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Abstract
All-fiber coherent beam combiners based on the self-imaging effect can achieve a near-perfect single laser beam, which
can provide a promising way to overcome the power limitation of a single-fiber laser. One of the key points is combining
efficiency, which is determined by various mismatches during fabrication. A theoretical model has been built, and the
mismatch error is analyzed numerically for the first time. The mismatch errors have been numerically studied with the
beam quality and combining efficiency being chosen as the evaluation criteria. The tolerance of each mismatch error
for causing 1% loss is calculated to guide the design of the beam combiners. The simulation results are consistent with
the experimental results, which show that the mismatch error of the square-core fiber is the main cause of the efficiency
loss. The results can provide useful guidance for the fabrication of all-fiber coherent beam combiners.
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1. Introduction

High-power fiber lasers with near-diffraction-limited beam
quality have become powerful and versatile laser sources,
which are widely used in many application scenarios[1–6]. To
deepen the present applications and open up new avenues,
higher laser powers are required, and power scaling is the one
of the persistent goals of global researchers. The laser power
from a single fiber with the few-mode guiding property is
limited by various physical effects and engineering real-
izability, including the nonlinear effects, mode instability,
available pump power, and so on[7–9]. The maximal power of
a near-diffraction-limited laser from a single fiber has been
halted around 20 kW for nearly 10 years[10,11], which is far
below the power thresholds in some advanced application
scenarios. In order to break the aforementioned limitations,
scientists have proposed various beam combination tech-
nologies, using which a beyond-limited high-power laser
could be realized by combining multiple medium-power
fiber lasers[12–14]. Among these beam combining methods,
coherent beam combination (CBC) can scale up the optical
power while maintaining the laser beam quality, which
means that it can achieve an enhancement of the bright-
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ness of the laser. CBC has attracted extensive attention
and experienced rapid development in recent years, and
more than 10 kW single-mode lasers have already been
demonstrated[15–17]. However, CBC with multi-kilowatt-level
operation has almost been achieved with a free-space con-
figuration, and a number of free-space optical elements and
the control units thereof have to be employed[16,18–21], which
results in systems that are bulky and complex.

As is well known, the all-fiber scheme, on the other hand,
has the advantages of a compact structure, being free of
alignment and having a long-term stable performance. The
design and fabrication of high-power all-fiber components
also has boosted the rapid development and wide applica-
tion of fiber lasers[22–24]. Therefore, CBC using an all-fiber
combiner can bypass the issues brought about by traditional
free-space structures[25–28], and is promising from the laser
engineering aspect. In Ref. [29], our group proposed an all-
fiber CBC method based on the self-imaging effect, which
has the potential to obtain a single laser beam with nearly
100% efficiency. Then, a 2 × 2 all-fiber coherent beam
combiner was experimentally demonstrated, but the effi-
ciency was only about 52.7%[30,31]. The discrepancy between
the theoretical prediction and the experimental result is
mainly attributed to the deviation from the optimal com-
biner design, which is a key factor for improving the CBC
performance, but there is a lack of thorough investigations
so far.
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In this paper, theoretical modeling of the all-fiber coherent
beam combiner based on the self-imaging effect is carried
out, and three types of mismatch errors are characterized
and analyzed using the finite difference beam propagation
method (FDBPM)[32,33]. Both the beam quality (M2) and
combining efficiency are calculated to evaluate the beam
combining performance. Moreover, the tolerance of each
mismatch error for causing 1% loss is given, and some
instructive discussions are also presented. Finally, the exper-
imental results are analyzed by the theoretical model, which
reveals the main factors of the combining loss and provides
improvement directions for the design and fabrication of the
coherent beam combiner.

2. Categories of mismatch during all-fiber coherent
beam combiner fabrication

The all-fiber coherent beam combiner based on the self-
imaging effect is composed of three parts: an input fiber
array, a square-core fiber and an end-cap, as Figure 1
shows. The input fiber array is a plurality of polarization-
maintaining large-mode-area (PLMA) passive fibers
arranged in a square pattern, generally with the help of a
capillary tube to confine the shape. The square-core fiber
has a specific length at which the self-imaging effect of
the laser can be enabled[34]. The end-cap is employed to
reduce the laser intensity at the glass–air interface so as to
allow high-power operation. In principle, high-efficiency
and high-beam-quality CBC based on the self-imaging

