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A B S T R A C T

The adaptive optics system (AOS) has been used to eliminate the effect of atmospheric turbulence for free-
space optical communications. The AOSs are designed based on the statistical average performance of the
turbulence. In reality, the amplitude of turbulence changes drastically, and the AOS cannot always detect and
correct the aberrations appropriately. To prevent the amplitude of turbulence from exceeding the designed
range of the Shack–Hartmann wavefront sensor (SH WFS), the combination of the wavefront sensorless and
SH WFS methods is proposed to extend the detection range. First, the control scheme is demonstrated, and the
numerical simulation is performed. Then, the validation experiments are performed with static and dynamic
turbulence. Results show that the proposed method is valid and that the effective communication time is
greatly lengthened.
. Introduction

Free-space optical communication (FSOC) can change current com-
unication methods owing to its advantages of high bandwidth and

trong abilities to resist interception and interference [1–4]. However,
ue to the effects of the atmospheric turbulence, the communication
erformance of FSOC for the earth-to-satellite and horizontal links
ecreases greatly [5,6]. Recently, the research results show that the
erosol also affect the horizontal link performance [7]. Adaptive op-
ics technique can overcome the distortion of atmospheric turbulence
s it can correct the aberrations in a timely manner [8–10]. Many
daptive optics systems (AOSs) have been utilized for the earth-to-
atellite [11–15] and horizontal links [16,17], with results indicating
hat the FSOC and the communication performance can be improved
reatly. Furthermore, many researchers have analyzed the effects of
he turbulence on the communication performance to support the
OS design of the FSOC [18–22]. Normally, the AOSs are designed
ased on the statistical characteristics of atmospheric turbulence, and
he statistical parameters of Fried coherence length 𝑟0 and Green-
ood frequency 𝑓𝐺 are used to design the detection spatial frequency
nd system control bandwidth of the AOS. Actually, the atmospheric
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turbulence, especially the horizontal turbulence, is random and the
aberrations can sometimes exceed the designed range of the Shack–
Hartmann wavefront sensor (SH WFS) [23]. For example, in one day,
the turbulence strength of daytime is much larger than that of the night.
Even in a short time period, the turbulence also changes drastically.
Thus, the aberrations cannot be detected and corrected appropriately,
and the communication bit error rate (BER) is increased significantly.
The wavefront sensorless AOSs may be selected to solve this problem
as the aberrations are reconstructed by the measured images with the
camera [24–26]. However, to reconstruct the wavefront accurately, all
the phase retrieval algorithms require multiple iterations that take a
long time to execute [27,28]. As the real time demand of the FSOC,
the wavefront sensorless AOS is typically unsuitable for correcting the
atmospheric turbulence. However, even though sensorless AOS has
several disadvantages, it is most suitable for the task at hand.

In this paper, we propose a method to timely detect and correct
the atmospheric turbulence, which is stronger than the designed value,
by combining the SH WFS and the wavefront sensorless technique.
First, the concrete method is demonstrated, after which a validation
experiment is performed. Then, the dynamic atmospheric turbulence
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Fig. 1. Configuration for the combination of the wavefront sensorless and SH WFS
modes.

produced by the turbulence simulator is corrected, and the stable laser
communication is acquired. Results show the proposed method may
be used to correct the turbulence, which is stronger than the designed
object for the FSOC. Furthermore, compared with the ordinary AOS,
the effective communication time is lengthened apparently.

