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Abstract: High-power linearly polarized fiber lasers are widely used in coherent beam combination,
nonlinear frequency conversion, and gravitational wave detection. With the increase in output power,
it is challenging for fiber lasers to maintain a high polarization extinction ratio (PER). Combined with
intelligent techniques, active polarization control is a prospective method to obtain the laser output
with high PER and high stability. We demonstrate a comprehensive model of an active polarization
control system. The root mean square propagation (RMS-Prop) algorithm is used to control the non-
polarization-maintaining (non-PM) fiber laser to generate linearly polarized laser. The parameters of
the RMS-Prop algorithm are theoretically analyzed, including cost function, perturbation amplitude,
and global learning rate. The simulation results show that PER is the optimal cost function. When the
perturbation amplitude is 0.06 and the global learning rate is 0.6, the system can achieve the optimal
control speed and accuracy. By comparison with the stochastic parallel gradient descent (SPGD)
algorithm, the RMS-Prop algorithm has an advantage in obtaining higher PER.

Keywords: fiber laser; polarization extinction ratio; active polarization control; root mean square
propagation algorithm

1. Introduction

Benefitting from high power, excellent beam quality, and high polarization extinction
ratio (PER), high-power linearly polarized fiber lasers have gained extensive attention
for their wide applications in industrial manufacturing and scientific research, such as
coherent beam combination (CBC) [1–3], nonlinear frequency conversion (NLFC) [4,5], and
gravitational wave detection [6]. CBC of high-power linearly polarized fiber lasers is an
ideal technology to realize 10 kW-level lasers. In 2020, Müller et al. [3] realized an ultrafast
laser delivering 10.4 kW average power based on a CBC system of twelve ytterbium-doped
kW-level linearly polarized fiber lasers. NLFC based on high-power linearly polarized fiber
lasers in near-infrared band is the primary means of accessing high-power fiber lasers in
other bands such as blue–green laser [4] and ultra-violet (UV) laser [5]. The 1 kW linearly
polarized single-frequency fiber lasers are considered to be promising laser sources for the
next-generation gravitational wave detectors (GWDs), as the sensitivity of GWDs can be
increased by increasing the power of laser sources, as well as the degree of polarization [6].

Polarization-maintaining (PM) fibers are usually employed in fiber amplifiers for the
generation of linearly polarized fiber lasers. However, compared with non-PM config-
urations, PM fibers have lower thresholds of nonlinear effects [7] and transverse mode
instability (TMI) [8], and in the process of power amplification, the PER of the PM fiber
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laser has an overall tendency to deteriorate for thermally induced polarization coupling [9],
as a result of which the power scaling of PM fiber amplifiers is more difficult.

Active polarization control of non-PM fiber lasers is an adaptive feedback control
scheme combined with intelligent algorithms. The concept of active polarization control
was first proposed in optical communication [10], and currently it has been fully developed
in both polarization controllers and control algorithms [11,12]. In recent years, the active
polarization control of non-PM fiber lasers has shown great potential in high-power linearly
polarized fiber lasers. In 2010, Goodno et al. [13] demonstrated a 1.4 kW linearly polarized
laser with active polarization control in a non-PM fiber amplifier, and applied it in a CBC
system. In 2018, Platonov et al. [14] reported a fiber amplifier with the PER of 16–17 dB and
power up to 2.5 kW in non-PM fiber configuration using the active polarization control.

Algorithms are crucial in the active polarization control system, which affect the
convergence speed and PER. Various algorithms have been studied in polarization control.
In 2008, Li et al. [15] introduced the simulated annealing (SA) algorithm to polarization
control, and realized the continuous conversion of the state of polarization (SOP) and the
stable SOP output. In 2009, Liu et al. [16] utilized the fast localization algorithm (FLA) as
well as the gradient search algorithm to control the polarization efficiently. In 2013, Huang
et al. [17] reported a novel algorithm based on FLA to accelerate the control speed and
improve the accuracy. In 2020, You et al. [18] proposed a mixed genetic algorithm (GA) and
SA algorithm for polarization control, and analyzed the convergence effect theoretically.
The above algorithms have not been fully optimized, and show low control bandwidth,
low convergence speed, and weak robustness [19]. The stochastic parallel gradient descent
(SPGD) algorithm is an optimized gradient descent algorithm with high convergence speed
and accuracy, and is preferred in the active polarization control of the high-power fiber
laser system. In 2017, Wang et al. [20] and Su et al. [21] realized linearly polarized output
power of 1 kW and 1.43 kW by active polarization control based on the SPGD algorithm,
with a PER of 14.5 dB and 11.1 dB, respectively. However, the learning rate, or gain factor,
of the SPGD algorithm is fixed. It is easy for the algorithm to fall into local optimum when
the learning rate is too small, while the convergence is unstable when it is too large.

