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We proposed an aperiodic laser beam distribution, in which the laser beams are placed along a Fermat spiral, to suppress
the sidelobe power in the coherent beam combining. Owing to the changed distances between two consecutive beams, the
conditions of the sidelobe suppression are naturally satisfied. The Fermat spiral array was demonstrated to achieve a better
sidelobe suppression than the periodic arrays, and the effects of various factors on the sidelobe suppression were analyzed
numerically. Experiments were carried out to verify the sidelobe suppression by different Fermat spiral arrays, and the
results matched well with the simulations.
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1. Introduction

Because of the influence of heat damage, nonlinear effect, mode
instability, and brightness of the pump source, the output power
of a single laser is limited[1–3]. Coherent beam combining (CBC)
of multiple laser modules is an effective solution to obtain higher
output power and good beam quality simultaneously[4,5]. When
the optical phase and optical axes of each laser beam are con-
trolled, the whole laser array can be regarded as a single laser
with a large aperture[6–8]. Although the beam quality of this
method is not as good as that of a single laser module, it shows
superiorities with weaker heat effect and lower cost. In addition,
CBC has potential applications in free-space optical communi-
cation, optical manipulation, and so on[9,10].
In most CBC systems, the apertures of the laser beams are

configured as the hexagon array, the square array, and their
derivative arrays[11–13]. In these tiled-aperture geometries, the
laser beams are uniformly distributed in space and have a con-
stant spatial period. As a result, the main lobe of the coherent
combining beam is surrounded by obvious sidelobes, which can-
not be eliminated fundamentally. Sidelobe suppression is an
important issue, not only in CBC systems, but also in many
other fields of research, such as super-oscillation in optics, which
is one kind of destructive interference of light with different
frequencies at some points at small intervals[14–16]. Increasing
the number of the laser beams is a promising approach to

improve the output power of the main lobe[17]. However, the
large number of laser beams brings about the difficulty for
the phase control[18,19]. It has been proven that the Fermat spiral
(FS) is a useful element pattern for synthetic aperture devices in
radars and acoustics[20–22]. However, the FS has never been used
for CBC of laser beams, at least from our search.
In this Letter, we proposed an aperiodic FS tiled-aperture

geometry for laser beams to suppress the sidelobe power in
the CBC. This Letter is organized as follows. First, FS distribu-
tion of the laser beams is introduced, comparing the hexagon
array and the square array. Second, the far-field intensity distri-
bution is analyzed by the Kirchhoff scalar diffraction theory, and
the factors that affect the sidelobe suppression are discussed in
detail, including the number of the laser beams, the distance
parameter, the laser beam diameter, and the fill factor.
Additionally, the intensity distributions obtained by different
designed arrays are investigated numerically. Finally, experi-
ments were carried out to demonstrate the effects of the FS beam
array on the sidelobe suppression in CBC.

2. Design and Principle

In this study, the laser beams in the CBC optical system are
arranged along an FS. Thus, the distribution of the laser beam
centers can be described by
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where ri is the distance of the ith laser beam center to the spiral
center, θi is the angular displacement, and s and β control the
distance and the angular displacement between the laser beams
along the spiral, respectively. In this Letter, 2πβ is equal to
137.5°; thus, the laser array is a spiral array with uniform spatial
density[23].
We assume that all of the laser beams have the same circular

aperture, and the intensity of each beam follows Gaussian dis-
tribution. Thus, the optical field distribution of the laser beam
on the laser emission plane is given by

U =
Xn
i=1

Ai� r
⇀� × circi� r

⇀�, (3)

where n is the total number of laser beams, Ai� r
⇀� and circi� r

⇀�
are the optical field distribution and the aperture of the ith laser
beam, respectively, and can be described by
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where A0 and w0 are constants in the Gaussian function, a rep-

resents the common diameter of all the apertures, and ri
⇀
is the

center coordinate of the ith beam and can be determined by
Eqs. (1) and (2). Here, we assume that the center of the ith aper-
ture and the center of the ith laser beam are in the same position.
The laser array is placed in the xOy plane, and the light prop-

agates along the z direction. According to the Kirchhoff scalar
diffraction theory, the far-field optical distribution is given by

