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The performance of coherent free-space optical communication (FSOC) is often affected by atmospheric turbu-
lence. Sensorless adaptive optics are widely used in coherent FSOC to mitigate the effect of atmospheric tur-
bulence. However, the control algorithm for sensorless adaptive optics systems remains weak. To enhance the
various performance indicators of coherent FSOC, we propose a hybrid algorithm to improve the coupling ef-
ficiency and mixing efficiency (ME) of the system while reducing the bit error rate (BER). This algorithm
combines the fast convergence rate of the simulated annealing (SA) algorithm at the initial cooling stage and the
beneficial convergence effect of the stochastic parallel gradient descent (SPGD) algorithm, avoiding the algo-
rithm’s need for more iterations and its tendency to enter local optimisation. The simulation results show that the
performance of the proposed hybrid algorithm outperforms that of the traditional SPGD algorithm, regardless of
the intensity of the atmospheric turbulence. The SA and hybrid algorithms display similar performances in strong
atmospheric turbulence, while the hybrid algorithm shows better performance than that of the SA algorithm in
weak atmospheric turbulence.

1. Introduction

With higher transmission rates, higher channel utilisation, and other
advantages, FSOC is currently considered an important supplement to
traditional wireless communication and fibre optics communication
systems [1]. In particular, coherent FSOC has advantages in intensity
modulation direct detection systems, such as high spectrum efficiency
and flexibility for advanced modulation formats and great sensitivity in
homodyne detection. For communication performance, the homodyne
detection module in coherent FSOC effectively improves the sensitivity
compared to heterodyne detection [2]. However, its development is
restricted by atmospheric turbulence. The performance of a coherent
FSOC is influenced by the random phase disturbance caused by the
random fluctuation of turbulence. Adaptive optics (AO) systems are
considered an effective way to solve this problem [3]. A 97-element
continuous surface deformable mirror is used to correct wavefront ab-
errations, and the ME and BER under different conditions are analysed
[4]. Additionally, a new cost function for the wavefront reconstruction
problem with a Shack-Hartmann wavefront sensor has been established.
It addresses the disadvantage of least square reconstruction of the
wavefront by providing smooth transitions of branch cut creation,

evolution, and disappearance. Experimental results show that it could be
used as a better method for handling wavefront aberrations due to
strong turbulence [5]. A multi-frame Shack-Hartmann wave-front
sensor (WFS) measurement improved the accuracy of the recon-
structed wavefront. The results showed that the method is robust in
terms of coping with velocity estimation errors [6]. Considering the
effect of the greenwood frequency, which severely impact the BER of
FSOC [7], an experiment verified that the temporal characteristics may
be stronger than the spatial characteristics of atmospheric turbulence
[4]. The traditional wavefront correction method adopts a closed-loop
negative feedback working mode; however, wave-front phase conjuga-
tion was used to correct the optical wave signal to meet the standard
before transmission.

Wavefront-less AO systems have been increasingly attached, because
a beam split is not required; therefore, they are not sensitive to light
intensity flickers. The SA algorithm increased the average coupling ef-
ficiency in the FSOC system, and it was proven to be better than SPGD
algorithm in some situations. However, the BER and ME in coherent
systems have not yet been analysed [8]. When more Zernike modes are
corrected, the performances of a system operating in non-Kolmogorov
turbulence strongly increase [9]. Regarding machine learning, which
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hence, it is not suitable for all applications. Thus, the wavefront-less AO
algorithm has a unique advantage in FSOC [12]. To increase the
convergence rate, wavefront-less AO algorithms based on incoherent
FSOC systems were investigated in our previous work [13]. However,
little research has been conducted on the performance of the sensorless
AO algorithm based on a coherent FSOC system.