effect requires that the individual lasers should be aligned
perfectly with respect to the self-imaging waveguide, and
the self-imaging waveguide must have the ideal square
shape. Phase control is also essential but is outside the
scope of this paper. In order to guarantee that the fiber
array injects lasers into the square-core fiber at the right
position, the input fibers need to be tapered down to a
certain size, which is matched with the core dimension
of the square-core fiber, and the side-length direction should
be aligned to that of the square-core fiber by viewing the
cross-sectional images. Nevertheless, imperfections of the
fabrication process of the fiber combiner are inevitable,
which lead to mismatch errors and result in a deterioration
of the combining efficiency and beam quality. Moreover, the
square-core fiber also exhibits discrepancy in the geometry
from the theoretical self-imaging waveguide, which further
worsens the combining performance. Therefore, in order to
give indications for the design and fabrication of square-core
fiber and the fiber combiner, three types of mismatch errors
are analyzed in this paper: the alignment error of the fiber
array, the assembly error between the fiber array and the
square-core fiber and the geometric error of the square-core
fiber, which are described in detail in the following.

2.1. Alignment error of the fiber array

In order to deliver a high-power laser with linear polar-
ization, PLMA fibers are used to construct the square-
distributed fiber array with the assistance of a glass tube,
as shown in Figure 2. Due to many practical factors, for

Figure 1. Diagram of the all-fiber coherent beam combiner based on the self-imaging effect.

Figure 2. Diagram of (a) the position error and (b) the polarization deviation of the fiber array.

https://doi.org/10.1017/hpl.2023.88 Published online by Cambridge University Press

https://doi.org/10.1017/hpl.2023.88


Mismatch analysis of all-fiber coherent beam combiners 3

instance, the size difference of the bundled fibers, the eccen-
tricity of the core of individual fibers, the geometrical error
of the confining tube, the rolling of fibers caused by instable
geometrical distribution and so on, position errors of the
fiber cores are introduced. As sketched in Figure 2(a), a
parameter d is used to denote the distance deviation of fiber
cores from the ideal self-imaging position. Apart from the
requirement of the laser injection position, that is, the fiber
core position, the ideal CBC also needs the lasers to have the
same polarization, but due to alignment precision issues, it
is difficult to obtain perfect consistency of the polarization
directions of the bundled fibers, which also deteriorates
the combining performance. A diagram of the polarization
deviation is shown in Figure 2(b). The parameter γ is
used to represent the angular difference between the actual
polarization direction and the designed direction, which is
assumed to be along the y-axis. The clockwise deviation is
positive and the counterclockwise deviation is negative.

2.2. Assembly error between the fiber array and the square-
core fiber

The fiber array and the square-core fiber are assembled
through a fiber fusion process, during which a position
error and a pointing error may occur, as Figure 3 shows.
The position error is mainly generated from the alignment
mismatch between the fiber array and the square-core fiber,
and can be divided into two categories: one is the transversal
offset D induced by the imprecision of side-view alignment
or the eccentricity of the square-core fiber, while the other
is the angular offset ε in the cross-sectional plane, which is
mainly due to the imprecision of end-view alignment. The
pointing error α, on the other hand, is caused by the cleave
angle of the fiber array or of the square-core fiber. All the

mismatch factors will contribute to the combining loss and
beam-quality degradation.

2.3. Geometric error of the square-core fiber

As for the square-core fiber, suffering from the effect of
surface tension during the fiber drawing process, the cross-
sectional geometry of fiber core will become more rounded
compared to the original preform and, thus, it is difficult
for the core to maintain the ideal square shape, as Figure
4(a) shows. The deviation contains two parts: firstly, the four
corners of the core are not right angles but rather rounded at a
curvature radius denoted by r; secondly, the four sides of the
core are not straight but rather curved inwards or outwards,
and the deviation that occurs at the mid-point of the side
is denoted by h. In order to simplify the calculations, it is
assumed that the radii of the four rounded corners are the
same and the deviations of the four rounded sides are also
identical. Moreover, being affected by the shaping error of
the fiber preform, for instance, one side is not perpendicular
to the adjacent sides but with an angle θ , as shown in
Figure 4(b), the square-core fiber will inherit the geometrical
error, which affects the self-imaging performance. Besides,
the square-core fiber also has other geometrical issues. The
fiber core may be twisted along the longitudinal direction, as
shown in Figure 4(c), which is a result of the fiber drawing
technique either on purpose or unintentionally[35,36], and the
parameter β is defined as the square fiber twisting angle,
referring to the angle difference between the square fiber
output cross-section and the input cross-section, where the
unit is degree (◦). Then, as sketched in Figure 4(d), the
square-core fiber may exhibit macro-bending of the optical
axis, which is introduced by the stress remaining from fiber

Figure 3. Diagram of (a) the transversal offset, (b) the angular offset and (c) the pointing error between the fiber array and the square-core fiber.
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Figure 4. Diagram of (a) the core roundness, (b) the side inclination, (c) the twist and (d) the bending of square-core fiber.

coiling during storage and transportation, and the bending
radius ρ is used to characterize this phenomenon.

