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High-power mode-programmable orbital angular momentum (OAM) beams have received substantial attention
in recent years. They are widely used in optical communication, nonlinear frequency conversion, and laser
processing. To overcome the power limitation of a single beam, coherent beam combining (CBC) of laser arrays
is used. However, in specific CBC systems used to generate structured light with a complex wavefront, eliminating
phase noise and realizing flexible phase modulation proved to be difficult challenges. In this paper, we propose
and demonstrate a two-stage phase control method that can generate OAM beams with different topological
charges from a CBC system. During the phase control process, the phase errors are preliminarily compensated
by a deep-learning (DL) network, and further eliminated by an optimization algorithm. Moreover, by modulating
the expected relative phase vector and cost function, all-electronic flexible programmable switching of the OAM
mode is realized. Results indicate that the proposed method combines the characteristics of DL for undesired
convergent phase avoidance and the advantages of the optimization algorithm for accuracy improvement, thereby
ensuring the high mode purity of the generated OAM beams. This work could provide a valuable reference for
future implementation of high-power, fast switchable structured light generation and manipulation. © 2020

Chinese Laser Press

https://doi.org/10.1364/PRJ.388551

1. INTRODUCTION

After the first proposal of orbital angular momentum (OAM) in
light beams by Allen et al. in 1992 [1], OAM-carrying beams
with helical phase structure have been widely investigated and
significantly developed, due to their widespread applications
[2–5]. Some of these applications include free-space optical
communication [6–8], super-resolution imaging [9], optical
manipulation [10–12], and laser–matter interaction [13–15].
In order to meet the requirements of these applications, the
generation of OAM beams has attracted a significant amount
of attention [3,16], which has led to remarkable progress in this
field. To date, various approaches for generating OAM beams
have been proposed, which include two main categories [3].
One approach is the mode conversion approach, a straightfor-
ward approach that converts fundamental Gaussian beams to
OAM beams via converters such as spatial light modulators
[17,18], q-plates [19], and metamaterials [20]. The other
approach is the intra-cavity approach, which involves intra-
cavity elements that force the oscillator to resonate on a specific

mode [21]. However, because of the limitation on the power
handling ability of the converters or elements, these approaches
have difficulty in generating high-power (kilowatt-level) OAM
beams. Furthermore, dynamically switching the OAM mode is
challenging. As a widely studied technology, coherent beam
combining (CBC) could break the power limitation of a single
laser beam while maintaining good beam quality [22–29].
In addition, due to the high rate of electro-optic phase mod-
ulators, the piston phase of the combining element can be
switched at a high frequency (approximately gigahertz) [30].
This technology opens up opportunities for generating high-
power and fast switchable OAM beams, which are strongly re-
quired in particular applications such as laser ablation [31],
nonlinear frequency conversion [32], and satellite-to-ground
communications [33].

In recent years, several theoretical studies of the use of CBC
technology to generate OAM beams have been carried out, in-
cluding the formation of optical vortices [34–36], the propa-
gation properties of the combined OAM beams [37–39], and
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the OAM density distribution [40]. Considering that the com-
bined beams are supposed to have a helical phase front, the
breakthrough from theory to experiment depends on the pro-
posal of the new phase control scheme. In 2013, Lachinova and
Vorontsov proposed a phase control scheme based on the in-
terference information of adjacent beams before collimated
emissions [41]. Aksenov et al. experimentally confirmed this
scheme by using a six-element fiber array; they effectively gen-
erated vortex beams of OAM +1 and OAM –1 [42]. In 2015, a
different phase control scheme based on the interference infor-
mation of the far field was proposed by Chu et al. [35], which
Zhi et al. validated based on a six-element fiber array [43].
It can be seen that the generation of low-order OAM beams
has been experimentally fulfilled, although increasing the num-
ber of laser array elements used to generate higher-order OAM
beams still requires a more efficient phase control approach.
Quite recently, we proposed a phase control concept that uses
the information of the non-focal plane [44]. Using an optimi-
zation algorithm fed at the non-focal plane, we effectively
solved the difficulty caused by the conjugated phase distribu-
tions and ensured the extension of the phased array elements.
As a result, the stable generation of higher-order OAM beams
could be realized. However, it is extremely difficult to achieve
flexible and programmable switching, as different OAM modes
usually correspond to different positions of the non-focal
planes. Drawing on the recent progress in deep-learning (DL)
in CBC [45,46], we are inspired to include a convolutional
neural network (CNN) that assists the phase control, which
is compatible with optimization algorithms. When compared
to conventional optimization methods, CNNs can extract more
features from the optical field information of a fixed plane, and
thus the difficulty in programmable mode switching is solved.