U�f x,f y� =
ejkz

jλz
exp

�
jk
2z

�x2 � y2�
�
FfU�x,y�gf x= x

λz,f y=
y
λz
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where λ is the wavelength, k = 2π=λ is the wave vector,
FfU�x,y�g denotes the Fourier transform, z is the light propaga-
tion distance, which should meet the far-field diffraction condi-
tion [z ≫ k × D2=8, D is the diameter of the laser beam array],
and (x, y) and (f x, f y) denote the coordinates in the spatial and
frequency domains, respectively.
Based on the Kirchhoff scalar diffraction theory, the far-field

intensity distributions of different laser arrays were calculated,
and the results are shown in Fig. 1. It is clear that the sidelobes
shown in Fig. 1(f) are much weaker than the sidelobes shown
in Figs. 1(d) and 1(e). It denotes that the FS beam array is a
promising approach for the suppression of the sidelobe power
in the CBC system, compared to the hexagon array and the
square array.

3. Analysis

In an optical CBC system, there are always sidelobes in the inter-
ference pattern, but the fraction of power encircled in those side-
lobes can be significantly decreased by making proper choices.
In this section, we analyze the impact of different parameters on
the interference pattern lobe distribution, for example, the beam
number, beam diameter, beam spacing, and filling factor. In
addition, the intensity distributions obtained by different beam
arrays are investigated and compared at the end of this section.
From Eqs. (1) and (2), the distance between two consecutive

laser beams is set according to the FS, which naturally satisfied
the condition of sidelobe suppression. As a result, the sidelobes
were suppressed by the FS beam array significantly, in contrast
to the periodic arrays, such as the hexagon array and the square
array. The far-field intensity distributions obtained by the FS
beam arrays with different numbers of laser beams are shown
in Figs. 2(a)–2(h). Specifically, the total number of laser beams
n is equal to 7, 19, 37, 61, 91, 127, 169, and 217, corresponding to
the beam numbers of the hexagon arrays with the orders of 2, 3,
4, 5, 6, 7, 8, and 9, respectively. The intensity variations along the
y axis are shown in Fig. 2(i), corresponding to Figs. 2(a)–2(h). In
this simulation, the diameter of the sub-aperture is 1 mm, and
the distance between the tiled-aperture and the interference pat-
tern is 850 m. It is found that the fraction of power encircled in
those sidelobes can be significantly decreased by making the
proper choice of laser beam numbers. The larger the number
of the laser beams, the weaker the sidelobe will be. It is shown
in Fig. 2(i) that the diameter of the main lobe decreases with the
increase of the beam number, corresponding to the predicted
results via the Kirchhoff scalar diffraction theory.
The main lobe intensity I0 and the peak intensity ratio η were

calculated to evaluate the effects of the sidelobe suppression, and
they are defined as

�
I0 = Imain=Itotal

η = Imain−max=Iside−max
, �7�

Fig. 1. Laser beams with different tiled-aperture geometries and the corre-
sponding far-field intensity distributions. (a) The hexagon array, (b) the square
array, (c) the FS array, (d) the far-field intensity distribution of the hexagon
array, (e) the far-field intensity distribution of the square array, (f) the far-field
intensity distribution of the FS array, and (g) the intensity variations along the
transverse axis that include both the maximum of the main lobe and of the
largest secondary lobes. The beam numbers of (a), (b), and (c) are 91, 100, and
100, respectively. In this simulation, the diameter of the sub-aperture is
0.7 mm, and the distance between the tiled-aperture and the interference
pattern is 350 m.
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where Imain and Itotal denote the intensity of the main lobe and
the total intensity of the beam, and Imain−max and Iside−max denote
the maximum intensities of the main lobe and the sidelobe. The
diameter of the main lobe was estimated to be the diameter of
the Airy disk. In this case, the main lobe intensity represents the
ratio of the main lobe intensity to the total intensity, and the
peak intensity ratio represents the ratio of the maximum inten-
sity of the main lobe to the maximum intensity of the sidelobe.
The bigger I0 and η are, the better the effect of the sidelobe
suppression will be.
The effects of the diameter of the laser beam on the sidelobe