The root mean square propagation (RMS-Prop) algorithm is an optimized neural
network algorithm with an adaptive learning rate, which can be dynamically adjusted
and therefore avoids the shortcomings of a fixed learning rate. In the past few years, the
RMS-Prop algorithm has been used in the active polarization control system of high-power
lasers [22,23]. In 2023, Ren et al. [22] employed an active polarization control technique
based on the RMS-Prop algorithm in the narrow linewidth fiber amplifiers and realized a
record power of 3.83 kW, with a PER of 12.2 dB. In 2024, utilizing the RMS-Prop algorithm,
Wang et al. [23] demonstrated the active polarization control of a high-power linearly
polarized ultrafast fiber laser for the first time, with a highest average power of 402.3 W
at a repetition rate of 80 MHz and a PER of 11.4 dB. The RMS-Prop algorithm has shown
great advantages in the power scaling and the pursuit of a higher PER in high-power fiber
lasers. Nevertheless, there exists no report covering the theoretical analysis of polarization
control based on the RMS-Prop algorithm.

In this paper, in order to provide an instruction for our further experiments, we theo-
retically analyzed the control accuracy and convergence speed of the RMS-Prop algorithm
in the conversion of a random SOP to the linear polarization, which is reported for the first
time. When the PER of output laser is used as the cost function, the amplitude of random
perturbation is set to 0.06, and the global learning rate is set to 0.6, the algorithm shows
the optimal convergence effect. In comparison with the SPGD algorithm, the RMS-Prop
algorithm demonstrated its superiority in the acquisition of a higher PER.

First, in Section 2, the mathematical model of the active polarization control system
based on the RMS-Prop algorithm is established. In Section 3, the impact of different
parameters on the convergence characteristics of the RMS-Prop algorithm is systematically
analyzed. Finally, the performance of the RMS-Prop algorithm is compared with the SPGD
algorithm in Section 4.
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2. Theoretical Model for Active Polarization Control System
2.1. Mathematical Model of Polarization Controller

In this section, we establish the mathematical model of polarization controller (PC) to
calculate the PER of the output laser of an active polarization control system. Figure 1 shows
the schematic diagram of active polarization control. The seed source is a phase-modulated
single-frequency (SF) linearly polarized fiber laser. The phase modulator (PM) is employed
for the suppression of the stimulated Brillouin scattering (SBS) effect, which is one of the
key factors that limit the power scaling of fiber lasers. The SF seed laser is phase-modulated
through the radio frequency amplified signal, such as sinusoidal signal, white noise signal
(WNS), and pseudo-random bit sequence (PRBS) signal, as a result of which the linewidth
of the seed laser is broadened and therefore, the threshold of SBS is improved [24,25]. In
addition, in the master oscillator power-amplifier (MOPA)-structured fiber laser based
on phase-modulated SF seed laser, other nonlinear effects such as self-phase modulation
(SPM) and four-wave mixing (FWM) can also be effectively suppressed [24]. After passing
through a PC and being amplified by the amplifiers, the laser is finally collimated into
free space through the high-power collimator (CO). The output laser is split into two
orthogonally polarized beams by a polarization beam splitter (PBS). The S-polarization
beam is reflected by the PBS, and the P-polarization beam passes through it and then is
sampled by a high-reflectivity mirror M1. A photo detector (PD) is employed to detect
the sampled beam of M1 and generates a feedback voltage signal, which will be sent to
the algorithm controller, and is processed by RMS-Prop algorithm. By performing the
algorithm, the controller generates four-channel voltage signals to PC for controlling the
SOP of the seed laser to compensate the effect of polarization noise during amplification
process, and finally realize the linearly polarized output laser with high PER.