In this paper, a hybrid algorithm is proposed to increase the per-
formance indicators of a coherent communication system. In the pro-
posed hybrid algorithm, the convergence rate is increased by the rapid
cooling process of the SA [14] algorithm in coarse correction, whereas
the performance index is guaranteed by the SPGD algorithm [15] in fine
correction. We investigated different performance indices such as BER,
ME, and coupling efficiency. According to the simulation results, the
hybrid algorithm can reduce the calculation amount while improving
the performance of the system. The hybrid algorithm can achieve better
performance by using fewer iterations than the other two algorithms in
atmospheric turbulence of different intensities [16]. The results of this
study can provide a reference for the design of coherent optical
communication systems.

2. System model

The system model of the coherent FSOC with a closed-loop
controlled AO is shown in Fig. 1. The digital signal is transformed to a
light signal by the photoelectric converter before transmission. Then, the
laser beam disturbed by atmospheric turbulence is corrected using
wireless adaptive optics (WLAO) [17]. After the corrected laser beam is
mixed with the local oscillation (LO) laser beam, the mixed laser beam is
coupled into a single-mode fibre. The mixed laser beam is then trans-
formed into a digital signal. During this process, the laser beam is
disturbed by atmospheric turbulence, and the amplitude and phase of
the laser beam is changed; thus, WLAO is introduced to correct the
distortion. The WLAO work cycle was divided into three steps. First, the
charge coupled device (CCD) obtains the distortion information of the
laser beam, then the wavefront controller controls the deformable
mirror (DM) [18] based on the distortion information, and the adaptive
DM can correct the light wave in real time [19]. Thus, communication
performance is improved.
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Fig. 2. Change curve of coupling efficiency.

3. Theoretical basis

3.1. Coupling efficiency analysis

In free-space optical communication, light needs to be coupled into a
single-mode fibre for complete transmission. Therefore, researchers
typically use coupling efficiency when analysing the quality of free-
space optical communications. However, the alignment problem oc-
curs in the coupling process owing to various wavefront aberrations
introduced by atmospheric turbulence [20], which results in a decrease
in the coupling efficiency. To solve this problem, we can correct the
wavefront aberration using various adaptive algorithms. In the ideal
state, the coupling principle of the optical fibre is similar to the pattern
matching relation between the airy mode field and optical fibre mode
field, and the distribution of the diffraction field and the incident light
wave mode field also satisfies the Fourier transform.

The coupling efficiency [21] of the fibre is defined as the ratio of the
optical power coupled into the fibre to the incident optical power of the
aperture of the receiving antenna, which can be expressed as (1):

s

P |[Ur) U (r)dr?
=P, [JU(r)[ar
Here, P is the power of the light coupled into the fibre, P, is the

power of the incident light, and Uj(r) is the incident light wave mode
field of the receiving antenna [21], which can be expressed as:

€5)
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Here, ) is the wavelength of the laser, f is the focal length, I() is the
Bessel function of the first-order modified, r is the distance in polar
coordinates, Dy is the lens aperture, and o is the mode radius of the Airy

disk.
Un(r) is the optical fibre mode field [22], which can be expressed as

Equation (3):

Ui(r)
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where g is the mode radius of the single-mode fibre.
This can be obtained by combining equations (2) and (3) to obtain:
—3.667 5 1.834

n, = Zﬂexp((w/wo)z) X 11/2((w/w0)2) “4)

where I3 5 () is a modified Bessel function of half order.

Using ©,w¢ as an independent variable and coupling efficiency as a
dependent variable, we can obtain Fig. 2.

Fig. 2 shows that the maximum coupling efficiency of the fibre is
approximately 0.81. The expression of the coupling efficiency under
adaptive optics correction [23] is:

1 1
7, = 8 / / exp[— (@ + Ar/Ac) (2 + 12)] -
0 0
'IQ(ZAR/ACxl)Cz)XIdexldX2
a is the aperture radius of receiving lens, and it can be expressed as:

DR 105

377? (6)

Ay is the cross-sectional area of the receiving aperture, which is
defined as:

2
_ Dy

Ag 1

@]
Ac is the coherent area of incident light space, which is defined as:
Ac = np}. ®

pc is the standard spatial coherence length corrected by the fried
function [24] and can be expressed as:
3.44

pe = o.zss(m)“f(’mro 9)

where j is the number of Zernike coefficients corrected.
3.2. ME analysis

We assumed a plane wave as the LO, and the intensity of the optical
signal (OS) was uniform. When the frequency of the LO is equal to that of
the OS, it can be called homodyne detection. If the frequency of LO is not
equal to that of the OS, it can be called heterodyne detection.