3. Numerical simulations

Error analysis is performed by simulating the laser beam
propagation along the fiber combiner and investigating the
variation of the beam combining efficiency and M2 factor,
from which it is possible to provide valuable guidance to
the selection of fiber material and to the fabrication of a
fiber combiner for optimizing the CBC performance. The
mismatch errors mentioned in the second section are all
taken into account in the simulation model. To simplify the
calculations, the case of a 2 × 2 combiner is taken as an
example to study the influence of mismatch errors on the
beam combining effect. In addition, to rule out interference
between the various error factors, simulations are conducted
by analyzing one factor at a time, which means that other
factors are in perfect condition and do not cause mismatch
issues. Both the beam quality and the combining efficiency
are used to evaluate the beam combining performance: the
M2 factor is calculated by using the second-moment method
over the whole beam. In this work, M2 is calculated by
fitting the beamwidth using multiple data points at different
propagation distances, and the beamwidth is calculated using
a second-moment definition, that is, the second moment
of the intensity of the spot is defined as the beam width,
which results in the value of M2 being highly sensitive to
the presence of the sidelobe, and even a small fraction of
the power in the sidelobe will lead to obvious degradation of
M2. The combining efficiency is defined as the ratio of the
power in the central main lobe to the total power, where the
boundary of the central main lobe is determined by having
the M2 of the beam inside being around 1.1. In the presence
of mismatch errors, the perfect self-imaging effects have
been broken, and the ideal one spot cannot be achieved. Part
of the energy, which cannot be delivered into the main lobe
due to the broken self-imaging effects, formed the sidelobes,
which results in the deterioration of the combination. As the
mismatch error increases, more energy will be delivered into
the sidelobes, so the combining efficiency was defined as
the power ratio in the central lobe as previously used in Ref.

[37], which contains the transmission and the power ratio
in the central lobe of the intensity. The constant parameters
in the simulations are as follows. The wavelength of the
fiber lasers is 1.064 µm. The core diameter and numerical
aperture (NA) of the 2 × 2 input fibers are 20 µm and 0.065,
respectively. The core side length and NA of the square-
core output fiber are 200 µm and 0.22, respectively. Besides,
it is assumed that the refractive index of the core of the
square-core fiber is 1.457; thus, the length of the square-
core fiber is set to be 2.75 cm, which is the theoretical
combining length of this 2 × 2 self-imaging combiner[29].
Based on the above assumptions, the three types of mismatch
errors aforementioned are modeled and the influences on the
combining performance are simulated. In the manuscript,
the intensity distribution is the lateral laser intensity of
the combining laser spot. The tolerance degree of different
mismatched errors is also simulated when the combining
efficiency decreases by 1% as the fiber array is expanded
from 2 × 2 to 6 × 6, which can help one to analyze the
requirements for the making process when the number of
routes is expanded. In the simulation, the size of the output
fiber of the fiber array is kept unchanged at 20/100 µm.
When the number of channels is expanded, the size of the
square fiber required will increase.

3.1. Influences of fiber array misalignment

The dependence of the M2 factor and efficiency of the
combined beam on the amount of position error is analyzed,
as shown in Figures 5(a) and 5(b). Since all four fibers in
the fiber array can have position deviations, the method of
random generation of error has been used in the simulations,
and more reliable results can be obtained. The simulation
position error range of the fiber array is 0–3 µm. Since
the position deviation of the four fibers of the fiber array
is random and different, in order to establish the simulation
deviation model more accurately, each group of deviations is
randomly generated and calculated five times. For example,
when the simulation position deviation is 1 µm, the program
is used to randomly generate five groups of deviation data
with an average of 1 µm and a variance of 0.05, which obey
the normal distribution, and the positive and negative values
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Figure 5. Dependence of (a) the beam quality and (b) the efficiency of CBC on the position error of the fiber array. (c) Intensity distribution of the combined
beam influenced by position error. (d) Diagram of the tolerance to position error corresponding to 1% loss of the beam combining efficiency under different
fiber arrays.