suppression with a constant swere investigated numerically, and
the results are shown in Fig. 3. The main lobe intensity is coher-
ently combined by all of the laser beams; thus, it increases
steadily with the laser beam diameter, as shown in Fig. 3(a).
Due to the aperiodicity of the FS array, the sidelobe power
decreases with the increase of the laser beam diameter, as shown
in Fig. 3(b). When the number of laser beams is very small, the
peak intensity ratio does not increase significantly with the laser
beam diameter, as shown with the red solid line in Fig. 3(b). On
the contrary, the peak intensity ratio increases obviously when n
is equal to 19 and 37, and the laser beam diameter is larger than
40 pixels. Particularly, the main lobe intensity is 0.68, and the
maximum value of the main lobe intensity is 54 times more than
that of the sidelobe intensity, with the laser beam number of 37
and the laser beam diameter of 45 pixels. It denotes that the side-
lobe power can be suppressed by the FS array, without the
large-scale array, compared to the hexagon array and the square
array.

The fill factor is defined as the percentage of the sum of the
sub-aperture areas to the area of the array circumcircle. The fill
factor increases with the increase of the laser beam diameter and
the decrease of the distance parameter s. We investigated the
effect of the parameter s on the sidelobe power, the results are
shown in Fig. 4, and the simulation results match well with those
shown in Fig. 3.
We further investigated the effect of the fill factor on the side-

lobe suppression. From Eqs. (1) and (2), it is found that the fill
factor is a constant when the ratio of the distance parameter s to
the laser beam diameter is constant.We assume that the distance
parameter s is two times the laser beam diameter, and the cor-
responding main lobe intensity and the peak intensity ratio are
shown in Fig. 5. It is found that the main lobe intensity and the
peak intensity ratio are almost unchanged when the fill factor
remains constant, regardless of the distance parameter s. It is
demonstrated that the fill factor is a primary factor on the side-
lobe suppression for CBC, with the laser beams arranged as an
FS array. It is a classical result, and everything goes as expected.
In addition, it is also shown that the sidelobe can be further sup-
pressed by the increase of the laser beam numbers.
Taking advantage of the rotation symmetry, the FS array

matches well with the circular aperture of the optical system,
compared to the hexagon array and the square array. Thus,
the fill factor of the FS array is larger than those of the hexagon

(a) (b)

Fig. 3. Effect of the laser beam diameter on the sidelobe suppression. When
the laser beam diameter ranges from 10 pixels to 45 pixels and the distance
parameter s is equal to 50 pixels, (a) the main lobe intensity I0 and (b) the peak
intensity ratio η are investigated, with the number of the laser beams as 7, 19,
and 37, respectively.

Fig. 2. Far-field intensity distributions caused by the FS arrays with different
laser beam numbers.

(a) (b)

Fig. 4. Effect of the distance parameter s on the sidelobe suppression. When
the distance parameter s ranges from 30 pixels to 70 pixels and the laser
beam diameter is equal to 25 pixels, (a) the main lobe intensity I0 and
(b) the peak intensity ratio η are investigated, with the total number of
the laser beams as 7, 19, and 37, respectively.
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array and the square array, with the same size of array circum-
circle. As a result, the advantage of the FS array in sidelobe sup-
pression should be considered. The fill factor and performance
of the sidelobe suppression of three different arrays are investi-
gated by simulation, and the results are shown in Fig. 6.
The fill factor of the FS array increases with the laser beam

number, while that of the hexagon array and the square array
decreases with the laser beam number, as shown in Fig. 6(a).
It is demonstrated that the fill factor of the FS array is superior
to that of the hexagon and square array. As verified in the analy-
ses above, the sidelobe suppression is primarily determined by
the fill factor of the laser array. Thus, the main lobe intensity
and the peak intensity ratio of the FS array increase together with
the fill factor, as shown in Figs. 6(b) and 6(c). Additionally, it is
illustrated that the main lobe intensity and the peak intensity
ratio of the FS array increase obviously, while those of the hex-
agon and square arrays change slightly. Here, the slight change is
the result of the combined action of the fill factor and the laser
beam numbers. It is also indicated that the beam quality can be
improved by the FS array without changing the distance param-
eter (or spatial period), compared to the hexagon array and the
square array.