In this paper, we present a DL-assisted, two-stage phase con-
trol method for generating high-power mode-programmable
OAM beams. In the first stage, the phase errors are primarily
compensated by a well-trained DL network constructed at a
fixed non-focal plane. In the second stage, the residual phase
errors are further compensated by an optimization algorithm
that uses the intensity information from the focal plane. The
performances of the first and second stages of phase compen-
sation, as well as the OAM mode purity of the generated OAM
beams, are theoretically studied to demonstrate the feasibility
of the proposed method. By modulating the expected phases of
the array elements and cost function, all-electronic flexible
mode switching of the generated OAM beam is realized.

2. PRINCIPLE AND METHOD

Figure 1 shows the scheme of the DL-assisted, two-stage phase
control method. The first stage of our method estimates and
compensates the phase errors of the CBC system based on a
well-trained CNN, which is constructed at a fixed non-focal
plane to ensure its performance and avoid convergence to an
undesired optimum in the following stage. Subsequently, by
using the optical field information from the focal plane, the
residual phase errors are further compensated by the optimiza-
tion algorithm in the second stage; hence, the accuracy of the
phase locking is improved. A tiled aperture CBC system con-
sists of N beamlets. The linearly polarized seed laser (SL)

output is amplified by a pre-amplifier (PA), which is split
and sent through N phase modulators (PMs). Subsequently,
the laser beam from each PM passes through a series of cascaded
fiber amplifiers (CFAs). After power scaling, the laser beams are
emitted through a collimator array (which is always ring-shaped
for generating OAM beams) to propagate in free space. The
collimated beam array is split into two parts by a highly reflec-
tive mirror (HRM). The transmission part propagates through
a focus lens (FL) prior to being sampled by a beam splitter (BS)
for joint feeding of the phase control system at the non-focal
and the focal plane, respectively. Specifically, our phase control
scheme consists of two stages, i.e., (i) estimating and compen-
sating the phase errors via a CNN and (ii) further compensating
the residual phase errors by using an optimization algori-
thm. The intensity profile of the combined beam collected
by camera 1, located at the non-focal plane, is sent to the field-
programmable gate array (FPGA) controller to perform the first
stage, while the intensity profile collected by camera 2, located
at the focal plane, is also sent to the FPGA controller to perform
the second stage. The FPGA controller carries a well-trained
CNN and optimization algorithm that performs the two stages
continuously and applies control voltages to the PMs to achieve
phase locking.

The complex amplitude of the N -element collimated fun-
damental-mode Gaussian beam array at the source plane is
given by

E�x, y, z � 0;Φ� �
XN
j�1

A0 exp

�
−
�x − xj�2 � �y − yj�2

w2
0

�

× circ

2
4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�x − xj�2 � �y − yj�2

q
d∕2

3
5 exp�iφj�,

(1)

where (x, y) is the coordinate of the source plane and (xj, yj),
A0, w0, φj, and d account for the position, amplitude, waist
width, piston phase, and aperture diameter of the jth beamlet,
respectively. The piston phases of N array elements constitute
an N -dimensional relative phase vector