Figure 1. Schematic diagram of active polarization control system of fiber laser: PM, phase modulator;
PC, polarization controller; CO: collimator; PBS: polarization beam splitter; PD: photo detector; RF-
AMP, radio frequency amplifier.

In the active polarization control system, one type of all-fiber PC, which is composed
of four piezoelectric ceramics, is preferred for its fast response and high precision. The fast
axis azimuths of four piezoelectric ceramics are fixed. Controlled by the feedback voltage
signals, the piezoelectric ceramics squeeze the fiber, and the induced birefringence produces
phase retardation in two polarization directions. The retardations of four piezoelectric
ceramics vary from 0 to 2π, which is proportional to the applied voltages.

Each piezoelectric ceramic can be described by the Jones matrix [15], as follows:

A(α, δ) =

[
cos α − sin α
sin α cos α

][
exp(iδ/2) 0

0 exp(−iδ/2)

][
cos α sin α
− sin α cos α

]
, (1)

where α is the azimuth angle of the fast axis and δ is the retardation caused by feedback
voltage. Usually, α is 0◦ for the first and third piezoelectric ceramics, and 45◦ for the
two others.

In fact, adopting three piezoelectric ceramics is enough to realize the control of ar-
bitrary SOP [26], and the fourth one is used to prevent the mutation of SOP during the
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endless reset process in the experiments. We neglect the endless reset for the simplification
of simulation, and take three piezoelectric ceramics into consideration. The Jones matrix of
PC can be given as follows:

A(δ1, δ2, δ3) = A3(0, δ3)A2(π/4, δ2)A1(0, δ1)

=

[
cos δ2

2 exp i(δ1+δ3)
2 i sin δ2

2 exp −i(δ1−δ3)
2

i sin δ2
2 exp i(δ1−δ3)

2 cos δ2
2 exp −i(δ1+δ3)

2

]
(2)

Input laser with arbitrary SOP can be expressed as follows:

Ein =

[
cos θ

sin θ exp(iφ)

]
, (3)

where θ is the azimuth of SOP, and φ is the phase difference in two orthogonal directions.
So, the output laser is as follows:

Eout = A(δ1, δ2, δ3)Ein =

[
Ex
Ey

]
=[

exp i(δ1+δ3)
2 cos δ2

2 cos θ + i exp i(2φ−δ1+δ3)
2 sin δ2

2 sin θ

exp i(2φ−δ1−δ3)
2 cos δ2

2 sin θ + i exp i(δ1−δ3)
2 sin δ2

2 cos θ

] (4)

Then, the output laser intensity in horizontal and vertical directions can be given
as follows:

Ix = ExE∗
x =

[
cos (δ1+δ3)

2 cos δ2
2 cos θ − sin (2φ−δ1+δ3)

2 sin δ2
2 sin θ

]2
+[

sin (δ1+δ3)
2 cos δ2

2 cos θ + cos (2φ−δ1+δ3)
2 sin δ2

2 sin θ
]2 , (5)

Iy = EyE∗
y =

[
cos (2φ−δ1−δ3)

2 cos δ2
2 sin θ − sin (δ1−δ3)

2 sin δ2
2 cos θ

]2
+[

sin (2φ−δ1−δ3)
2 cos δ2

2 sin θ + cos (δ1−δ3)
2 sin δ2

2 cos θ
]2 (6)

Based on Equations (5) and (6), retardations (δ1, δ2, δ3) determine the laser intensity
in two directions, as well as the PER of output laser. In the experiments, we adopt algo-
rithms to control the voltage applied on each piezoelectric ceramic, and thereby optimize
their retardations.

2.2. RMS-Prop Algorithm

The RMS-Prop algorithm is the extension of the SPGD algorithm with an adaptive
learning rate. The cost function J is a function of the control signals u (u1, u2, . . ., uN).
Random perturbations δu (u1, u2, . . ., uN) are imposed to u, and thus result in the change
in the cost function δJ. According to δu and δJ, the control signal u is updated and iterated
until J is optimized to the extreme value.