In homodyne detection, the ME [7] can be defined by:

([ AsAocos(p(r) + o(t))ds]’

[ A%ds [ Alds aon

nxSR =

where Ag and Ap are the amplitudes of the OS and LO in the coherent
FSOC system, respectively. ¢(r) is a time-independent phase variable
introduced by atmospheric turbulence, and ¢(t) is a space coordinate-
independent variable related to the modulation phase of the OS.

3.3. BER analysis

BER is an important parameter for evaluating transmission perfor-
mance. This parameter is often significantly affected by the atmospheric
turbulence. The beam deviation caused by turbulence will bring an
additional SNR ratio and eventually lead to a decline in communication
reliability.

The BER of the coherent FSOC system [8] can be obtained using
equation (11), as follows:

1 [SNR
BER = zerfc( T) 1)
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where SNR is the signal-to-noise ratio of the coherent FSOC, and erfc is
the complementary. The SNR can be expressed by the quantum effi-
ciency, the number of photons received within a single bit, and ME [8].
For a Binary Phase Shift Keying (BPSK) received system disturbed by
atmospheric turbulence, the BER is:

BER = %erfc(\/Zﬁan) 12)

where 6 is the quantum efficiency of the detector,  is ME, and Np is the
number of photons received within a single bit.

4. Analysis of several WLAO algorithms
4.1. Simulated annealing algorithm

The simulated annealing algorithm is a physical annealing model-
based algorithm used to find the lowest energy state. This algorithm
simulates the process by which particles gradually change into an or-
dered state as an object cools down at a high temperature. In the process
of change, it maintains the equilibrium state as much as possible and
reaches the ground state at room temperature. This algorithm is suitable
for any process that requires a global search. It uses a high initial tem-
perature to increase the number of iterations to obtain the lowest energy
solution. In this process, generating a new solution must be repeated, the
difference in the objective function is calculated, and a new solution is
chosen. According to the metropolis criteria, if the energy of the new
solution is lower than that of the original solution, the new solution is
accepted. Otherwise, the new solution is received with a probability of
exp(—AT/T). Because its convergence speed is faster than that of the
SPGD algorithm, this algorithm is used for coarse correction to ensure
the real-time performance of the system.

The specific algorithm flow is as follows:

(1) Set the initial value of the Cooling Schedule.

(2) Generate new solution S.

(3) Calculate the incremental AT.

(4) For AT < 0, accept the new solution, for AT > 0, accept the new
solution with a probability of exp(-AT/T).

(5) Perform the appropriate number of steps 2 through 4 according to
the number of iterations set by the Cooling Schedule.

(6) Attenuate T, go to step 2, and repeat until T = 0.

4.2. Stochastic parallel gradient descent algorithm

The SPGD algorithm is a typical sensorless correction algorithm. It
has attracted a significant amount of attention because it is particularly
suitable for correcting wavefront aberrations caused by atmospheric
turbulence that cannot be accurately described by a specific model.

The SPGD algorithm uses the image quality evaluation function J to
search for the optimal correction voltage in the gradient descent direc-
tion. J can be expressed as the SR. The image quality evaluation algo-
rithm calculates the ratio of the actual light intensity to the ideal optimal
light intensity in the unit circle. Generally, when the image quality
evaluation reaches 0.8, the wavefront is considered well-corrected. Its
specific algorithm [25] analyses the image quality of the initial distorted
wavefront, and the quality value J can be obtained using Equations (13),
(14), and (15).