Fig. 1. Scheme of the DL-assisted, two-stage phase control method
for CBC. SL, seed laser; PA, pre-amplifier; PM, phase modulator;
CFAs, cascaded fiber amplifiers; HRM, highly reflective mirror;
FL, focus lens; BS, beam splitter.
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Φ �
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φ1 − φ1,φ2 − φ1,φ3 − φ1, … ,φN − φ1

�
. (2)

When the configuration and parameters of the beam array are
determined, the relative phase vector Φ determines the optical
field of the combined beam. Under the paraxial approximation,
the complex amplitude and intensity profiles of the combined
beam at z � L can be expressed as8>>><
>>>:

E�u, v, z � L;Φ� � exp
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h
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�
�x2 � y2�

io
,

I�u, v, z � L;Φ� � jE�u, v, z � L;Φ�j2,

(3)

where (u, v) represents the coordinate of the receiver plane and
λ, f , L, and F f·g denote the wavelength, focal length, propagat-
ing distance, and the Fourier transform operation, respectively.
Compared with f and L, the distance between the collimator
array and the FL can be neglected. In the CBC systems, dynamic
phase noise always exists. The aim of the phase control method is
to compensate the phase errorsΦerr and lock the relative phases
to the expected valuesΦexp. Therefore, if the control system has
learned the mapping relationship between the relative phase vec-
tor Φ and intensity profile (of a certain plane) of the combined
beam, the phase errors would be compensated directly.

In terms of our previous studies, we could make use of
a CNN modified from the VGG-16 model [47,48] to learn
that mapping relationship. The CNN consists of convolutional
layers, max pooling layers, and fully connected layers. Unlike
the original VGG-16 model, we change the filter size of the
first convolutional layer from 3 × 3 × 3 to 3 × 3 × 1 and replace
the Softmax function with the Sigmoid function. This CNN
can capture the global structure of the input pattern such as the
contour and intensity distribution, so it is insensitive to the
noise signals and the digitization form of CCD cameras [48].
To efficiently estimate the phase errors, the CNN should be
constructed and trained at the non-focal plane. The network
learns to estimate relative phases from a single intensity pattern
image I�u, v, z � L;Φ� of the combined beam at the non-focal
plane (L ≠ f ). The intensity patterns, as the samples for train-
ing, are generated by randomly changing the N − 1 dimen-
sional label vector. The label vector consists of the last
N − 1 items of the relative phase vector Φ.

In the training procedure, the input images are passed
through the layers of the CNN and regressed into an N − 1
dimensional output vector. We define the loss of the CNN
as the mean square error (MSE) between the output and label
vectors, expressed as

MSE�n� � 1

N − 1

XN−1

j�1

�y�n�out� j� − y�n�lab � j��2, (4)

where n denotes the order of the sample and yout, ylab account
for the output and label vectors of the CNN, respectively.
Then the parameters of CNN are updated iteratively using
back-propagated gradients based on the MSE loss. When the
CNN achieves convergence, it could estimate the relative
phases of array elements. Taking an intensity pattern image
with the phase errors I err�u, v, z � L;Φexp �Φerr) as input,
the CNN output is an N − 1 dimensional vector from which

the N -dimensional estimated relative phase vector Φest can be
obtained. In the first stage, the well-trained CNN could be used
for real-time phase compensation, i.e., sending phase control
signals Φexp −Φest to the phase modulators.