2. Method

2.1. Scheme

The detection of distortion is a key procedure for the AOS. For
the horizontal FSOC, the atmospheric turbulence changes drastically,
and the distortions often exceed the designed detection range of SH
WFS. Thus, the AOS cannot work properly as the aberrations cannot be
detected correctly. To solve this problem, the combination of the SH
WFS and wavefront sensorless technique is proposed, the configuration
for which is shown in Fig. 1. First, the wavefront sensorless technique
is used to obtain the distorted wavefront information, and the camera
used to track the beacon light is utilized to acquire the image used
for the wavefront reconstruction. The deformable mirror (DM) is con-
trolled by retrieved wavefront, after which the distortions are partially
corrected, and the magnitude of the aberration is reduced. While the
distortions are reduced into the measurement range of SH WFS, the
adaptive correction mode is immediately switched from the wavefront
sensorless to the direct wavefront detection mode, and the DM is
controlled by the detected wavefront with the SH WFS. As the SH WFS
can measure the wavefront rapidly with high accuracy, the distortions
may be corrected accurately and low communication BER is realized,
while the turbulence is stronger than the designed value. Initially, the
wavefront sensorless mode is used to measure and correct the large
dynamic range turbulence; then, the direct detection mode is selected
to realize high frequency detection and correction. Unlike the ordinary
wavefront sensorless technique, we only use it at the initial stage to
reduce the turbulence strength, but not to correct the turbulence at
the whole communication process. Hence, the shortcomings of slow
correction are acceptable. By using the wavefront sensorless technique,
the turbulence may still be detected and corrected effectively even if the
amplitude of the aberration exceeds the detection range of SH WFS.

The concrete control process is shown in Fig. 2. First, the stochastic
parallel gradient descent (SPGD) algorithm is used to retrieve the aber-
rations according to the measured image of the camera. The aberrations
are corrected by the DM, after which a switch criterion is established to
determine which detection mode is chosen at the next step. Assuming
the ‘‘no’’ instruction is sent by the switch criterion, the DM is still
controlled under the wavefront sensorless mode, and the atmospheric
turbulence is corrected once again. If the aberrations can be measured
by the SH WFS, the switch criterion gives the ‘‘yes’’ instruction, and
2

the AOS goes into the loop that includes the SH WFS and DM. At this
stage, the aberrations are detected by the SH WFS and corrected by
the DM, and high frequency and accuracy correction may be realized
compared with the wavefront sensorless method. With this correction
scheme, the input of the algorithm is both the far field image captured
by the camera and the wavefront detected with the SH WFS: first, the
far field image is used to retrieve the distorted wavefront; while the
SH WFS can detect the distortion rightly, the detected wavefront is
selected as the input variable. As the wavefront sensorless mode is only
used at the initial stage of adaptive correction, the time consumption
is short and it is now possible to detect and correct stronger turbulence
accurately for the FSOC.

2.2. Phase retrieval with the SPGD algorithm

For achieving wavefront sensorless AOS, the SPGD algorithm is
suitable for the wavefront retrieval [29–31]. The turbulence-induced
aberrations can be corrected by optimizing the system performance
metric J. For a DM, the applied voltage at (i+1)th iterations may be
expressed as [31]

⃖⃗𝑢𝑖+1 = ⃖⃗𝑢𝑖 + 𝛾𝛥⃖⃗𝑢𝑖𝛥𝐽𝑖, (1)

where the voltage vector ⃖⃗𝑢 =
[

𝑢1, 𝑢2,… , 𝑢𝑁
]

, in which N represents the
number of actuators; 𝛾 is the descent rate, which is positive for finding a
maximum of J and vice versa; 𝛥J is the variation of J ; and 𝛥u represents
the applied perturbation voltages. Furthermore, 𝛥u𝑖 represents the un-
correlated random variables with identical amplitudes |

|

𝛥𝑢𝑖|| = 𝑎, which
obey the Bernoulli probability distribution Pr

(

𝛥𝑢𝑖 = ±𝑎
)

= 0.5 [29,32].
Although the SPGD algorithm has improved the convergence speed,

t is still difficult to overcome the effects of atmospheric turbulence. In
his paper, the wavefront sensorless technique is just used to weaken
he turbulence, but not to correct the turbulence perfectly. Conse-
uently, to improve the convergence speed further, the Zernike polyno-
ial method is utilized and only some low order aberrations are chosen

o perform the wavefront retrieval. The wavefront may be expressed
ith the Zernike mode given by

=
𝑛
∑

𝑗=1
𝑎𝑗𝑍𝑗 , (2)

where 𝑎𝑗 and 𝑍𝑗 are the 𝑗th coefficient and Zernike mode, respectively.
The wavefront fitted by the DM may be described by

𝜑𝐷𝑀 =
𝑘
∑

𝑖=1
𝑢𝑖𝑅𝑖 =

[

𝑅1, 𝑅2,⋯𝑅𝑘
]