of the production data are randomly used to represent the
deviation direction as (+1.10, –0.82), (–1.23, –1.19), (+1.16,
+0.74), (+0.93, –0.76), (–0.81,+1.06); to further explain,
position deviation (+1.10, –0.82) is the positive deviation
of the x-axis by 1.10 µm and the negative deviation of the
y-axis by 0.82 µm. The maximum, minimum and average
combining effects under different deviation directions are
given. The respective beam combination process is emulated
and the overall combining performances are summarized,
with the maximum, the minimum and the average statistics
reported in Figures 5(a) and 5(b). It is evident that at
increasing position error, the beam combining performance
becomes worse. The intensity distribution of the combined
beam in the case of position error, being 3 µm, is shown in
Figure 5(c). Sidelobes appear around the central main lobe,
which will adversely affect the beam combining efficiency
and the beam quality. Because the four fibers deviate in
random directions, the sidelobe appears around the main
lobe. In addition, the tolerance of position deviation from
the 2 × 2 fiber array expanded to a 6 × 6 fiber array with
the combining efficiency loss of no more than 1% is given,
as shown in Figure 5(d). This indicates that the expansion
of the fiber number puts forward higher requirements for the
accuracy of position deviation.

Another mismatch is the deviation of the polarization
direction. By decomposing a laser into two components,
one being linearly polarized along the desired direction and
the other being linearly polarized along the perpendicular

direction, among which only the former can participate
in the coherent combination, the influence of the error of
polarization direction on the beam combining performance
has been simulated. The M2 and efficiency at polarization
axes differences ranging from 5◦ to 30◦ are shown in Figures
6(a) and 6(b). Similarly, the method of randomly generated
error has been used and the span of M2 and efficiency are
given. The typical intensity distribution with polarization
error is depicted in Figure 6(c). The sidelobes and the
main lobe form a 3 × 3 arrangement, which results from
the incoherent contribution of the laser light in the other
polarization direction. The same as the position error, as
the fiber array expands, the tolerance of the polarization
error becomes more stringent in the case of 1% combining
efficiency loss, which is shown in Figure 6(d).

3.2. Influences of the misalignment between the fiber array
and square-core fiber

The influence of the transversal offset between the fiber
array and the square-core fiber is shown in Figures 7(a)
and 7(b). At an offset value changing from 0 to 3 µm, the
beam combining performances are evidently deteriorated. In
order to better observe the sidelobe distribution, the intensity
distribution in the case of 5-µm transversal offset is shown in
Figure 7(c). Sidelobes appear in the x-axis direction, which
is because the offset is imposed along this direction. The
tolerance of transversal offset is calculated in the case of 1%
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Figure 6. Dependence of (a) the beam quality and (b) the efficiency of CBC on the polarization deviation of the fiber array. (c) Intensity distribution of
the combined beam influenced by polarization deviation. (d) Diagram of the tolerance to polarization direction error corresponding to 1% loss of beam
combining efficiency under different fiber arrays.

combining efficiency loss as the fiber array expands, which is
shown in Figure 7(d). In special cases, the transversal offset
can be equivalent to the position error of the fiber array, so
with the increase of the array, the tolerance has the same
tendency to become stricter.

The influence of angular offset between the fiber array and
the square-core fiber on the beam combining performance is
shown in Figures 8(a) and 8(b). Obviously, the performance
becomes worse with the increase of the angular offset. The
typical intensity distribution resulting from angular offset is
shown in Figure 8(c). The sidelobes are mainly distributed in
the four corners of the square core of the output fiber, and the
overall shape exhibits a rotation with respect to the geometry
of the square core. The tolerance of the angular offset
when the combining efficiency decreases 1% is calculated
in Figure 8(d). With the increase of the number of fibers,
higher requirements are put forward for angular offset.

The results of the combining performance influenced by
the pointing error are shown in Figures 9(a) and 9(b). With
a similar trend, the pointing error adversely affects the com-
bining performance, and when the pointing error is larger
than 0.4◦, the performance starts deteriorating significantly.
The intensity distribution resulting from the pointing error
shown in Figure 9(c) implies that the sidelobes appear in the
same direction as the pointing error, which is similar to the
phenomenon induced by transversal offset. The tolerance of
the pointing error is calculated in the case of 1% combining
efficiency loss as the fiber array expands, which is shown in

Figure 9(d). Different from the above deviation, the tolerance
of the pointing error becomes more relaxed with the increase
of the fiber array. However, the range of tolerance changes is
so small that it can be ignored.

