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Based-on the previous study on the theory of the sequential pyramid wavefront sensor (SPWFS), in this
paper, the SPWFS is first applied to the coherent free space optical communications (FSOC) with more
flexible spatial resolution and higher sensitivity than the Shack-Hartmann wavefront sensor, and with
higher uniformity of intensity distribution and much simpler than the pyramid wavefront sensor.
Then, the mixing efficiency (ME) and the bit error rate (BER) of the coherent FSOC are analyzed during
the aberrations correction through numerical simulation with binary phase shift keying (BPSK) modula-
tion. Finally, an experimental AO system based-on SPWFS is setup, and the experimental data is used to
analyze the ME and BER of homodyne detection with BPSK modulation. The results show that the AO sys-
tem based-on SPWFS can increase ME and decrease BER effectively. The conclusions of this paper provide
a new method of wavefront sensing for designing the AO system for a coherent FSOC system.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

With higher spectral efficiencies and data rates, a greater ability
to decrease both background and thermal noise, and more sensi-
tive coherent receivers, the performance of the coherent detection
scheme is better than that of the intensity modulation direct detec-
tion in the free space optical communication (FSOC) systems [1–4].
Unfortunately, the atmospheric turbulence greatly degrades the
performance of the coherent FSOC links [5]. The effects of laser
beam propagation through turbulent atmosphere such as wave-
front distortion, scintillation, beam wandering and spreading will
not only degrade the entrance efficiency of receiving antenna but
also cause the mismatch of the field of signal beam and local oscil-
lator [6].

Adaptive optics (AO) system is successfully used to compensate
atmospheric turbulence in coherent FSOC [7,8]. And as the main
components of AO system, wavefront sensor is attracting exten-
sive attention [9]. Generally, the Shack–Hartmann wavefront sen-
sor (SHWFS) is widely used as an effective wavefront sensor in
coherent FSOC [10]. Belmonte paid attention to elucidate how
the addition of AO to the transmitter or receiver can reduce the
effects of atmospheric propagation and to quantify the improve-
ment on the performance of optical communications systems
regarding coherent detection [11,12]. Zuo investigated the bit error
rate (BER) performance of FSOC links in weak non-Kolmogorov tur-
bulence and showed that BER decreased sharply as more Zernike
modes were corrected by AO. Considering the influence of both
the amplitude fluctuation and spatial phase aberrations, the Zer-
nike mode was accurate when the ratio of receiving aperture diam-
eter D to the coherent length r0 (D/r0) was large enough [13,14].
Ming Li evaluated the performance of the coherent FSOC employ-
ing quadrature array phase-shift keying modulation over the mar-
itime atmosphere with atmospheric turbulence compensated by
AO system based-on SHWFS [15]. Chao Liu and Jian Huang ana-
lyzed the mixing efficiency (ME) and BER performance improve-
ment of the coherent FSOC with AO system based-on SHWFS by
numerical simulation and experimental data of a 1.8 m telescope
with AO system based-on a 127-subaperture SHWFS, under differ-
ent D/r0 [16–19]. However, SHWFS was so sensitive to laser scin-
tillation that the performance was limited in coherent FSO
system. The focal plane wavefront sensor solved this problem, it
had higher power usage ratio, but it was much more time cost
[20]. In 1996, the pyramid wavefront sensor (PWFS) was proposed
by Ragazzoni [21], and it was high sensitive in closed-loop opera-
tion, good characteristics of variable gain, and adjustable sampling
in real time [22]. The PWFS had higher sensitivity and flexibility of
sampling over established SHWFS. However, PWFS is difficult to
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manufacture and expensive, and the PWFS has not been used for
FSO system. The reflective pyramid sensor is proposed by Wang
utilizing a reflective pyramid mirror instead of a refractive pyramid
prism [23]. Its working principle was identical to that of the PWFS.
In addition, four charge-coupled devices and four relay lenses were
required in a reflective pyramid sensor. Sequential operation of the
micromirror array could instead of PWFS to measure wavefront
aberrations, which was proposed in our previous work [24,25].
And it offered some advantages. First, comparing with the SHWFS,
the spatial resolution was arbitrary adjustment and the sensitivity
is higher than the SHWFS; Second, the SPWFS utilized the one-
fourth pixels of detection element to realize the same wavefront
resolution as PWFS, which meant higher uniformity of sensitivity
and lower cost, especially for the avalanche photon diode (APD)
array receiver of the coherent FSOC system. Third, the design of
relay system could be more simplified than PWFS. Forth, SPWFS
had weaker diffraction effect and smoother light intensity distribu-
tion. Thus, the goal of this paper is to evaluate the performance
improvement of the coherent FSOC system with the AO system
based-on SPWFS.

