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Abstract: Stochastic parallel gradient descent (SPGD) algorithm is one of the most promising methods
for effective coherent beam combination. However, the algorithm also has some disadvantages, such
as slow convergence speed and local extremum. This paper proposes an AdaDelSPGD algorithm,
which combines an AdaDelta algorithm with a SPGD algorithm, and improves the traditional
AdaDelta algorithm with adaptive gain coefficient. It is worth noting that the adaptive gain coefficient
can be adjusted in real time to improve the convergence rate. The effectiveness of the proposed
algorithm is verified by relevant simulation experiments, and the results show that the proposed
algorithm can significantly improve the convergence speed. Following the experiments with the fiber
laser-phased array multiplex communication system, we can draw the conclusion that the addition
of communication modulation reduces the beam quality, and the higher the modulation frequency,
the worse the beam quality. However, adding the SPGD algorithm can improve the beam quality.
The AdaDelSPGD algorithm proposed in this paper can further improve the beam quality, and the
bit error rate of communication is also decreased after testing. This provides a foundation for further
research on the fiber laser-phased array multiplex communication system.

Keywords: SPGD algorithm; laser communication; phase lock; laser coherent synthesis

1. Introduction

In recent years, due to their strong anti-interference ability and high confidentiality,
lasers have shown good application prospects in free-space optical communication, optical
detection and ranging (LIDAR), image projection, laser radar, optical storage, and other
fields [1–3].

IPG Photonics uses cascade pumping to achieve a 10,000 W fiber laser output [4].
The literature shows that the output power of IPG Photonics’ single-fiber single-mode
fiber laser reaches 20 kW, and that of a multi-mode fiber laser reaches 50 kW [5,6]. With
the development of high-power fiber lasers, many countries have shifted the research
and development of tactical laser weapons to high-power fiber laser weapons. The Zeus
laser mine-clearing system developed by SPATA, Raytheon’s Naval Laser Weapon System
(Laws), and the Prototype fiber laser weapon developed by Euromissile have all been
approved by the military [7–9].

At present, the maximum output power of an individual single-mode continuous fiber
laser can reach 20 kW, but this is far from the requirement for high-energy lasers in some
industries and in national defense. Thus, the output power of an individual single-mode
fiber laser is limited [10]. Dawson et al., from the Livermore National Laboratory in the
United States, analyzed in detail the factors limiting the improvement of the output power
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of fiber lasers. According to their calculations, the theoretical output power limit of a single-
mode single-frequency fiber laser is approximately 1.86 kW, and the theoretical output
power limit of a single-mode wide-spectrum fiber laser is approximately 36.6 kW [11].

Therefore, it is not feasible to obtain a laser output satisfying the tactical high-energy
laser system requirements only through a single fiber laser [12]. Through coherent combina-
tion technology, the output power of laser beam combinations has improved significantly
in the past 20 years, resulting in outstanding performance in terms of output power, beam
quality, and overall efficiency of various devices based on laser combination [13,14].

The laser coherent synthesis method has successfully solved the nonlinear effect of
single fiber output power and the limitation of thermal damage [15]. The key difficulty
of laser coherent combination is to realize the in-phase output of the whole laser array.
At present, there are two main solutions of phase locking technology: passive phase
locking [16], and active phase locking [17].

Researchers at the Abbe Photonics Center, University of Jena, Germany, achieved a
coherent synthetic output of a four-unit high-power femtosecond pulse fiber laser through
active phase compensation [18]. The average/peak output power of the system was
530 W/1.8 GW, and the system synthesis efficiency was up to 93%. In 2018, the research
team reported a four-channel ultra-fast fiber laser coherent synthesis system with an average
output power of 3.5 kW [19]. This system is the ultrafast fiber laser coherent synthesis
system with the largest average output power reported.

With the development of adaptive optics, researchers have developed several active
phase control methods for multi-channel coherent synthesis. Heterodyne, multi-jitter, and
the optimization algorithm are the most widely used active phase control techniques.