In the second stage, the residual phase errors Φres �
Φest −Φexp −Φerr could be further compensated via optimiza-
tion algorithms to improve the accuracy of phase locking. As a
typical optimization algorithm, the stochastic parallel gradient
descent (SPGD) algorithm has been widely implemented in
adaptive optics systems including CBC systems [25,49,50].
In this work, we take the SPGD algorithm as an example.
Unlike conventional CBC phase control methods, which focus
on controlling the phases of the array elements to a small frac-
tion of 2π, the DL-assisted, two-stage phase control method
could flexibly lock the phases of the array elements to a variety
of expected values to generate various structured light fields.
Additionally, conventional cost functions such as the Strehl
ratio and the power in the bucket are not sufficient for a more
general phase control method. Drawing on our previous work,
the power in the generalized “bucket” (PIGB) could be effi-
ciently used as the cost function, which is expressed as [44]8<
:

JΩ � RR
Ω I�u, v, z � f ;Φins�dudv,

Ω�u, v, z � f ;Φexp� �
n
�u, v�

			 I�u, v, z�f ;Φexp�
maxfI�x, y, z�f ;Φexp�g > κ

o
,

(5)

where Ω with the parameter κ (where 0 < κ < 1) denotes an
area of the focal plane where the proportion of the intensity and
peak intensity is over κ (at the condition of Φ � Φexp ). The
cost function JΩ represents the instantaneous power in the Ω
area, and Φins is the instantaneous relative phase vector. In the
second stage of the phase control method, the SPGD algorithm
is used and the phase control signals continually update to
make the cost function evolve until it reaches its extremum.
It is worth noting that the cost function is the PIGB
of the focal plane, and in contrast with the PIGB of the
non-focal plane we used in our previous work [44], the shape
of the Ω area at the focal plane is more regular (for generating
OAM beams, the Ω area is approximately ring-shaped). Due to
the first-stage phase compensation, using the PIGB of the focal
plane as the cost function will not cause the phases of the beam-
lets to converge to the unexpected conjugated case.

To conclude, the first-stage phase control, based on the
CNN, has the advantage of avoiding convergence to the local
optimum in the optimization algorithm, while the second-stage
phase control, based on the SPGD algorithm, could achieve
more accurate phase locking. Therefore, the two-stage phase
control method could realize the generation and programmable
switching of complex light fields based on the CBC system.

3. RESULTS AND DISCUSSION

In this section, we study the performance of the DL-assisted,
two-stage phase control method. Without loss of generality,
a 12-element radial beam array, as shown in Fig. 2, is taken
as an example. The parameters of the tiled aperture CBC
system are λ � 1.06 μm, w0 � 10.24 mm, d � 23 mm,
and f � 20 m. The position of the mth-order beamlet is
given by xm � ρ cos�πm∕6� and ym � ρ sin�πm∕6�, where
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ρ � 50 mm is the radius of the ring. In the CBC system, ac-
cording to our previous theoretical work, the non-focal plane is
set 0.3 m behind the focal plane to extract more features of the
optical field [44]. We first investigate the training process of the
CNN and the preliminary compensated intensity profiles to
show the performance of the first-stage phase compensation.
We then study the convergence process of the optimization
algorithm in the second stage to demonstrate the ability of our
method to generate mode-programmable OAM beams. Finally,
we discuss the characteristics of the phase control method in
detail.

A. DL-Assisted First-Stage Phase Control
The DL-assisted first-stage phase control aims to avoid the local
optimum and save the convergence steps of the second-stage
phase control. The performance of this preliminary compensa-
tion depends on the accuracy of the trained CNN, which we
now investigate. The training process is performed on a desktop
computer with an Intel Core i7-8700 CPU and GTX 1080
GPU. We have trained the CNN for 30 epochs with
150,000 prepared samples at the non-focal plane. These sam-
ples were acquired randomly via simulation. To investigate the
convergence of the training process, we randomly generate
1000 additional testing samples. Figure 3 shows the calculated
average MSE values of these 1000 testing samples after each
training epoch. The calculated average MSE decreases from
2.21 at the first epoch to around 0.14 at the final epoch.
Clearly, the CNN converges as the training process goes on.