IO = J[u + su) (13)
T = T — 5u™)] (14)
ST = g — gt @s)

The updated iterative voltage is calculated through the expression,

utD = 40 4 ps T 5y (16)
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Fig. 4. Zernike coefficients of initial distortion in strong turbulence.

Fig. 3. Zernike coefficients of initial distortion in weak turbulence.

where p is the gain coefficient.

Via this process, we can calculate an updated J through iterative
operations until the index reaches the standard. After many iterations,
the SR approaches the lowest value with the number of iterations.

The specific algorithm flow is as follows:

(1) Send wavefront aberration to the image quality analyser.

(2) Set the initial value of the disturbance voltage.

(3) Randomly generate a disturbance matrix.

(4) Obtain image quality analysis of the forward and reverse
disturbances.

(5) The iterative voltage is generated.

(6) The above steps are repeated until the terminal conditions are
met.

4.3. Hybrid algorithm

Among the current fast correction algorithms, convolution neural
network algorithms are only suitable for wavefront aberrations . . ’
described by lower-order Zernike coefficients. In the actual transmission 20 40 60 80 100 120
process, the 35 order Zernike polynomial can perfectly represent phase diagram in weak turbulence
wavefront aberrations. In this situation, too many samples are required
to deal with complex turbulence, making its classification difficult and
impractical.

The advantage of the SA algorithm is that it has a fast convergence
speed. However, the effect of the SA algorithm is related to the param- 120
eter setting; thus, it cannot guarantee that every correction result is
accurate. The advantage of the SPGD algorithm is its universality and
maturity, but the disadvantage is that it is slower and may enter local 100
optimisation, the probability of which depends on the peak valley value.

To address these issues, a hybrid algorithm is proposed herein. First,
the SA algorithm is used to correct aberrations until the Root Mean
Square (RMS) is reduced to a certain degree. Then, the residual aber-
rations can be corrected using the SPGD algorithm. Theoretically, the SA 60
algorithm has a very fast convergence speed for coarse correction. In
order to reduce the wavefront aberration quickly, we first use the SA
algorithm to make a coarse correction. At the same time, the peak valley 40|
(PV) value of the aberration is greatly reduced after SA algorithm
correction; thus, when the SPGD algorithm is used to correct the residual
error, the possibility of entering the local optimisation process will be
greatly reduced. Thus, the real-time accuracy of the system is
guaranteed.

Fig. 5. Phase diagrams for weak turbulence.

80

20

20 40 60 80 100 120
phase diagram in strong turbulence

5. Numerical simulation
Fig. 6. Phase diagrams for strong turbulence.
To verify the performance of these algorithms, we used two sets of
different Zernike coefficients to fit the initial aberrations due to strong
and weak turbulence. The Zernike coefficient can represent the wave-
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front aberration intensity; the larger the value, the larger the corre-
sponding aberration. We assume a laser beam with a wavelength of 1.55
um and that the ratio of the optical lens diameter to the focal length is 1.
In this system, the number of photons received within a single bit is 10,
the mode radius of the Airy disk is 10~'2, the quantum efficiency of the
detector is 1. Two wavefront aberrations that meet the above conditions
are randomly generated, and their Zernike coefficients are shown in
Figs. 3 and 4.

The corresponding phase diagrams are given in Figs. 5 and 6.

The SPGD algorithm, SA algorithm, and hybrid algorithm were used
for the above two aberrations. The RMS changes after 800 iterations are
shown in Figs. 7 and 8.

According to Fig. 9, the effect of the first 400 iterations is relatively
obvious. After 600 iterations, the image has converged and the phase is
basically restored, thereby far-field spots can be concentrated, which
proves the effectiveness of the hybrid algorithm.

The coupling efficiency for different intensities of turbulence after
800 iterations is shown in Figs. 10 and 11.

The ME for different intensities of turbulence after 800 iterations is
shown in Figs. 12 and 13.