×

⎡

⎢

⎢

⎢

⎢

⎣

𝑢1
𝑢2
⋮
𝑢𝑘

⎤

⎥

⎥

⎥

⎥

⎦

= ⃖⃖⃖⃗𝑀 × ⃖⃖⃗𝑈 , (3)

where 𝑅𝑖 is the influence function of 𝑖th actuator, and ⃖⃖⃖⃗𝑀 and ⃖⃖⃗𝑈 are the
influence and voltage matrix, respectively. The Zernike modes are used
to perform the optimization by combining Eqs. (2) and (3) as follows:

𝜑 =
𝑛
∑

𝑗=1
𝑎𝑗𝑍𝑗 = ⃖⃖⃖⃗𝑀 × ⃖⃖⃗𝑈 , (4)

where the optimization object changes from the applied voltage to the
Zernike coefficient. Eq. (1) may be rewritten as

𝜑𝑖+1 = 𝜑𝑖 + 𝛾𝛥𝜑𝑖𝛥𝐽. (5)

According to Eq. (5), the distortion may be corrected with the selected
modes of Zernike polynomials. Moreover, the iteration speed is propor-
tional to the mode number of Zernike polynomials. As partial correction
is needed to reduce the turbulence strength, only the first few modes
of the Zernike polynomial is selected to perform the optimization, thus
greatly improving the convergence speed.

In the paper, the light intensity captured by the camera in a circle
with the diameter of R is selected as the metric J. This can be computed
as follows:

𝐽 = ∬ 𝐼(x, y)𝑑𝑥𝑑𝑦. (6)

𝑅
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Fig. 2. Flow chart of the proposed method.
.3. Switch criterion

From Fig. 2, we can see that the selection of the switch criterion is
ery important in ensuring the effectiveness of the proposed method.
he switch criterion must effectively judge what time the SH WFS
an measure the aberrations correctly. If the SH WFS can detect the
berrations, almost all the light spots imaged by the microlens array
hould be in the range of their corresponding area. Based on this
ondition, the image correlativity is chosen as the switch criterion: in
he configuration of AOS, the light spot diagram of the SH WFS without
he aberrations is used as a reference image, and the spot diagrams with
berrations are selected as the distorted images. The zero-mean cross
orrelation may be calculated with the reference and distorted images
y using Equation [33]:

𝑍𝑀𝐶𝐶 =

∑𝑝
𝑖=1

∑𝑞
𝑗=1

[

𝑓0
(

𝑥0𝑖, 𝑦0𝑗
)

− 𝑓 0

] [

𝑓 ′
(

𝑥′𝑖 , 𝑦
′
𝑗

)

− 𝑓
′]

√

∑𝑝
𝑖=1

∑𝑞
𝑗=1

[

𝑓0
(

𝑥0𝑖, 𝑦0𝑗
)

− 𝑓 0

]2
√

∑𝑝
𝑖=1

∑𝑞
𝑗=1

[

𝑓 ′
(

𝑥′𝑖 , 𝑦
′
𝑗

)

− 𝑓
′]2

.

(7)

where the size of the reference and distorted images are p × q pixels;
the gray level of the reference and distorted images are represented by
𝑓0(x0,y0) and f′(x′,y′), respectively; and 𝑓 and 𝑓 ′ are the average gray
levels of the reference and distorted images, respectively. This indicates
that the larger the image correlativity, the greater the possibility for
direct wavefront detection with SH WFS. To calculate the 𝐶𝑍𝑀𝐶𝐶 ,
× p × q times of subtraction, 3 × p × q times of multiplication, and

3 × p × q times of addition are needed. While a normal CPU is used to
perform the calculation, the computation time is about (10 × p × q)/109

s. For the SH WFS with 90 × 90 pixels, which is used in this work, the
computation time is about 81 μs which may be ignored.