Jesse Anderegg et al. achieved coherent fiber laser synthesis with a total output power
of 8 W in four units using the heterodyne method [20]. S. J. Augst et al., MIT, used two
commercial 10 W ytterbium-doped fiber amplifiers to achieve a coherent synthetic output
based on heterodyne [21]. The Lincoln Laboratory used heterodyne method to achieve
32-channel fiber laser phase-locking [22]. A coherent synthesis system based on heterodyne
phase control requires a reference beam and an array of detectors with the same number
of combined beams. The phase control modules of each beam in the coherent synthesis
system work in parallel. This means that the heterodyne phase control system has a higher
system control bandwidth and stability. However, the heterodyne method requires that
the co-axis of the reference light and the signal light of each path must be strictly parallel
and perpendicular to the detector array. As the amount of system bunding increases, the
number of control modules increases correspondingly, which leads to an increase in the
system’s complexity and a deterioration in the system’s stability.

Researchers at HRL Laboratories in the United States have achieved a 7-cell, 1-watt
coherent synthetic output of fiber lasers using multi-dither active phase control tech-
niques [23,24]. Angel Flores et al., US Air Force Research Laboratory, reported the coherent
synthesis of 16 narrow line-width fiber lasers, with a total output power of 1.4 kW [25].
The Kirtland AIR Force Research Laboratory implemented a nine-channel high power fiber
laser phase-locked beam without reference beam using the multi-dithering method [26].
Meanwhile, Thales Research Technology Laboratory obtained coherent beam synthesis of
64 independent amplifying fibers by using four-wave shear interferometer [27]. Compared
with the heterodyne method, the multi-dither method has no reference light. The structure
of the system is simple and easy to implement. However, the phase noise frequency of the
system increases with the increase in the number of beam combination elements. In order
to effectively control the phase of each unit beam, the carrier frequency of the phase modu-
lation part of the system must be increased. The bandwidth of the phase control system
is higher than the noise frequency of the coherent synthesis system, which undoubtedly
makes the design of the phase control demodulation circuit more complex.

Considering the complexity of the system and the control effect, the optimization
algorithm has been widely used in adaptive optics. The more commonly used adaptive
stochastic optimization algorithms are mountain climbing, genetic algorithm, simulated
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annealing and stochastic parallel gradient descent (SPGD) [28,29]. By comparing the
application of various optimization algorithms in coherent laser synthesis, the convergence
speed of mountain climbing and genetic algorithm is too slow. The convergence speed
of the simulated annealing algorithm is slightly lower than that of the SPGD algorithm.
Meanwhile, the SPGD algorithm not only has a fast convergence speed, but also has a good
tolerance in dealing with power fluctuations [30]. Therefore, the SPGD algorithm has been
widely used in recent years.

Researchers at the University of Maryland in the United States achieved the coherent
synthesis of a seven-unit milliwatt fiber laser using SPGD algorithm phase control technol-
ogy [31]. C. X. Yu et al., Massachusetts Institute of Technology, USA, reported a 48-channel
milliwatt-level coherent fiber laser synthesis scheme [32]. In 2011, researchers from the MIT
Lincoln Experiment used the SPGD algorithm to control the phase of each unit beam, and
realized the coherent synthetic output of eight channels of a 0.5 kW commercial fiber laser
amplifier [33]. M. Vorontsov’s team realized coherent beam synthesis of 21 channels at a
distance of 7 km using SPGD algorithm [34,35]. Zou et al. used SPGD algorithm to achieve
two km laser aiming [36]. Then they realized a large-scale fiber laser array over 2.1 km [37].
In addition, China’s National University of Defense Technology (CNNDT) applied SPGD
algorithm to achieve a coherent beam synthesis system of 60 fiber lasers [38]. In 2021, Zuo
et al. implemented 19 laser-phased array using SPGD algorithm [39,40]. Then, in 2022, they
use a new evaluation function to optimize the SPGD algorithm. Wang et al. used SPGD
algorithm to realize the coherent synthesis of 64 elements in phased array [41].

Several modification techniques have been used to improve the convergence of SPGD
algorithm. Vorontsov et al. proposed a decoupled stochastic parallel gradient descent
algorithm with adaptive change gain coefficients. Compared with the traditional SPGD
algorithm, this algorithm has a significant improvement in convergence speed and system
stability. However, this optimization technique requires prior knowledge of the system’s
performance metrics, which limits the kinds of applications available. In order to make
up for the shortcomings of this algorithm, our laboratory proposed an adaptive stochastic
parallel gradient descent (AdaSPGD) optimization algorithm, based on performance index
changes in previous practice [42]. Initially, adaptive gain coefficients were first added to
the algorithm to compensate phase errors more quickly [43], but this required very com-
plex calculations. Subsequently, it is applied to the adaptive gradient descent (AdaGrad)
algorithm [44] and the problem of straight convexity in deep learning [45,46].