The steps for the RMS-Prop algorithm can be briefly described as follows:

1. initialize the control signal parameters u = {u1, u2, . . ., uN }, which is usually ran-
domly given;

2. generate random perturbations with Bernoulli distribution: δu = {δu1, δu2, . . ., δuN};
3. apply the control signals with positive and negative perturbations: u± = {u1 ± δu1,

u2 ± δu2, . . ., uN ± δuN}, and obtain the cost functions J+ and J−;
4. calculate the gradient value, as follows:

g =
J+ − J−

J+ + J−
(7)
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5. accumulate the square gradient, as follows:

ri+1 = βri + (1 − β)g2, (8)

where i is the iteration number, the attenuation coefficient β is a hyperparameter,
which is set to 0.9, and the initial accumulation of square gradient r0 = 0;

6. update the control signals as follows:

ui+1 = ui +
η√

ri+1 + ε
· g · δui, (9)

where η is global learning rate, and the hyperparameter ε is a small constant, which is
0.01 in our simulation;

7. iterate the steps (2)–(6) descripted above until the RMS-Prop controller is turned off.

3. Simulation Results and Discussion

In the simulation, the parameters of the RMS-Prop algorithm including the amplitude
of random perturbation δu, global learning rate η, and the cost function J are simulated
and optimized to achieve high convergence speed and accuracy.

3.1. Cost Function

There mainly exist three forms of cost functions [18,27], as follows:

J1 = Iy, (10)

J2 =
Iy − Ix

Iy + Ix
, (11)

J3 = 10lg
(

Iy/Ix
)

(12)

Among the three cost functions, J1 is the laser intensity in the y-direction, J2 is the
degree of polarization (DOP), and J3 is the PER of the output laser. Firstly, the convergence
of the RMS-Prop algorithm under different cost functions is simulated. In order that the
results are more statistically significant, the program is executed for one thousand times
and the calculated data are averaged. When δu = 0.05 and η = 0.4, the simulation results
of three cost functions iterating for five hundred times are shown in Figure 2a,b. The
horizontal axis in the figure represents the iteration number, and the vertical axes represent
DOP and PER, respectively. When J1 is the cost function, DOP cannot converge to 0.98
within 500 iterations, while it is realized by J2 and J3 after 467 and 201 iterations. J3 has a
better convergence performance than the others, which can be seen more obviously from
the curve graph of PER. J3 is chosen as the cost function in our following simulations.

Figure 2. Convergence curves for different cost functions: (a) DOP curves; (b) PER curves.
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3.2. Amplitude of Random Perturbation

The amplitude of random perturbation δu is one of the important parameters for
the RMS-Prop algorithm. As δu increases, the convergence speed of the algorithm can
be significantly improved. However, when it exceeds a threshold, the convergence will
deteriorate, which is not only reflected as instability, but the inability to reach a high
convergence value as well.

Figure 3a,b show the convergence curves of the RMS-Prop algorithm with different δu.
The cost function is J3 and η = 0.4. When δu is 0.02 or 0.04, it is too small for the algorithm
to converge to 0.99 within 300 iterations. When δu is 0.06, the algorithm converges to a high
value at a relatively fast speed. When δu exceeds 0.06, although the algorithm converges
extremely fast in the first few steps, the convergence value begins to deteriorate within
300 iterations, which is explicit in the PER curves. Thus, 0.06 is the optimal value for the
amplitude of random perturbation, and the algorithm has both a fast convergence speed
and high accuracy with δu = 0.06.

Figure 3. Convergence curves for different perturbation amplitudes: (a) DOP curves; (b) PER curves.

3.3. Global Learning Rate

Global learning rate η is another important parameter for the RMS-Prop algorithm.
The simulated DOP and PER at different global learning rates are shown in Figure 4a,b,
with δu = 0.06 and cost function of J3. The optimal value for the global learning rate is 0.6
according to the curve figures. On the one hand, when η is smaller than 0.6, the convergence
speed is relatively slow. On the other hand, when η is larger than 0.6, the convergence of
PER degenerates severely, which converges fast in the first few steps while beginning to
fluctuate around a relatively small value not long after the algorithm works.

Figure 4. Convergence curves for different global learning rates: (a) DOP curves; (b) PER curves.
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According to the above analysis, the optimal combination of parameters for the RMS-
Prop algorithm is concluded. The PER of the output laser is the optimal cost function for
the algorithm. When the amplitude of random perturbation is 0.06 and the global learning
rate is 0.6, the control effect of polarization is optimal, which means the DOP converges
very close to 1 and the PER reaches an extremely high value at a high speed.