To choose an effective value of 𝐶𝑍𝑀𝐶𝐶 as the switch criterion, a
simulation is performed first. The distorted wavefronts are produced
with the Zernike form of the Kolmogorov turbulence model [34,35],
and their mean value of root mean square (RMS) is about 6 rad.
Assuming that the SH WFS has the microlens array of 12 × 12, the
concrete simulation and calculation process is shown in Fig. 3. First,
the distorted wavefronts are produced with 36 Zernike modes, and
the distorted image may be calculated using the Fourier transform
3

method. The distorted image (far left of 1st row, Fig. 3) is used as the
input image of the SPGD algorithm, and the coefficients of the first 36
Zernike modes are used for the optimization. At each iteration step,
the wavefront and image can be computed with the SPGD algorithm
simultaneously. Then, the spot diagram of the SH WFS (third row
of Fig. 3) may be calculated with the retrieved wavefront 𝜙𝑆𝑃𝐺𝐷,
and the correlativity 𝐶𝑍𝑀𝐶𝐶 between the reference and distorted spot
diagram may be computed. Furthermore, the detected wavefront of
SH WFS 𝜙𝑊𝐹𝑆 can also be computed according to the spot diagram
shown in fourth row of Fig. 3. If the SH WFS can detect the wavefront
correctly, the difference between 𝜙𝑆𝑃𝐺𝐷 and 𝜙𝑊𝐹𝑆 should be very
small, and its change tendency should be stable. Consequently, the
residual |

|

𝜙𝑆𝑃𝐺𝐷 − 𝜙𝑊𝐹𝑆
|

|

should be calculated at each iteration step
to judge the switch point between the SPGD algorithm and SH WFS.

Fig. 4 shows the correlativity and residual as functions of the itera-
tions at the correction process with the SPGD algorithm. As can be seen,
the correlativity is enlarged with the increased iterations. However,
the residual changes randomly when the iterations are less than 28.
This illustrates that the SH WFS cannot detect the distorted wavefront
normally while the iterations are less than 28 and the correlativity
is smaller than 0.81. The residual is reduced stably if the iterations
are more than 28, thus indicating that the SH WFS can detect the
wavefront accurately, and the reduction of the residual is caused by
the wavefront correction with the SPGD algorithm. Although only a
single simulated result is given in Fig. 4, actually, over 20 trials have
been conducted; moreover, the switch point is at the correlativity of
0.81, but the iterations are different. All the simulated results show
that the correlativity should be larger than 0.81 to detect the wavefront
correctly with the SH WFS; thus, the correlativity of 0.81 is selected as
the switch criterion.

3. Experiment

3.1. Optical setup

To validate the proposed method, an AOS established for the FSOC
is used, as shown in Fig. 5 (the detailed information has been described
in Ref. [36]). The communication and beacon beams are received by
a telescope and then corrected by a tip-tilt mirror (TTM) and a DM,
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Fig. 3. Simulation of the correction process with the wavefront sensorless mode: the input image is produced with a distorted wavefront. The first row presents the images
alculated with the retrieved wavefronts at the second row, and the third row presents the spot diagrams computed according to the retrieved wavefronts. The detected wavefront
y SH WFS is calculated with the corresponding spot diagram.
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Fig. 4. Correlativity and residual as functions of iterations.

respectively. The camera is used to track the beacon light coming
from the transmitting terminal. The SH WFS is used to measure the
aberrations induced by the turbulence with the parameters of 15 × 15

icrolenses and 1.5 kHz sampling frequency. The wavelengths of the
ignal and beacon light are 1550 and 808 nm, respectively. The cou-
ling lens is used to couple the 1550 nm signal beam into the fiber.
he 808 nm beacon light is split into two parts: one goes into the SH
FS for wavefront detection and the other is imaged by the tracking

amera. To produce the strong turbulence, two atmospheric turbulence
imulators are utilized with the atmospheric coherence lengths of 1
nd 0.7 mm, respectively. In order to produce strong turbulence, two
urbulence simulators are placed at the location of the yellow curves,
s shown in Fig. 5. The optical power meter is used to measure the
oupling efficiency of the fiber. In the paper, the BER is calculated by
sing the measured coupling efficiency [22,37]:

𝐵𝐸𝑅⟩ = 1
2
𝑒𝑟𝑓𝑐

(
√

18 × 𝐶𝐸
)

, (8)

ere CE is the coupling efficiency, and 𝑒𝑟𝑓𝑐 (𝑥) = 1− 2
√ ∫ 𝑥 exp

(

−𝑧2
)

𝑑𝑧.