This paper presents an AdaDelSPGD algorithm which can change the adaptive gain
coefficient. This algorithm improves the SPGD algorithm to improve the convergence
speed of coherent synthesis.

Section 2 describes the basic principle of the SPGD algorithm in phase-locked system of
fiber laser-phased array, and proposes an AdaDelSPGD algorithm. The convergence speed
and convergence effect of the two algorithms in N-channel fiber laser-phased array system
are illustrated in detail by simulation. In Section 3, we test the spot contrast and main lobe
energy concentration of fiber laser-phased array multiplex communication system after
adding two algorithms, and we describe the difference in the optical power value and bit
error rate (BER) of the system before and after adding the AdaDelSPGD algorithm. Finally,
conclusions are provided in Section 4.

2. Theoretical Analysis and Simulation of the Improved SPGD Algorithm

A structural diagram of the N-channel fiber laser-phased array multiplex communi-
cation system with the SPGD algorithm is presented in Figure 1. The system is mainly
composed of four subsystems: laser transmitting, communication modulation, phase
locking, and communication receiving.
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Figure 1. The scheme of the N-channel fiber laser-phased array multiplex communication system.
MA: microwave amplifier; IM: intensity modulator; PM: phase modulator; VG: V-shaped groove; BS:
beam splitting mirror; OFC: optical fiber collimator; PD1: Photo detector of phase locking; PD2: Photo
detector of communication receiving system; EDFA: Erbium Doped Fiber Amplifier; Subsystem1:
Laser transmitting system; Subsystem2: Communication modulation system; Subsystem3: Phase
locking system; Subsystem4: Communication receiving system.

The laser transmitting subsystem is mainly composed of seed source and beam splitter,
which is divided into N channels according to requirements.

The communication modulation subsystem mainly modulates the laser communica-
tion signal. The bit error rate analyzer and microwave amplifier provide the communication
voltage signal. The signal is added to the N channel intensity modulator to conduct com-
munication modulation of the laser.

The phase locking subsystem is a closed loop control system. After communication
modulation, the optical signal goes through phase modulator first, and then through V slot
beam output. The purpose of using V-groove here is to control the parallelism and spacing
of N-channel laser. The laser output from the V-groove is then divided into two parts by a
beam splitter. One part continues to output in this direction, while the other part enters the
phase-locked detector (PD1). Here, an attenuator can be added before entering the detector
according to the different power received by the detector. The voltage signal obtained by
the detector enters the control module as a feedback signal. The algorithm is in the control
module. After the algorithm, the new voltage value is added to the phase modulator.

The communication receiving subsystem is mainly used to receive the synthesized
beam after communication modulation and phase lock, and analyze the laser through
oscilloscope and detector. After the previous beam splitter, the laser is coupled to the
optical fiber through the collimator, and then the optical signal is amplified by the optical
fiber amplifier. Finally, the detector converts the optical signal into electrical signal and
observes the effect of communication modulation through oscilloscope.

2.1. SPGD Algorithm and Simulation

The coherent combination process of n-channel fiber laser-phased array multiplex
communication system using the traditional SPGD algorithm can be described by several
steps. Firstly, the performance metric J = J(u1, u2, · · · , uN) is used as the algorithm’s
optimization object, which is a function of the phase control voltage u = (u1, u2, · · · , uN)
of each sub-beam. Then, the phase controller applies a random microperturbation voltage
satisfying Bernoulli distribution to each phase modulator. Unique extreme values are
obtained by calculating changes δJ(n) = J(n)+ − J(n)− in performance indicators. The iteration
formula of phase-controlled voltage update is:

u(n+1) = u(n) − γδJ(n)u(n) (1)
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where the superscript n is the number of iterations, and γ denotes the fixed gain coefficient
of algorithm. When the performance index of the coherent synthesis system is optimized
to the maximum, γ < 0; otherwise, γ > 0. If the fixed gain coefficient is too small and the
iteration step is short, the convergence speed of the algorithm is slow, and it is difficult to
realize real-time phase compensation. However, if the fixed gain coefficient is too large, the
iteration step may cause the system performance evaluation function to fluctuate too much
during the algorithm iteration, making the algorithm unstable.