3.3. Influences of the square-core fiber geometry

The influence of the roundness of square-core corners on the
combining performance is shown in Figures 10(a) and 10(b).
It can be seen from the results that small rounded corners,
for example, with the radius of curvature being less than
10 µm, have a minor effect on the beam combining quality
and efficiency. However, when the roundness continues to
increase, the combining performance is adversely affected at
a sharp rate. A typical intensity distribution with the impact
of corners rounding is shown in Figure 10(c). Sidelobes
closely connected to the main lobe are generated. When the
combining efficiency decreases by 1%, the tolerance curve
of the rounded corner of the square fiber with the increase
of the fiber array is given, as shown in Figure 10(d). As
the array increases, the tolerance of the radius of rounded
corners becomes more relaxed, which is also related to the
reason that the size of square fiber required increases with
the increase of the array.

The straightness of the four square sides has a strong
impact on the beam combining performance, as Figures
11(a) and 11(b) show, which is because curved edge borders
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Figure 7. Dependence of (a) the beam quality and (b) the efficiency of CBC on the transversal offset between the fiber array and the square-core fiber.
(c) Intensity distribution of the combined beam influenced by transversal offset. (d) Diagram of the tolerance to transversal offset corresponding to 1% loss
of beam combining efficiency under different fiber arrays.

Figure 8. Dependence of (a) the beam quality and (b) the efficiency of CBC on the angular offset between the fiber array and the square-core fiber.
(c) Intensity distribution of the combined beam influenced by angular offset. (d) Diagram of the tolerance to angular offset corresponding to 1% loss of beam
combining efficiency under different fiber arrays.
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Figure 9. Dependence of (a) the beam quality and (b) the efficiency of CBC on the pointing error between the fiber array and the square-core fiber.
(c) Intensity distribution of the combined beam influenced by the pointing error. (d) Diagram of the tolerance to pointing error corresponding to 1% loss of
beam combining efficiency under different fiber arrays.

Figure 10. Dependence of (a) the beam quality and (b) the efficiency of CBC on the corner radius of the square-core fiber. (c) Intensity distribution of the
combined beam influenced by rounded corners. (d) Diagram of the tolerance to rounded corners corresponding to 1% loss of beam combining efficiency
under different fiber arrays.
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Figure 11. Dependence of (a) the beam quality and (b) the efficiency of CBC on the side straightness of the square-core fiber. (c) Intensity distribution of
the combined beam influenced by curved edge borders. (d) Diagram of the tolerance to curved edge borders corresponding to 1% loss of beam combining
efficiency under different fiber arrays.

of the square-core fiber will directly impair the self-imaging
process of the laser beams. Here the positive and negative
values of the deviation symbol h represent the convex and
concave edge borders, respectively. It is shown that concave
edges appear to deteriorate the beam combining performance
a little more than the convex cases. The intensity distribution
in Figure 11(c) implies that sidelobes are close to the main
lobe, and the energy is transferred to the sidelobe. The
distribution of the sidelobe is not neat and uniform, and
is more chaotic. In addition, the tolerance of curved edge
borders from the 2 × 2 fiber array expanded to a 6 × 6 fiber
array with the combining efficiency loss of no more than
1% is given, as shown in Figure 11(d). With the increase
of the array, the tolerance of curved edge borders has an
obvious downward trend, indicating that the influence of the
round edge on the combining effect becomes greater with the
increase of the array.

The influence of the slanted edge of the square core is
shown in Figures 12(a) and 12(b). The intensity distribution
when θ equals 3◦ is shown in Figure 12(c). The sidelobes
of the combined beam are also distributed around the main
lobe, but are significantly larger and more irregular. Consid-
erable power transfer from the main lobe to the sidelobes
indicates that the combining performance is impacted greatly
by the core side inclination, which should be treated strin-
gently. When the combining efficiency decreases by 1%, the
tolerance curve of the slanted edge of the square core with

the increase of the fiber array is given, as shown in Figure
12(d). This further shows that the slanted edge has a great
influence on the beam combining efficiency, and with the
increase of the array, the requirement of the slanted edge
becomes more stringent.

The twist of the square-core fiber along the longitudinal
direction obviously deteriorates the beam combining per-
formance, which is shown in Figures 13(a) and 13(b). As
illustrated in Figure 13(c), the combined beam with the
influence of square-core fiber twisting exhibits sidelobes
distributed at the four corners and sidelobes next to the
main lobe, and the angle of twist can be reflected from the
contour of the peripheral sidelobes. In the 2 × 2 array beam
combining, when the beam combining efficiency is 1% loss,
a twist angle of 1.5◦ can be tolerated. When the 2 × 2 fiber
array is expanded to a 6 × 6 fiber array, the tolerance to twist
is reduced to 0.5◦, as shown in Figure 13(d), when the beam
combining efficiency is still maintained at a 1% loss. As the
fiber array increases, the tolerance to twist becomes more
stringent.