𝜋 0

4

3.2. Static turbulence correction

While the turbulence simulator has not been moved into the optical
layout, the system aberration is measured by the SH WFS, as shown
in Fig. 6(a). The spot diagram is also saved as the reference image,
as shown in Fig. 6(b). The image observed by the camera is shown
in Fig. 6(c); this indicates that the system aberration may be ignored.
Moreover, the coupling efficiencies of fiber and the BER are measured
at 0.82 and 10−8, respectively.

Before correction, two turbulence simulators are moved into the
optical setup to produce strong turbulence. The spot diagram and
measured wavefront of the SH WFS are shown in Fig. 7(a) and (b),
respectively. As can be seen, the light spots in the surrounding areas
with yellow dash lines present the abnormal forms: some exceed the
corresponding sub-areas, while some occupy the entire corresponding
sub-areas. Consequently, the centroid cannot be calculated correctly
and the reconstructed wavefront (shown in Fig. 7(b)) is incorrect.
Furthermore, the intensity of the image acquired by the camera is weak,
and the light disk is confused. The calculated results show that the
correlativity is 0.6, the coupling efficiency is 0.01, and the BER is 10−1.
irst, to verify the effectiveness of the switch criterion, the closed loop
orrection is performed with the wavefront sensorless mode, and the
irst 7 Zernike modes are used to retrieve the wavefront. To achieve
he distorted wavefront, the SPGD algorithm is operated according to
qs. (4) and (5) by using the image shown in Fig. 7(c). According to
he correction process shown in Fig. 3, the correlativity and wavefront
MS detected by the SH WFS as functions of iterations are acquired, as
hown in Fig. 8. As can be seen, while the iterations are less than 46,
he detected aberrations change randomly; however, the correlativity
s increased accordingly while the iterations are raised. The results
ndicate that the SH WFS cannot detect the wavefront correctly. A
ump phenomenon of the detected wavefront occurs at 46 iterations,
nd the correlativity is 0.81; after this point, the detected wavefront
MS is decreased and the correlativity is increased gradually. These
esults illustrate that the SH WFS can detect the aberration correctly if
he correlativity is more than 0.81. Therefore, the correlativity switch
riterion is valid with the value of 0.81.

By using the correlativity switch criterion value of 0.81, the correc-
ion of static turbulence is performed according to proposed method
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Fig. 5. Optical layout for AOS of the FSOC.
Fig. 6. AOS without the aberrations: (a) Wavefront; (b) Reference spot diagram; (c) Image.
Fig. 7. AOS with static turbulence: (a) Spot diagram; (b) Measured wavefront by SH WFS; (c) Image.
shown in Fig. 2. The corrected results are shown in Fig. 9. When the
correlativity is 0.81, the spot diagram (Fig. 9(a)) shows that almost
all the light spots are within their sub-areas. As a result, the aber-
rations can be measured properly, as shown in Fig. 9(b). Compared
with Fig. 7(c), the image intensity shown in Fig. 9(c) is increased as
the aberration is reduced by adaptive correction with the wavefront
sensorless mode. Then, the adaptive correction is switched to the SH
WFS mode, and the aberrations are decreased further. After performing
the adaptive correction, the correlativity of the spot diagram (Fig. 9(d))
is improved to 0.94, and the image intensity is increased apparently,
as shown in Fig. 9(f). The RMS of aberrations is reduced to 0.75 rad,
5

but some aberrations still exist, as shown in Fig. 9(e). This is because
the amplitude of the aberrations is too large, and some actuators have
reached their maximum voltages. This means that a large dynamic
range DM is needed for strong turbulence. Moreover, the coupling
efficiency of the fiber is 0.55, and the BER is 3 × 10−6.