In order to verify the effectiveness of SPGD algorithm in fiber laser-phased array mul-
tiplex communication systems, simulation analysis is carried out in free space environment.
A 1064 nm laser beam with a waist of 5 mm was arranged in a honeycomb shape with an
interval of 20 mm between each sub-beam. Using SPGD algorithm, PIB signal was used
as the performance index of the system to control the phase of the transmitted beam. The
initial phase value of the beam satisfied the Gaussian distribution between [−π, +π] under
zero mean value.

The performance measures obtained by SPGD algorithm in different gain systems
(the average value of 100 independent runs) are shown in Figure 2. In addition, the
convergences of the SPGD algorithm in three-channel and seven-channel laser coherent
synthesis are shown in Figure 2a,b, respectively.
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As can be seen from the Figure 2, in the case of three-channel, the larger the iteration
coefficient is, the faster the convergence rate is. But in the case of seven-channel, the
expected value cannot be reached when the iteration coefficient is 0.9, so the iteration step
size of the SPGD algorithm should not be too small or too large. If the step length is small,
the speed is slow. If the step length of iteration is large, it may eventually fail to reach the
maximum value of the target. Thus, we propose the AdaDelSPGD algorithm, hoping to
improve the convergence speed and finally make the system stable at the target position at
the same time.

2.2. AdaDelSPGD Algorithm and Simulation

The above algorithm is a conventional SPGD algorithm, and, based on the deep
learning algorithm; this paper studies in detail the adaptive optimization of the SPGD
iterative step size.

After the loss function is defined in deep learning, various methods are adopted to
reduce the loss function. However, the value of the loss function is only a reference to
optimize the parameters in the model. We optimized the loss function indirectly to optimize
the model parameters and improve the measurement index of the model. Assuming that
the objective function to be optimized is J(θ):

J(θ) = E(x,y) p̂daraL( f (x, θ), y) (2)
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where L is the loss function of every sample, ( f (x, θ), y) is the input, x is the predicted
output, y is the objective function, and p̂dara is the empirical distribution on the training
set. However, theoretically, we hope that p̂dara is the real data distribution. In machine
learning, empirical distribution is used to replace real distribution. Since not all sample data
can be collected, only training sets are used for training. However, since the distribution of
the data is not known, this machine learning problem is transformed into an optimization
problem by finding the expectation and minimizing the expected loss. The purpose of
optimization is to minimize the empirical risk:

E(x,y) p̂daraL( f (x, θ), y) =
1
m∑m

i=1 L
((

f
(

xi
)

, θ
)

, yθ
)

(3)

where m is the number of training samples. The training process based on this minimization
of the mean training error is called experiential risk minimization.

In the training of deep learning, the number of samples in the training set is often tens
of thousands, and the amount of computation required to traverse each sample to calculate
the expectation is huge. In practice, a small amount of data is collected in the training set
for calculation, and then the average value of these samples is calculated.

Stochastic gradient descent (SGD) is a classic optimization algorithm among small
batch algorithms, which is often used in machine learning, especially in deep learning.
Firstly, a small batch is generated by randomly selecting m samples from the training set,
and then their gradient mean is calculated.

One disadvantage of the SGD method is that the update direction is completely
dependent on the gradient calculated by the current subset, so it is very unstable. The
momentum SGD algorithm borrows the concept of momentum in physics, which simulates
the inertia of object motion; that is, the direction of the previous update is retained to some
extent when updating, while the gradient of the current subset is used to fine-tune the final
update direction. In this way, one can increase the stability to a certain extent, so that one
can learn faster, and there is a certain ability to eliminate local optimality.

The previous series of optimization algorithms have a common feature; that is, each
parameter is updated with the same learning rate. However, in practical application,
the importance of each parameter is certainly different, so it is necessary to dynamically
adopt different learning rates for different parameters, so that the objective function can
converge faster.

The Adagrad algorithm is used to take the square of the gradient of each iteration of
each parameter, add it and then square it, and divide the basic learning rate by this number,
in order to perform the dynamic update of the learning rate. In this way, the learning rate of
each parameter is related to its gradient, so the learning rate of each parameter is different,
which is the so-called adaptive learning rate

The AdaDelta algorithm is an extension of the Adagrad algorithm. The original scheme
is still an adaptive constraint on the learning rate, but it is simplified in calculation. The
Adagrad algorithm will add up all the previous gradient squares, whereas the AdaDelta
algorithm will add up only fixed-size terms (essentially the exponential moving average,
using the average of the square of the previous steps), and will not store these terms directly,
but only approximate the corresponding average (which is the advantage of the exponential
moving average).