The influence of the bending of the square-core fiber is
shown in Figures 14(a) and 14(b). The horizontal axis is
the bending radius, which is inversely proportional to the
amount of fiber bending and, thus, the smaller the bending
on the fiber, the better the coherent beam combining per-
formance. The intensity distribution of the combined beam
that results from fiber bending with radius ρ being 20 m
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Figure 12. Dependence of (a) the beam quality and (b) the efficiency of CBC on the side inclination of the square-core fiber. (c) Intensity distribution of
the combined beam influenced by slanted edge borders. (d) Diagram of the tolerance to slanted edge borders corresponding to 1% loss of beam combining
efficiency under different fiber arrays.

Figure 13. Dependence of (a) the beam quality and (b) the efficiency of CBC on the twist angle of the square-core fiber. (c) Intensity distribution of the
combined beam influenced by the square-core fiber twist. (d) Diagram of the tolerance to square-core fiber twist corresponding to 1% loss of beam combining
efficiency under different fiber arrays.
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Figure 14. Dependence of (a) the beam quality and (b) the efficiency of CBC on the bending radius of the square-core fiber. (c) Intensity distribution of
the combined beam influenced by square-core fiber bending. (d) Diagram of the tolerance to square-core fiber bending corresponding to 1% loss of beam
combining efficiency under different fiber arrays.

is shown in Figure 14(c). The sidelobes appear along the
same direction as the fiber bending direction. The sidelobes
are asymmetrically distributed on the two sides of the main
lobe, and are distributed along the curved direction. Since
the bending degree of the two sides of the square-core fiber
after bending is different, one is bent inward and the other
is bent outward, so the size and distribution of the sidelobes
are also different. In the 2 × 2 array beam combining, when
the beam combining efficiency decreases by 1%, the bending
radius of 42 m can be tolerated. When the 2 × 2 fiber array
is expanded to a 6 × 6 fiber array, a larger bending radius is
required, that is, the requirements for the bending radius are
stricter.

4. Discussion

Based on the theoretical investigations in Section 3, it is
concluded that all the mismatch errors can adversely affect
the coherent beam combining performance, but to varying
degrees, and different types of mismatch error can induce
different patterns of sidelobes, which is useful for searching
for the dominant deviations according to the shape of the
combined spot during experiments. In order to provide
references for the fabrication of self-imaging combiners and
for the development of all-fiber CBC, tolerance analyses
have also been performed, in which the combining efficiency
being 1% loss has been used as the inclusion criterion, and
the allowed limit of each mismatch error is as reported in
Table 1.

As shown, the 10 kinds of mismatches, which separately
induce 1% of loss, would generate a combined loss of about
10% if all impact simultaneously. This means that for a 2 × 2
self-imaging combiner to achieve 90% combination effi-
ciency, the position error, polarization deviation, transversal
offset, angular offset, pointing error, corner radius, side
straightness, side inclination, twist angle and bending radius
should be controlled within 0.3 µm, 5◦, 0.5 µm, 0.5◦, 0.1◦,
4 µm, 0.8 µm, 0.6◦, 1.5◦ and 42 m, respectively. Apart from
the simplest 2 × 2 combination case, self-imaging combiners
with the combination channels expanding to 6 × 6 have
also been simulated and the corresponding tolerances are
compared in Table 1. In the simulations, it is assumed that
the size of the input fiber is maintained while the size of the
square-core output fiber varies with the fiber array configura-
tion. According to the listed results in Table 1, the variation
tendencies of the tolerances are revealed. With the increasing
of combination channels, almost all the mismatch errors
show much stricter requirements, except for the pointing
error and the corner radius. Therefore, more stringent control
on the mismatches should be taken into account in scaling
the channel number of all-fiber self-imaging CBC.

The theoretical simulation discussed above only consid-
ered fundamental modes and did not account for higher-order
modes in the input fiber laser. However, higher-order modes
are inevitably present in practical use. To investigate their
impact on the simulation results of a square fiber combiner,
simulation studies and discussions were conducted. Taking
a 2 × 2 fiber array as an example, the proportions of
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Table 1. Tolerance for mismatch errors at 1% combining efficiency loss.

