical modeling and simulations. These results
have not been validated through experimental data or practical tests,
which would significantly enhance the credibility and applicability
of the research.

To address these limitations, future work should include
experimental validation. This would involve fabricating prototypes
and conducting performance evaluations using high-precision
optical instruments. By comparing simulated and experimental data,
the validity of the model can be confirmed, and any discrepancies
can guide further refinements. Rigorous testing will validate the
design’s feasibility in real-world applications and support the
development of advanced high-power fiber laser systems.

5 Discussion

This study investigates the impact of fiber twist angle and
non-uniform symmetric arrangement on the performance of 19
x 1 fiber signal combiners. The findings reveal that maintaining
a twist angle not exceeding 60° and a non-uniform symmetric
arrangement distance between 10 and 30 um under adiabatic
tapering and brightness conservation principles can achieve high
transmission efficiency and better beam quality. These results
provide novel insights into the optimal design parameters for fiber
signal combiners, contributing to the advancement of high-power
fiber laser systems. The practical implications of these findings are
significant, as they offer a robust solution to the limitations of current
designs and pave the way for more efficient and reliable laser systems.

To further build on these findings, future research should focus
on several key areas. First, experimental validation of the simulation
results is essential. This would involve fabricating prototypes
and conducting performance evaluations using high-precision
optical instruments. By comparing simulated and experimental
data, the validity of the model can be confirmed, and any
discrepancies can guide further refinements. Second, exploring
different types of fiber materials, such as those with varying
refractive indices or specialized coatings, could provide additional
insights into how material properties affect the performance of the
combiner. Third, investigating alternative structural designs, such as
incorporating micro-structured or photonic crystal fibers, may offer
new opportunities for further improving transmission efficiency and
beam quality. Finally, the integration of these optimized combiners
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into real-world applications, including industrial, medical, and
military uses, will be crucial for demonstrating their practical
value and driving the development of advanced high-power fiber
laser systems.

6 Conclusion

This study investigates the impact of fiber twist angle and non-
uniform symmetric arrangement on the performance of a 19 x
1 fiber signal combiner. The findings reveal that the twist angle
and non-uniform symmetric arrangement significantly influence
transmission efficiency and beam quality. Specifically, a twist angle
not exceeding 60° and a non-uniform symmetric arrangement
distance between 10 and 30 um under adiabatic tapering and
brightness conservation principles maintain high transmission
efficiency and better beam quality. These results provide novel
insights into the optimal design parameters for fiber signal
combiners, contributing to the advancement of high-power fiber
laser systems and offering practical guidance for enhancing their
performance and reliability in various applications.
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