Based on the AdaDelta algorithm of deep learning, this study proposes the AdaDel-
SPGD algorithm, which can adaptively change the iterative step size:

un+1
i = un

i − ∆θkδJnδun
i , i = 1, · · · , N

∆θk =
µ√

E[g2]k+ε

(4)
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where the calculation formula of E
[
g2]

k is as follows, where ρ is 0.9:

E
[

g2
]

k
= ρE

[
g2
]

k−1
+ (1− ρ)g2

k (5)

The AdaDelSPGD algorithm we proposed for coherent fiber laser synthesis is de-
scribed in detail as follows:

We firstly set the initial control voltage u0 and the coefficient ρ. Generally, ρ is 0.9 in
the experiment. Then, we will do a loop for finding the maximum value of the performance
evaluation function J(·). The detailed steps are: (a) generating a set of randomly perturbed
voltages that obey a Bernoulli distribution: u = {δui}; (b) applying a tiny forward perturba-
tion voltage: u+ δu; (c) obtaining performance evaluation functions:J(u + δu); (d) applying
a tiny negative perturbation voltage: u− δu; (e) obtaining performance evaluation functions:
J(u− δu); (f) obtaining the change of the evaluation function: δJ = J(u + δu)− J(u− δu);
(g) updating E

[
g2]

k from the average of the previous expectation and the current gradi-
ent, E

[
g2]

k = ρE
[
g2]

k−1 + (1− ρ)g2
k ; (h) updating gain coefficient: ∆θk = µ√

E[g2]k+ε
; (i),

obtaining the incremental control voltage: u = u− ∆θkδJδu. Finally, measuring the new
performance evaluation function and judging whether the program satisfies the stop condi-
tion. If then stop condition has not been reached, repeating steps (a) to (i) until achieving
the comfortable result.

Theoretically, the AdaDelSPGD algorithm improves the traditional SPGD algorithm
in terms of gain factor. The adaptive gain coefficient improves the convergence rate of
the coherent synthesis system. The following simulation clearly shows the change in
convergence rate.

Under the same conditions as the SPGD algorithm, the AdaDelSPGD algorithm
was simulated. The performance index of the AdaDelSPGD algorithm at different gain
coefficients (average value of 100 independent operations) is shown in Figure 3. In addition,
the convergence of the new algorithm is shown in Figure 3a,b when the coherent synthesis
system is three-channel and seven-channel respectively.
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Notably, the convergence speed of AdaDelSPGD algorithm is less affected by the gain
coefficient than that of traditional SPGD algorithm. Since the adaptive gain coefficients
weaken the influence of initial gain on the convergence of the algorithm, the optimal
interval of the initial gain coefficients for different channels is almost constant (0.3–0.7).
Therefore, the AdaDelSPGD algorithm can effectively eliminate the problem of improper
selection of gain coefficients in practice.

Additionally, it can be observed that under the same number of channels, the conver-
gence speed of the AdaDelSPGD algorithm is significantly faster than that of traditional
SPGD algorithm. Taking the simulation results of the seven-channel system as an example,
when the gain coefficient is too small, the convergence speed of the traditional SPGD algo-
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rithm is too slow. At the same time, when the gain is too large, the traditional algorithm
can not stabilize the phase-locked output.

The relationship between the number of iterations required for convergence and the
number of sub-beams of the two algorithms is presented in Table 1. The convergence
speed of the AdaDelSPGD algorithm has improved by 38.4% and 44.4% for three-channel
and seven-channel laser array systems, respectively. Therefore, the AdaDelSPGD algo-
rithm can reduce the number of iterations, and the convergence effect is better than the
traditional algorithm.

Table 1. The numerical results of the convergence speed.

N SPGD AdaDelSPGD Rate

3 18 13 38.4%
7 52 36 44.4%

3. Experiment

To verify the effectiveness of the algorithm, experiments are carried out in a three-
channel fiber laser-phased array multichannel communication system. Figure 4a shows
the experimental set-up, and Figure 4b shows the actual experiment. The experimental
device is shown in Figure 4. For the convenience of display, the distance between PD and
BS is reduced, while the actual distance is about 19 m, and the actual distance between BS
and OFC is approximately 20 m or 3 km. The schematic diagram and the experimental
process have been described in Section 2. Now, I will introduce the equipment used in the
experiment used in each subsystem of the experiment in detail.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 8 of 15 
 

Notably, the convergence speed of AdaDelSPGD algorithm is less affected by the 
gain coefficient than that of traditional SPGD algorithm. Since the adaptive gain 
coefficients weaken the influence of initial gain on the convergence of the algorithm, the 
optimal interval of the initial gain coefficients for different channels is almost constant 
(0.3–0.7). Therefore, the AdaDelSPGD algorithm can effectively eliminate the problem of 
improper selection of gain coefficients in practice. 