4. Experiment

An optical system was set up to verify the performance of the FS
array. As shown in Fig. 7, the optical systemwas composed of the
laser, polarizing films, laser beam expanders, metal plate with
through-holes, convex lens, optical filter, and CCD. The
through-holes, which were arranged along the FS, were fabri-
cated in a metal plate to generate the equivalent laser beam array
in CBC. When the expanded laser beam with the diameter of
several millimeters propagated through the metal plate, the FS
beam array was generated. To observe the intensity distribution
of the combining beam in a finite distance, a CCD was installed
on the focus plane of the convex lens. The optical filter was
placed in front of the CCD to filter out the stray light.
Additionally, the polarizing films were used as power attenua-
tors, which can feasibly control the laser beam intensity to avoid
the overexposure on the CCD. The wavelength of the laser was
632.8 nm. The clear aperture and focal length of the convex lens
were 100 mm and 400 mm, respectively. The through-holes on
the metal plate were with the same diameter of 1 mm.
The combining beams of four different designed FS arrays

were investigated in the experiments to verify the regularity of
the intensity distribution analyzed in the above simulations.
The fill factors of the FS arrays were not very high because of
the limitation of the fabrication accuracy. The 2D intensity

(a) (b)

Fig. 5. Effect of the fill factor on the sidelobe suppression. When the distance
parameter s ranges from 30 pixels to 70 pixels and the laser beam diameter is
half the parameter s, (a) the main lobe intensity I0 and (b) the peak intensity
ratio η are investigated, with the total number of the laser beams as 7, 19, and
37, respectively.

(a) (b) (c)

Fig. 6. Investigation of (a) the fill factor, (b) the main lobe intensity, and (c) the peak intensity ratio for three different kinds of laser beam arrays, assuming that
the distance parameter s in the FS array, the spatial period of the hexagon/square array, and the laser beam diameter are 25 pixels, 30 pixels, and 20 pixels,
respectively. Limited by the geometric constraints, the laser beam numbers in the hexagon array are set to be 7, 19, 37, 61, and 91, and the laser beam numbers in
the square array are set to be 9, 16, 25, 36, 49, 64, 81, and 100. Taking advantage of the rotation symmetry, the total number in the FS array is not limited and ranges
from 5 to 100 continuously in the simulation.

Fig. 7. Schematic diagram of the optical system.
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distribution of the combining beams, captured by the CCD, is
shown in Figs. 8(a)–8(d). Figure 8(e) shows the one-dimensional
(1D) intensity variations along the x axis, corresponding to
Figs. 8(a)–8(d). The characteristics of the FS arrays and the
image processing results are shown in Table 1.
As listed in Table 1, the fill factor of the FS array [Fig. 8(b)] is

larger than that of the FS array [Fig. 8(a)]. In Table 1, it is dem-
onstrated that the main lobe intensity and the peak intensity
ratio of FS array [Fig. 8(b)] are larger than those of FS array
[Fig. 8(a)]. These results match well with the simulation results
and are confirmed again by the results of FS arrays [Figs. 8(c)
and 8(d)] in Table 1. Meanwhile, the main lobe intensity and
the peak intensity ratio of FS arrays [Figs. 8(a) and 8(c)] in
Table 1 are nearly the same, because the two FS arrays are with
the same fill factor. We found the same conclusion from
the results of FS arrays [Figs. 8(b) and 8(d)] in Table 1.
Additionally, it is illustrated that the increase of the total number
of the laser beams also leads to sidelobe suppression. All of the
experimental values are smaller than the simulation results; it is
caused by the inhomogeneity of the laser array power and can be
improved by power modulation in further experiments.

Meanwhile, the fabrication error, which leads to the phase error,
may be another factor caused by themismatch. Furthermore, the
mismatch is amplified by the total number of laser beams.

5. Conclusion

In this Letter, we proposed an aperiodic distribution for the laser
array to suppress the sidelobe power in the CBC. All of the laser
beams are placed along an FS; thus, the coherent condition of the
sidelobe is not satisfied. Therefore, more energy is concentrated
in the main lobe. Taking advantage of the rotation symmetry,
the fill factor of the FS array is larger than those of the periodic
arrays; thus, the sidelobe is further suppressed. Numerical sim-
ulations indicate that the sidelobes are effectively suppressed by
the FS array, and the fill factor and laser beam number are the
primary factors of sidelobe suppression. The experiments were
also carried out to verify the performance of the FS array, and the
results agreed well with the simulation results. The FS array pro-
vides a feasible approach for the beam arrangement in the CBC
system to achieve high combined beam quality.
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