4. Comparison with SPGD Algorithm

SPGD is a typical algorithm in polarization control systems, and relevant investigations
have been extensively carried out [18–21,27]. In this section, we simulate the convergence
performance of the SPGD algorithm for comparison with the RMS-Prop algorithm.

Similar to the RMS-Prop algorithm, the SPGD algorithm is one kind of gradient
optimization algorithm, and random perturbations δu with Bernoulli distribution are also
imposed to control signals when the SPGD algorithm works. Then, the cost function under
positive and negative perturbations, J+ and J−, are obtained, respectively. The iteration of
control signal u can be expressed as follows:

ui+1 = ui + γδui
(

J+ − J−
)

(13)

where i is the iteration number, and γ is the gain factor.
Cost function J, perturbation amplitude δu, and gain factor γ are the three main factors

that have influence on the convergence performance of the SPGD algorithm. The impact
of the three parameters on the algorithm are studied. The simulation results are shown in
six sub-pictures (Figure 5a–f). Among them, the three pictures on the left (Figure 5a,c,e)
are the results of DOP, and the three pictures on the right (Figure 5b,d,f) are the results of
PER. Sub-pictures Figure 5a,b show the convergence performance of the SPGD algorithm
with different cost functions. We set δu = 0.05 and γ = 15 according to previous experience
of correlational study [18,27]. J1–J3 correspond to Formulas (10)–(12). Apparently, J2 has
a better convergence speed and accuracy than J1, while J3 fails to converge in the SPGD
algorithm. We use J2 as the cost function in our following simulations. Sub-pictures
Figure 5c,d are the simulation results of different perturbation amplitudes. γ is still set to
15, and δu ranges from 0.04 to 0.3. When δu = 0.04, 0.08, and 0.12, DOP converges to 0.95
through 167, 46, and 22 iterations. When δu = 0.16, the convergence value of PER begins to
deteriorate. When δu = 0.3, it is clearer from both figures that the convergence value is low
and unstable. Sub-pictures Figure 5e,f show the simulation results of different gain factors
γ from 10–100. The convergence speed is relatively slow when γ is 10 or 20, converging to
0.99 with 50 and 32 steps, which is less than 20 steps for γ of 40 and 60. When γ is greater
than 60, it is difficult for the SPGD algorithm to converge.

When utilizing the DOP of output laser (J2) as the cost function, and setting the
parameter δu to 0.12 and γ to 60, the SPGD algorithm will achieve the optimal convergence
effect. We compare the SPGD algorithm with the RMS-Prop algorithm, and their optimal
convergence effect of PER is shown in Figure 6. Although the convergence speed of the
RMS-Prop algorithm is actually not slow, the SPGD algorithm converges faster obviously.
When it comes to convergence accuracy, the RMS-Prop algorithm is superior to that of the
SPGD algorithm. When the iteration number reaches a certain value (85 in our simulation),
the convergence PER of RMS-Prop algorithm is greater than the SPGD algorithm. After
three hundred iterations, the lead is extended to ~10 dB (68.9 dB for the RMS-Prop algorithm
and 58.4 dB for the SPGD algorithm. Thus, despite that the RMS-Prop algorithm still has
room for improvement in the convergence speed, it is promising to improve the PER of
active polarization control system, as well as increasing the power of linearly polarized
fiber lasers.
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Figure 5. Convergence curves of DOP and PER of SPGD algorithm with different cost functions (a,b),
perturbation amplitudes (c,d) and global learning rates (e,f).

Figure 6. Comparison of RMS-Prop and SPGD algorithms.

5. Conclusions

In summary, we demonstrate an active polarization control model of fiber laser based
on the RMS-Prop algorithm, and analyze the impact of different parameters on the con-
vergence effect, including cost function, amplitude of random perturbation, and global
learning rate. According to the simulation, when the PER of output laser is utilized as
the cost function, the amplitude of random perturbation is set to 0.06, and the global
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learning rate is 0.6, the convergence effect of the RMS-Prop algorithm is optimal with high
control accuracy and fast convergence speed. In comparison with the SPGD algorithm, the
RMS-Prop algorithm is more efficient for pursuing a high PER, which offers a promising
method for linearly polarized fiber lasers to obtain higher output power.
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