Variation of
tolerance with
the increasing

Error tolerance at 1% combining efficiency loss combination
Type of mismatch error 2 × 2 3 × 3 4 × 4 5 × 5 6 × 6 channels

Alignment error Position error (µm) 0.30 0.28 0.26 0.23 0.20 Stricter
of fiber array Polarization deviation (◦) 5.0 4.5 4.3 3.7 3.5 Stricter

Assembly error Transversal offset (µm) 0.50 0.48 0.47 0.44 0.42 Stricter
between fiber array Angular offset (◦) 0.5 0.34 0.27 0.2 0.15 Stricter
and square-core fiber Pointing error (◦) 0.100 0.103 0.105 0.108 0.110 Barely changed

Geometric error Corner radius (µm) 4.0 4.7 5.0 5.5 5.7 More relaxed
of square-core Side straightness (µm) 0.80 0.65 0.50 0.40 0.25 Stricter
fiber Side inclination (◦) 0.60 0.40 0.30 0.20 0.15 Stricter

Twist angle (◦) 1.50 1.00 0.75 0.65 0.50 Stricter
Bending radius (m) 42 84 152 256 385 Stricter

Figure 15. The combining efficiency of the fundamental mode and the
high-order mode varies with different welding position deviations.

fibers with higher-order modes in the four fibers were set to
5%, 10%, 15% and 20%, respectively. Since most higher-
order modes are LP11 mode[38–40], only the influence on
coupling efficiency was simulated. Due to the random and
uncontrollable polarization of higher-order mode lasers, the
higher-order modes in the four fibers were set to be different
and randomly distributed in the simulation. The influence
of the deviation of the fusion position between the fiber
array and the square fiber on the combining efficiency was
simulated in the case of the existence of a higher-order mode
laser, and the results are shown in Figure 15. The black solid
line in Figure 15 represents the combining efficiency when
the input fiber laser consists solely of fundamental modes.
The red circle curve represents the combining efficiency
when higher-order modes are present in the input laser. The
simulation results indicate that the presence of higher-order
modes does impact the combining efficiency. However, as
the fusion position deviation increases, the trend is similar
to that of the fundamental mode case. Similarly, the simula-
tion result can be extrapolated to other deviation scenarios,
suggesting that higher-order modes do affect the combining
efficiency, but they do not significantly alter the trend of
changes in combining efficiency under deviation.

Besides higher-order modes, the thermal effect is also one
of the important factors affecting the combining effect. The
thermal effect will bring changes in the size and refractive
index of the square fiber. In Ref. [29], we calculated and
analyzed the shape variables of square fiber caused by
a temperature increase; the results showed that the shape
variables caused by a temperature increase were very small
and the influence on the combining results of square fiber
combiners could be negligible. The refractive index is a
function of wavelength, temperature and stress[41]. As the
output power of a laser gradually increases, the quantum
loss effect generates thermal effects, leading to changes in
the refractive index and stress of the fiber due to thermal
diffusion in the material. In the case of square fibers, which
are typically of centimeter scale for a coherent combination,
and since the square fiber serves as the output end without
being subjected to stress constraints, the influence of the
temperature increase on stress can be neglected. Therefore,
this discussion focuses on the impact of the temperature
increase on the refractive index of square fibers and the
subsequent effect on beam combining. The refractive index
of the fiber can be expressed using the following formula[41]:

n(λ,T,X) = n(λ,T0)+C1 (T −T0)+C2X, (1)

where n(λ,T0) is the refractive index at a fixed wavelength,
fixed initial temperature and zero stress. For the square fiber
in coherent synthesis, the refractive index of the square
fiber at 1064 nm, 20◦C room temperature and zero stress
state is 1.45. Here, T is the rising temperature, X is the
stress state, which is considered to be 0, and C1 and C2 are
temperature coefficients and stress coefficients, respectively,
where for quartz fiber, C1 = 1.18×10−5[42]. The transmission
process of laser spots in square fiber is generally distributed
by multiple images, and the combination of lasers is only
realized in the last short length. Therefore, in the process
of spot transmission, the energy distribution is relatively
uniform, the temperature increase is not obvious and the
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Figure 16. (a) Diagram of the spot array output by the fiber array. (b) Diagram of the combining spot.