3.3. Dynamic turbulence correction

The adaptive correction experiment of dynamic atmospheric turbu-
lence is performed based on the proposed method, and the Greenwood
frequency of 50 Hz is produced by rotating the turbulence screen.
Using the correlativity switch criterion of 0.81, the adaptive correction



S. Zhang, R. Wang, Y. Wang et al. Optics Communications 482 (2021) 126571

a

Fig. 8. Correlativity and RMS of the measured wavefront as functions of iterations.

is done by combining the wavefront sensorless and SH WFS modes.
With the adaptive correction, the change of correlativity and detected
wavefront RMS are presented in Fig. 10. Compared with Eqs. (4) and
(8), the iterations is replaced with the correction time to visually
illustrate the correction speed of the distortions. As Fig. 10(a) indicates,
with the correlativity of more than 0.81, the correction changes to
the SH WFS mode and the correlativity initially increase rapidly to
0.95 or so before eventually stabilizing at 0.95 with a little fluctuation.
Initially, the detected RMS value of the aberration is random, because
the SH WFS cannot measure the wavefront correctly. However, when
the correlativity is larger than 0.81 and when the SH WFS can already
accurately detect the wavefront, the RMS decreases drastically and then
stabilizes at 0.75 rad with small deviation. These results illustrate that,
for the dynamic turbulence, the proposed method can still switch the
correction mode properly and correct the turbulence effectively.

The communication performance is also measured along with the
adaptive correction. The coupling efficiency and communication BER
as functions of correction time are shown in Fig. 11. As can be seen,
the coupling efficiency is increased before stabilizing at 0.55 or so;

furthermore, the BER is reduced continuously before stabilizing at

6

about 4 × 10−6. Consequently, the proposed method may be used to
improve the detection and correction abilities of the designed AOS for
the FSOC, thereby lengthening the effective communication time.

4. Conclusions

The combination of the wavefront sensorless and SH WFS methods
to avoid the amplitude of turbulence exceeding the designed range of
SH WFS is proposed and demonstrated in this work. The realization
scheme is presented, and the wavefront sensorless method is used to
detect the turbulence distortions while the amplitude exceeds the de-
tection range of SH WFS. The aberrations are corrected simultaneously
by the DM according to the detected signal, which weakens the tur-
bulence. A switch criterion, namely, the correlativity of 0.81 between
the reference and distorted spot diagrams of SH WFS, is utilized to
judge whether the SH WFS can detect the distortions correctly. While
the aberration is detected by the SH WFS, the adaptive correction is
performed with high frequency and accuracy. The SPGD algorithm is
used to retrieve the wavefront, and the simulation results show that the
detection mode can be switched effectively.

In order to validate the proposed method, an experiment is con-
ducted in the laboratory to correct the simulated atmospheric turbu-
lence. An AOS designed for FSOC is used simultaneously with a tracking
camera to obtain the distorted images used to retrieve the wavefront.
A static aberration is first detected and corrected with its magnitude
exceeding the detection ability of SH WFS. The effectiveness of the
switch criterion is verified, and the detection mode is switched while
the correlativity increased to 0.81. Then, the correction is performed
further with the SH WFS detection mode. After correction, the commu-
nication BER is reduced from 10−1 to 3 × 10−6, and the correlativity
of the spot diagram increased from 0.6 to 0.94.

In addition, the dynamic turbulence is also corrected with the pro-
posed method with the Greenwood frequency of 50 Hz. The detection
mode is still switched with the correlativity of 0.81. The results show
that, while the SH WFS mode is used, the RMS value of the aberration
decreased drastically before stabilizing at 0.75 rad or so. Furthermore,
the communication BER is reduced continuously before stabilizing at
about 4 × 10−6.

All the results indicate that the proposed method may be used

to solve the problem of the turbulence exceeding the designed range
Fig. 9. Static turbulence with correction: the upper part presents the correction results for the SPGD method with the correlativity of 0.81 and the (a) Spot diagram, (b) Wavefront,
nd (c) Image. The lower part presents the correction results with SH WFS and the (e) Spot diagram, (f) Wavefront and (g) Image.
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Fig. 10. Correction of dynamic turbulence: the correlativity (a) and RMS of corrected wavefront (b) as functions of the correction time.
Fig. 11. Communication performance: the coupling efficiency (a) and BER (b) as functions of correction time.
while the AOS is used for the FSOC. Thus, the effective communication
time is lengthened considerably, and the application fields are likewise
extended. Therefore, this work is very helpful in implementing the AOS
in FSOC applications.
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