Additionally, it can be observed that under the same number of channels, the 
convergence speed of the AdaDelSPGD algorithm is significantly faster than that of 
traditional SPGD algorithm. Taking the simulation results of the seven-channel system as 
an example, when the gain coefficient is too small, the convergence speed of the traditional 
SPGD algorithm is too slow. At the same time, when the gain is too large, the traditional 
algorithm can not stabilize the phase-locked output. 

The relationship between the number of iterations required for convergence and the 
number of sub-beams of the two algorithms is presented in Table 1. The convergence 
speed of the AdaDelSPGD algorithm has improved by 38.4% and 44.4% for three-channel 
and seven-channel laser array systems, respectively. Therefore, the AdaDelSPGD 
algorithm can reduce the number of iterations, and the convergence effect is better than 
the traditional algorithm. 

Table 1. The numerical results of the convergence speed. 

N SPGD AdaDelSPGD Rate 
3 18 13 38.4% 
7 52 36 44.4% 

3. Experiment 
To verify the effectiveness of the algorithm, experiments are carried out in a three-

channel fiber laser-phased array multichannel communication system. Figure 4a shows 
the experimental set-up, and Figure 4b shows the actual experiment. The experimental 
device is shown in Figure 4. For the convenience of display, the distance between PD and 
BS is reduced, while the actual distance is about 19 m, and the actual distance between BS 
and OFC is approximately 20 m or 3 km. The schematic diagram and the experimental 
process have been described in Section 2. Now, I will introduce the equipment used in the 
experiment used in each subsystem of the experiment in detail. 

 
(a) 

Appl. Sci. 2022, 12, x FOR PEER REVIEW 9 of 15 
 

 
(b) 

Figure 4. Diagram of the experimental device of the three-channel fiber laser-phased array multiplex 
communication system. (a) Set-up of the experiment; (b) experimental images. 

In the laser emission subsystem, the seed source is a single-mode polarization-
maintaining laser at 1064 nm, and the laser linewidth is less than 20 kHz. After passing 
through the inner part of the beam, the output power of the three laser channels is 1 mW. 

The communication modulation subsystem adopts the bit error rate analyzer and 
microwave amplifier as the communication modulation signal input, and the intensity 
modulator is the ixBlue company’s 10 GHz intensity modulator. 

The phase modulator in the phase locking subsystem is an ixBlue phase modulator 
with a maximum modulation frequency of 150 MHz for a 1064 nm laser. The V-groove is 
custom made. The outer diameter of the optical fiber is 125μm, and the distance between 
the centers of the three optical fibers is 127μm after passing through the V-shaped groove. 
Therefore, the three optical fibers are closely arranged in the V-shaped groove. A 
spectroscope transmits 90% of the light and reflects 10%. The detector is indium gallium 
as photodiode detector, with the maximum detection power of 10 mW. Since the three 
channels have a total of 3 mW, no attenuation film is used. The controller adopts DSP 
development board. The DSP algorithm control board algorithm processing core device 
is TMS320F2812 chip. The main frequency of the chip is 150 MHZ. The A/D sampling 
module of the data acquisition part is AD976 chip, and the output D/A module uses two 
AD8544 chips. 

In the communication receiving subsystem, there are four collimators altogether. 
Under laboratory conditions, only one collimator is coupled into the optical fiber. In the 
long-distance experiment, the compression divergence angle of the optical system was 
added to the emitter, but the diameter of the synthetic spot at 3 km was still 1 m. Therefore, 
four collimators are used to receive at the same time. Finally, when calculating the bit 
error rate, the four-bit error rates are averaged to increase the accuracy. The fiber amplifier 
model is YDFA-PA-MSA, and the detector is the THORLARS ‘RXM25AF detector, with a 
frequency ranging from 500 kHz to 25 GHz. The oscilloscope model is Lecroy SDA813Zi. 
The bandwidth is 13 GHz. The eye chart and bit error rate were observed via oscilloscope. 