Before we examine the results of the preliminary compen-
sated intensity profiles, the expected relative phases Φexp for

generating vortex beams of different topological charges
(TCs) should be determined. If the TC of the generated
OAM beam is l , then the expected relative phase vector
Φexp is expressed as

Φexp �
�
0, π

6 l ,
2π
6 l , … , 11π

6 l
�
. (6)

Figures 4(a)–4(d) exhibit the expected phase distributions of
the laser array for generating OAM −1, OAM �1, OAM −2,
and OAM �2 beams, respectively. In the first-stage phase
control, the beam pattern with phase errors is collected and sent
to the well-trained CNN, which will output the estimated rel-
ative phase vector Φest. The phase control signals Φexp −Φest
are then determined and sent to the phase modulators. As an
example, we study the optical fields of the combined OAM −2
beams at the focal plane. Figures 5(a1)–5(a6) and 5(b1)–5(b6)
exhibit the intensity and phase distributions, respectively, of the
combined beams with random phase errors. Figures 5(c1)–
5(c6) and 5(d1)–5(d6) show the intensity and phase distribu-
tions, respectively, of the combined beams that have been
preliminarily compensated based on the DL network. It can be
seen that the intensity profiles of the combined beams, after the
first-stage phase compensation, have main rings with helical
wavefronts of TC � −2. However, the non-uniform character-
istic of the intensity distribution along the angular direction
and the distortion in the wavefront were observed. Hence, we
can conclude that the convergent CNN can efficiently compen-
sate a considerable part of the phase errors, while the residual
phase errors require further compensation by the second-stage
phase control.

Fig. 2. Schematic of the input radial laser array used for generating
OAM beams.

Fig. 3. Average MSE of the CNN as a function of training epochs.

Fig. 4. Expected phase distributions of the laser array for generating
(a) OAM −1, (b) OAM �1, (c) OAM −2, and (d) OAM �2 beams.

Fig. 5. Performance of the first-stage phase compensation based
on the DL network. (a1)–(a6) Intensity profiles and (b1)–(b6) phase
distributions of the combined beams with random phase errors.
(c1)–(c6) Intensity profiles and (d1)–(d6) phase distributions of the
combined beams after first-stage phase compensation.
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B. SPGD-Based Second-Stage Phase Control
Based on the completion of the first-stage phase control, the
SPGD algorithm is implemented to further compensate the
residual phase errors. Substituting Eq. (6) into Eq. (5), and
with the condition of κ � 0.8, we obtain the integral area
(Ω) for calculating the cost function ( JΩ) during the operation
of the SPGD algorithm. Note that the switching of the cost
function is easily programmed and implemented in CBC
systems.

Figures 6(a) and 6(b) exhibit the integral area (Ω) for
generating OAM �1 and OAM �2 beams, respectively.
Therefore, we should not be surprised to find that the conju-
gated expected phase vectors share the same generalized
“bucket,” because the intensity profiles at the focal plane are
the same for generating OAM �l and OAM −l beams. In our
previous work, we demonstrated that by utilizing the SPGD
algorithm for phase locking, the cost function extracted at
the focal plane would cause a 50% probability for generating
an OAM beam with an unexpected TC. In this work, the phase
control system is improved by introducing the DL method;
thus, this challenge is expected to be solved.

Figure 7 shows the results of generating OAM beams with
different TCs based on the proposed phase control method.
For each case, 100 simulations were performed. As depicted

in Figs. 7(a)–7(d), the cost function always converged within
100 steps and the case for being trapped in local optima did not
occur. In addition, the average intensity and phase distributions
of the combined beams after the two-stage phase control of 100
simulations are quite similar to the CBC system without phase
errors. To further analyze the performance of the phase control
method, we have simulated the evolution of the relative phases
of array elements during the 100 simulations.