Figure 17. Microscopic images of the 2 × 2 self-imaging combiner: (a) on the fiber array side; (b) on the square-core fiber side.

change of refractive index can be ignored. When the lasers
are combined into a spot in the last small length of the square
fiber, the energy is more concentrated and the temperature
increases significantly. When the center temperature of the
square fiber is increased to 100◦C, the central refractive index
of the square fiber changes from 1.45 to 1.4509 and simu-
lation shows that it has negligible effect on the combining
effect. The above calculation results show that when the
temperature of the square fiber is increased to 100◦C, the
thermal effect has little influence on the combining effect,
and a further substantial increase in temperature may have a
greater impact on the combining effect. Besides, there are
also very mature cooling methods, such as water cooling
after packaging, to dissipate the waste heat in optical fiber
components.

In order to verify the theoretical modeling and simulation
results of all-fiber self-imaging CBC, a 2 × 2 combiner has
been made and preliminary CBC tests have been carried
out[31]. Passive fiber with a 20-µm diameter and NA = 0.065
core was used as the input, and square-core fiber with the
core side length being 200 µm and NA being 0.22 was

adopted as the output of the self-imaging combiner, for
which the cross-sectional microscopic images on the input
and output sides are depicted in Figure 16. Figure 16(a) is
the 2 × 2 spot array output by the fiber array, and Figure
16(b) is the combining spot. The beam combining efficiency
was measured to be 52.7%.

The cross-sectional microscopic images on the input and
output sides are depicted in Figure 17. As can be seen from
Figure 17(a), the position errors of the four fibers in the fiber
array are 0.7, 0.2, 1.1 and 0.6 µm, respectively, correspond-
ing to theoretical loss of about 3%. Since the beam combiner
is a non-polarization-maintained device, four manual polar-
ization control devices are added to the front beam combiner
system. After measurement, the error of manual polarization
control is about 5◦, and 2% of the combiner efficiency is
lost according to the simulation results. The glass tube of
the fiber array is 1.8 µm eccentric, resulting in a 1.8 µm
weld position error and a 6% loss of combining efficiency.
The cutting angle of the fiber array and square fiber is kept
below 0.2◦, resulting in a pointing deviation of about 0.2◦. At
the same time, the fiber array and square fiber are carefully
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manually aligned to realize the matching of the cross-section
shape in the fusion process, with only a welding distortion
deviation of about 0.5◦, which reduces the beam combining
efficiency by 3% and 1%, respectively.

From Figure 17(b), the cross-section of the square fiber
has round corners of 18 µm. According to the theoretical
simulation results, 19% of the combining efficiency is lost.
The four sides of the square fiber core have an inner concave
of about 2 µm, which results in a loss of 6% of the combining
efficiency. One side of the square fiber has a bevel angle of
0.2◦, and the loss of combining efficiency is about 1%. The
square fiber is fixed in the experiment, so the effect of the
bending of the square-core fiber combination is ignored.

After the analysis of the errors, the total loss of the
beam combining efficiency is about 41% and, in addition,
the beam quality of the output of the fiber laser used in
combination is M2 ~ 1.2, which is not perfect single-mode
output, and the control accuracy and bandwidth of the phase
control will also have a certain impact on the combining
efficiency. It shows that the theoretical model of the beam
combining device deviation and the simulation of the effect
of the mismatch error on the beam combining effect are very
consistent with the experimental results, further illustrating
the reliability and guiding significance of the theoretical
simulation results. It can be seen from the theoretical cal-
culation results that the error of the square-core fiber is the
main factor affecting the combining efficiency at present,
among which the rounded corners of the square cross-section
have a greater influence. In the following research, while
reducing the mismatch errors of the square fiber and fusion,
emphasis should be placed on using the square-core fiber
with a perfect section and small distortion to improve the
combining efficiency.

5. Conclusion

In this paper, the mismatch errors of the beam combiner
are investigated numerically. According to the structure of
the beam combiner, the errors have been divided into three
categories, which were numerically studied by the FDBPM.
It is shown that the mismatch errors affect the self-imaging
effect in the square fiber, and then affect the combining
performance. With different mismatch errors, the sidelobe
of the combining beam spot has different distributions.
The tolerance of each mismatch error is calculated with
1% efficiency loss being the criterion, and the trend is
summarized. It is revealed that with the expansion of the
number of channels, the tolerances of the pointing error
in the welding process and the rounded corners of the
square fiber become more relaxed, and other tolerances
of deviation become stricter. Finally, the theoretical model
results are used to analyze the experimental results, and
the theoretical simulation results are in good agreement
with the experimental results, which proves the reliability

of the theoretical model and the simulation results. This
work can provide guidance for the design and fabrication
of an all-fiber combining device based on the self-imaging
effect.
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