3.1. Experiments on Different Communication Modulation Frequencies 
When a continuous laser and a laser with different frequencies of communication 

signals were used as the light source, the experimental results of the three-channel fiber 
laser-phased array multiplex communication system were as presented in Figure 5. The 
interference fringes of the continuous laser are shown in Figure 5a; when the 
communication modulation frequency of each channel was 200 MHz and 500 MHz, 
respectively, the interference fringes were as shown in Figure 5b,c. 

Figure 4. Diagram of the experimental device of the three-channel fiber laser-phased array multiplex
communication system. (a) Set-up of the experiment; (b) experimental images.



Appl. Sci. 2022, 12, 3009 9 of 14

In the laser emission subsystem, the seed source is a single-mode polarization-maintaining
laser at 1064 nm, and the laser linewidth is less than 20 kHz. After passing through the
inner part of the beam, the output power of the three laser channels is 1 mW.

The communication modulation subsystem adopts the bit error rate analyzer and
microwave amplifier as the communication modulation signal input, and the intensity
modulator is the ixBlue company’s 10 GHz intensity modulator.

The phase modulator in the phase locking subsystem is an ixBlue phase modulator
with a maximum modulation frequency of 150 MHz for a 1064 nm laser. The V-groove
is custom made. The outer diameter of the optical fiber is 125µm, and the distance be-
tween the centers of the three optical fibers is 127µm after passing through the V-shaped
groove. Therefore, the three optical fibers are closely arranged in the V-shaped groove. A
spectroscope transmits 90% of the light and reflects 10%. The detector is indium gallium
as photodiode detector, with the maximum detection power of 10 mW. Since the three
channels have a total of 3 mW, no attenuation film is used. The controller adopts DSP
development board. The DSP algorithm control board algorithm processing core device
is TMS320F2812 chip. The main frequency of the chip is 150 MHZ. The A/D sampling
module of the data acquisition part is AD976 chip, and the output D/A module uses two
AD8544 chips.

In the communication receiving subsystem, there are four collimators altogether.
Under laboratory conditions, only one collimator is coupled into the optical fiber. In the
long-distance experiment, the compression divergence angle of the optical system was
added to the emitter, but the diameter of the synthetic spot at 3 km was still 1 m. Therefore,
four collimators are used to receive at the same time. Finally, when calculating the bit
error rate, the four-bit error rates are averaged to increase the accuracy. The fiber amplifier
model is YDFA-PA-MSA, and the detector is the THORLARS ‘RXM25AF detector, with a
frequency ranging from 500 kHz to 25 GHz. The oscilloscope model is Lecroy SDA813Zi.
The bandwidth is 13 GHz. The eye chart and bit error rate were observed via oscilloscope.

3.1. Experiments on Different Communication Modulation Frequencies

When a continuous laser and a laser with different frequencies of communication
signals were used as the light source, the experimental results of the three-channel fiber
laser-phased array multiplex communication system were as presented in Figure 5. The
interference fringes of the continuous laser are shown in Figure 5a; when the communica-
tion modulation frequency of each channel was 200 MHz and 500 MHz, respectively, the
interference fringes were as shown in Figure 5b,c.
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The streak contrast and main lobe energy concentration were selected as the evaluation
criteria for interference fringe quality. (Streak contrast V = (Imax − Imin)/(Imax + Imin), in
which Imax is the maximum value of far-field beam intensity, and Imin is the minimum value
near the spot of Imax.) The concentration of the main lobe energy was obtained by dividing
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the sum of the energy of the main lobe by the sum of the energy of all the interference
fringes after taking 10,000 points spaced equally by the interference pattern.

The streak contrast and main lobe energy concentration of interference fringes modu-
lated by different communication modulation frequencies are shown in Table 2. It could be
concluded that the beam quality decreased with the addition of the laser to the communica-
tion modulation, and the higher the frequency of communication modulation, the worse
the beam quality.

Table 2. The beam quality of interference fringes.