In Fig. 8, from left to right, the TCs of the generated OAM
beams are −1, �1, −2, and �2. The three rows correspond to
the laser array with random phase errors, after the DL-assisted
phase compensation (the first stage), and after the SPGD-based
phase compensation (the second stage). Most of the phase
errors were compensated by the first-stage phase compensation,
while the phase-compensation residuals of several groups are
obvious. The second-stage phase control efficiently compen-
sated for the residual phase errors and further improved the
phase locking accuracy. Furthermore, the results indicate that
the DL-assisted, two-stage phase control method could avoid
the confusion caused by the conjugated phase distributions.
As we have mentioned above, OAM �l and OAM −l beams
have the same far-field intensity profiles; therefore, when the
cost function takes its maximum value, it corresponds to two
conjugated phase distributions. Prior to the second stage of our
method, the phase errors had been preliminarily compensated
by the CNN, and the combined beam is similar to the expected
OAM beam. Therefore, our method guarantees the avoidance
of the undesired optimum and ensures that the TC of the com-
bined beam converges to a definite value. By programming and
modulating the generalized “bucket” and the expected phase
vector, the OAM mode of the generated OAM beam can be
flexibly switched. An illustrative video of programmable OAM
mode switching using the two-stage phase control method is
shown in Visualization 1.

C. OAM Mode Purity of Generated OAM Beams
From the above results, it is apparent that our DL-assisted, two-
stage phase control method is feasible for the generation of

Fig. 6. Generalized “buckets” with κ � 0.8 for calculating the cost
function to generate (a) OAM �1 and (b) OAM �2 beams.

Fig. 7. Generation of OAM beams. (a)–(d) Convergence curves of
the cost functions for generating OAM −1, �1, −2, and �2 beams,
respectively. One hundred simulations have been performed for each
case. The inset figures show the average intensity (left) and phase
(right) distributions of the generated OAM beams.

Fig. 8. Phases of the array elements during 100 simulations. From
top to bottom, they are the laser array with random phase errors, after
the first-stage phase compensation, and after the second-stage phase
compensation. The first, second, third, and fourth columns corre-
spond to the generation of OAM −1, OAM �1, OAM −2, and
OAM �2 beams, respectively.
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OAM beams and the programmable switching of the OAM
mode. The simulated results also indicate that the phase locking
accuracy is improved after each stage of phase control. In this
section, we take a closer look at the OAM mode purity of the
generated OAM beams, which could reflect the accuracy of
the phase control method. In the polar coordinate system,
the optical field in Eq. (3) at the focal plane is given by

E�r2, θ2, z � f ;Φ� �
exp

�
ik
2f r

2
2

�
iλf

F fE�r1, θ1, z � 0;Φ�g,

(7)

where (r1, θ1) and (r2, θ2) are the coordinates of the source and
focal plane, respectively. There is a phenomenon where the in-
tensity pattern of the combined beam, generated from a tiled
aperture CBC system, contains sidelobes. When our method is
applied in practical settings, the sidelobes should be filtered out
and the main ring of the generated OAM beam should be ex-
tracted. Using a programmable circular aperture, the truncated
optical field is expressed as

Et�r2, θ2, z � f ;Φ� � E�r2, θ2, z � f ;Φ�circ



r2
D∕2

�
,

(8)

where D represents the diameter of the truncated aperture, and
for the cases of generating OAM �1 and OAM �2 beams,
D � 0.5 mm and D � 0.7 mm, respectively. According to
the definitions of OAM mode purity and OAM spectrum,
the combined beam could be expanded as [51,52](
Et�r2,θ2, z � f ;Φ� � 1ffiffiffiffi

2π
p

P�∞
l�−∞ al �r2, z � f � exp�ilθ2�,

al �r2, z � f � � 1ffiffiffiffi
2π

p
R
2π
0 Et�r2,θ2, z � f ;Φ� exp�−ilθ2�dθ2:

(9)

The OAM mode purity Pl, which corresponds to the l th-order
OAM mode, can be obtained as8<

:
Pl � plP�∞

n�−∞
pn
,

pl �
R�∞
0 jal �r2, z � f �j2r2dr2:

(10)

In terms of the results shown in Fig. 8, we substitute the phase
vectorΦ into Eqs. (8)–(10), and then the average OAM spectra
(simulated 100 times) of the combined beams can be obtained.
We first investigate the case of generating OAM −2 beams as an
example. The average intensity profiles [e.g., Figs. 9(a1), 9(b1),
9(c1)] and phase distributions [e.g., Figs. 9(a2), 9(b2), 9(c2)]
illustrate that the truncated combined beams are turning close
to the ideal OAM −2 beams during the phase control process.
The calculated OAM spectra of the truncated combined beams
with random phase errors, after first-stage phase compensation,
and at the end of the two-stage phase control are shown in
Figs. 9(a3), 9(b3), and 9(c3), respectively. It can be observed
that after the first stage of phase control, the OAM −2 mode
purity has been greatly increased, to 0.94 on average. After
the second stage of phase control, the average purity further
increased to 0.99.

Figure 10 presents the average OAM spectra of the trun-
cated combined beams with other TCs before and after the sec-
ond stage of phase control. For the cases of generating OAM −1

[e.g., Figs. 10(a1) and 10(a2)], OAM �1 [e.g., Figs. 10(b1)
and 10(b2)], and OAM �2 beams [e.g., Figs. 10(c1) and
10(c2)], the OAM mode purity of the expected TC increased
from 0.95 to 0.99, 0.96 to 0.99, and 0.95 to 0.99, respectively.
The increase in OAM mode purity illustrates the importance
of the second-stage phase control. Additionally, we have shown
that the generated OAM beams are of high purity, which in-
dicates that the accuracy of our two-stage phase control method
is high enough to generate OAM beams.

In a nutshell, the simulated results of the first- and second-
stage phase control presented in Section 3.A and Section 3.B
demonstrated the advantage of the DL-assisted first-stage phase
control in avoiding undesired optima, while the analysis of
the OAM mode purity in Section 3.C indicates that the

Fig. 9. Analysis of the OAM mode purity of the truncated com-
bined OAM −2 beams. From top to bottom, the rows show the aver-
age intensity profiles, the average phase distributions, and the average
OAM-spectra. From left to right, the cases are with random phase
errors, after the first-stage phase compensation, and after the second-
stage phase compensation.

Fig. 10. Average OAM spectra of the truncated combined OAM
beams before and after the second-stage phase control. (a1), (b1),
(c1) Cases of the truncated combined OAM −1, OAM �1, and
OAM �2 beams, respectively, before the second-stage phase control;
(a2), (b2), (c2) cases of the truncated combined OAM −1, OAM �1,
and OAM �2 beams, respectively, after the second-stage phase
control.
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optimization-algorithm-based second-stage phase control plays
an important role in improving the phase locking accuracy.
These advantages are unique to the DL-assisted, two-stage
phase control method, which are extremely difficult to achieve
using conventional phase control methods. Although we have
only presented the typical case of a 12-element array, the phase
control method has been proven to be highly useful in the
coherent combining of different arrays for generating OAM
beams with various TCs.

4. CONCLUSION

In this paper, we proposed a DL-assisted, two-stage phase con-
trol method and implemented the method in the tiled aperture
CBC system to generate OAM beams. The performances of the
first and second stages of the phase control method and the
OAM mode purity of the generated OAM beams were ana-
lyzed. The results demonstrate that the phase control method
combines the advantages of the DL network and the optimi-
zation algorithm by obtaining the desired values of the relative
phases of array elements with high accuracy. By programming
and modulating the expected phase vector and cost function,
the OAM mode of the combined beam could be flexibly
switched. The proposed phase control method offers an oppor-
tunity to generate high-power mode-programmable OAM
beams based on CBC technology. It has the potential to guide
the generation and manipulation of various structured light
fields with complex intensity and phase distributions; therefore,
further research should be conducted.
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