The BER for different intensities of turbulence after 800 iterations is
displayed in Figs. 14 and 15.

According to the Fig. 7, it can be found that in the case of weak
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Fig. 9. Change of wave-front images with the number of iterations for weak
and strong turbulence. (a)-(d) for weak turbulence and (e)-(h) for
strong turbulence.

turbulence, the SA algorithm and hybrid algorithm can reduce RMS to
0.15 after 150 iterations, whereas the SPGD algorithm needs 500 iter-
ations to achieve similar results. Therefore, compared with the effi-
ciency of the SPGD algorithm, the efficiencies of the other algorithms are
improved by 70%. After 800 iterations, the RMS of the hybrid algorithm
is 0.03 and the coupling efficiency is 0.80; the RMS of the SPGD algo-
rithm is 0.05 and the coupling efficiency is 0.80; the RMS of the SA al-
gorithm is 0.18 and the coupling efficiency is 0.78. The SPGD algorithm
after 800 iterations is superior to the SA algorithm, but its result is not as
good as that of the hybrid algorithm. In the case of strong turbulence,
after 800 iterations, the RMS of the hybrid algorithm is 0.03 and the
coupling efficiency is 0.80; the RMS of the SPGD algorithm is 0.5 and the
coupling efficiency is 0.78; the RMS of the SA algorithm is 0.15 and the
coupling efficiency is 0.80. Under strong turbulence, the SPGD
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Fig. 16. Far-field images before and after correction for weak turbulence.

Fig. 17. Far-field images before and after correction for strong turbulence.

algorithm performs poorly, but the hybrid algorithm and SA algorithm
perform significantly better, with the hybrid algorithm slightly out-
performing the SA algorithm after 400 iterations. As for ME, the result
shows that after several iterations, the ME may approach 1, leading to a
rapid decline in the BER. This phenomenon was more pronounced under
weak turbulence.

Among the existing hybrid algorithms, the algorithm proposed in
reference 10 achieves an effective rough classification with CNN, fol-
lowed by fine correction using the SPGD algorithm. RMS reduces to
0.3785 after the CNN module, and RMS converges to 0.216 after 200
iterations of the SPGD algorithm. Although the hybrid algorithm pro-
posed in this paper lacks the CNN classification process, the rapid
convergence effect of the SA algorithm in rough correction can cause
RMS to decrease significantly. After 120 iterations, RMS may be reduced
to 0.179 in this paper. In contrast to the algorithm in reference 10, this
hybrid algorithm can keep lowering the RMS. Finally, the RMS has been
reduced to 0.03.

In theory, the hybrid algorithm based on the SPGD algorithm and the
Newton iterative algorithm [12] has a good fitting effect, but it requires
to adjust the gain coefficient depending on the situation to get the
optimal convergence effect. The hybrid algorithm in reference 10 got the
RMS of 0.1149. However, the hybrid algorithm in this paper can pro-
duce a similar result in less than 300 iterations and has a good effect in
following iterations, therefore it has benefits.

According to the simulation results, the hybrid algorithm is superior
in the case of both weak and strong turbulence. The hybrid algorithm
has the advantage of quickly correcting the aberrations caused by tur-
bulence of various intensities, giving it greater adaptive correction.
Figs. 16 and 17 show the far-field images before and after correction for
weak and strong turbulence.

6. Conclusion
The control algorithm has a significant influence on the quality of the

coherent FSOC. In this study, the SA and SPGD algorithms were com-
bined to form a hybrid algorithm. This hybrid algorithm makes full use

Optics and Laser Technology 149 (2022) 107878

of the fast convergence speed in the coarse correction of the SA algo-
rithm and uses the SPGD algorithm to correct the residual error. This
reduces the possibility of local optimisation in the traditional SPGD al-
gorithm and ensures the reliability of the correction results. The simu-
lation results show that the hybrid algorithm can significantly reduce
the number of iterations in turbulent environments with different in-
tensities, while improving the performance indicators of the coherent
FSOC.
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