Continuous Laser Each Way with 200 MHz Communication Each Way with 500 MHz Communication

Streak contrast 0.566 0.454 0.356
Contrast reduction rate - 19.8% 37.1%

Main lobe energy
concentration 7.92% 7.15% 6.72%

Concentration
reduction rate - 9.7% 15.2%

3.2. Experiments Using Different Algorithms at the Same Communication Modulation Frequency

Next, the communication modulation frequency of the experimental variables was
controlled consistently to verify the improvement effect of the different algorithms on
beam quality. When the modulation frequency of each communication path was 500 MHz,
Figure 6 presents the spot images obtained under different conditions without the algorithm,
with the SPGD algorithm and with the AdaDelSPGD algorithm.
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Figure 6. Images of interference fringes with 500 MHz communication each way. (a) Without
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When the modulation frequency of each communication channel was 500 MHz, the
calculated values of streak contrast and main lobe energy concentration were as shown in
Table 3. It could be concluded that the SPGD algorithm could improve the streak contrast
and main lobe energy concentration. The AdaDelSPGD algorithm proposed in this paper
can further improve the beam quality under the same conditions; it can improve the contrast
by 25.9%, and the main lobe energy concentration by 15.9%

Table 3. The beam quality of interference fringes of different algorithms.

Without Algorithm SPGD Algorithm AdaDelSPGD Algorithm

Streak contrast 0.363 0.404 0.457
Contrast enhancement rate - 11.3% 25.9%

Main lobe energy concentration 6.79% 7.18% 7.87%
Concentration enhancement rate - 5.7% 15.9%
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3.3. Experiments on the Influence of the Algorithm on the Bit Error Rate of Communication

The fiber laser-phased array communication system uses four channels of the same
code to communicate at the same time, and each channel communication frequency is
8G. The purpose of multi-channel simultaneous communication is to increase the com-
munication power and communication distance. Figure 7 shows the eye diagram of the
experimental site.
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The experiments were carried out in an indoor close-distance environment and an
outdoor long-distance environment. If the distance between the receiving end and the
transmitting end was 20 m, the transmitting power of each channel was 1 mW, for a total
of 4 mW, and an optical fiber collimator was used to receive the data. The waveform
before and after applying the AdaDelSPGD algorithm was observed by an oscilloscope.
Optical power was measured using a detector, and the bit error rate was obtained by FPGA.
When the distance between the receiving end and the transmitting end was 3 km, and the
transmitting power of each channel was 20 W, for a total of 80 W. Due to the large size of
the synthetic spot, four collimators were used to receive data, and the optical power and bit
error rate were recorded. Multi-channel reception is conducive to improving the bit error
rate. Before and after applying the AdaDelSPGD algorithm, the optical power values and
BER values were obtained for both the inner and outer field experiments and are shown in
Table 4. As can be seen from the table, the optical power was improved by more than 30%,
and the bit error rate decreased before and after the AdaDelSPGD algorithm was added,
regardless of the close indoor conditions or the long distance outside the city environment.

Table 4. The changes in optical power value and bit error rate before and after adding the AdaDel-
SPGD algorithm at different distances.

20 m 3 km

The optical power value before algorithm 347 µW 13 µW
The optical power value after algorithm 471 µW 17 µW

Increase in optical power value 35.7% 30.8%
BER before algorithm 5.83 × 10−9 7.64 × 10−6

BER after algorithm 4.35 × 10−9 5.90 × 10−6
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4. Conclusions

In this paper, the AdaDelSPGD algorithm is proposed, which contains an adaptive
gain adjustment coefficient to accelerate convergence. Firstly, the working principle of the
phased array system based on the AdaDelSPGD algorithm is analyzed. The simulation
results show that the AdaDelSPGD algorithm can significantly improve the convergence
speed compared with the traditional SPGD algorithm.

Based on the fiber laser-phased array communication system, the beam quality under
different communication frequencies is analyzed. It is found that the quality of the beam is
reduced by communication, and the higher the communication frequency, the lower the
quality of beam. Secondly, by comparing the traditional SPGD algorithm and the AdaDel-
SPGD algorithm, it is proven that the AdaDelSPGD algorithm has a better effect. When
three-channel 500 M communication is used, the contrast is improved by 25.9% and the
main lobe energy concentration is improved by 15.9%. Finally, the optical power value and
bit error rate are measured before and after the application of the AdaDelSPGD algorithm
in different environments. The experimental results show that, after the algorithm is imple-
mented, the optical power value is increased by more than 30%. When the communication
distance is 20 m, the bit error rate of the system is reduced from 5.83 × 10−9 to 4.35 × 10−9

after phase locking by the AdaDelSPGD algorithm. When the communication distance is
3 km, the bit error rate of the system is reduced from 7.46 × 10−6 to 5.90 × 10−6 after phase
locking by the AdaDelSPGD algorithm.
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