In this paper, the sequential operation approach of PWFS
(SPWFS) which proposed in our previous work is first used in
coherent FSOC to measure the wavefront aberrations. And the
ME and the BER are analyzed to evaluate the performance of the
coherent FSO communication. The numerical simulation is used
to verify the feasible of the SPWFS for the coherent FSOC, and
the experimental system of the SPWFS is designed to evaluate
the improvement of the coherent FSOC performance with the
SPWFS.
2. System model

The schematic diagram of coherent FSO systemwith AO to com-
pensate atmospheric turbulence is shown in Fig. 1 [3]. As transmit-
ting terminal, the laser beam is modulated into laser carrier signal
and transmited through atmospheric channel. At the receiving ter-
minal, the laser carrier frequency is mixed with a laser signal from
local oscillation (LO signal) to generate the intermediate frequency
signal. Then, according to the intermediate frequency signal,
proper demodulator is used in order to be processed by digital sig-
nal processor. However, during the transmitting through the atmo-
spheric channel, the laser carrier signal is distorted by atmospheric
turbulence, and its wavefront and amplitude are disturbed.
Accordingly, atmospheric compensation is indispensable in the
coherent FSO system. In this paper, we introduce the AO unit in
Fig. 1. The schematic diagram of
the coherent FSO systemwhich consists of the wavefront corrector,
the wavefront controller and the wavefront sensor. Firstly, the
wavefront sensor measures the wavefront aberrations of the laser
carrier signal. Secondly, according to the measured aberrations,
wavefront controller controls the wavefront corrector. Finally, the
wavefront corrector corrects the wavefront aberrations in real
time. Thus, atmospheric turbulence is compensated and the quality
of the received laser carrier signal is improved.
3. Theoretical analysis

3.1. The theory of SPWFS

The basic configuration of the PWFS is shown in Fig. 2. It con-
sists of three fundamental parts: a tip-tilt mirror conjugated to
the pupil is used to modulation, a square-based glass pyramid with
its vertex at the nominal focal plane of the system and a relay lens
that forms four images of the exit pupil on a detector plane. Where
the role of modulation is to increase the linearity and dynamic
range of the sensor [21].

Fig. 2 shows that the pupil re-imager is used to form images of
the pupil relayed by the four facets of the pyramid on the detector.
For each beam, it can be seen as being masked 3 quadrants on the
focus plane. The signal is computed for each sub-aperture with the
following formula (similar to a quad-cell signal):

Sxðx; yÞ ¼ ½I1ðx; yÞ þ I4ðx; yÞ� � ½I2ðx; yÞ þ I3ðx; yÞ�
I1ðx; yÞ þ I2ðx; yÞ þ I3ðx; yÞ þ I4ðx; yÞ ð1Þ

Syðx; yÞ ¼ ½I1ðx; yÞ þ I2ðx; yÞ� � ½I3ðx; yÞ þ I4ðx; yÞ�
I1ðx; yÞ þ I2ðx; yÞ þ I3ðx; yÞ þ I4ðx; yÞ ð2Þ

where Inðx; yÞ is the image intensity of the position ðx; yÞ of the nth
quartile. In the case of a circular tip-tilt modulation having ampli-
tude bigger than the local tilt of the aberrated wavefront wðx; yÞ,
geometrical optics calculations show that [21]:

@wðx; yÞ
@x

/ sin
p
2
Sxðx; yÞ

h i
ð3Þ

@wðx; yÞ
@y

/ sin
p
2
Syðx; yÞ

h i
ð4Þ

The Eq. (3) and the Eq. (4) show that the local tilt of wavefront is in
proportion to the output signal of the PWFS when the wavefront
aberrations are low enough.
FSO communication system.



Fig. 2. The schematic diagram of the PWFS.
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The schematic diagram of the SPWFS we proposed in our previ-
ous work is shown in Fig. 3 [24]. Thus, only the geometrical optics
analysis is given in this paper.

A micro-mirror array which consists of 2 � 2 tip-tilt mirrors is
placed on the focus plane as the replacement for the pyramid
prism. If the micro-mirror is no tilt, all the light will be reflected
onto the detection plane. The SPWFS divides one wavefront sens-
ing procedure into four steps. In each step only one micro-mirror
will be tilted at an angle. In other words, the light which comes
from three quadrants will be detected and the remaining one
quadrant will be discarded.

The output signal of the SPWFS can described as:

S0xðx; yÞ ¼
3� ½ðIs2ðx; yÞ þ Is3ðx; yÞÞ � ðIs1ðx; yÞ þ Is4ðx; yÞÞ�

Is1ðx; yÞ þ Is2ðx; yÞ þ Is3ðx; yÞ þ Is4ðx; yÞ ð5Þ

S0yðx; yÞ ¼
3� ½ðIs3ðx; yÞ þ Is4ðx; yÞÞ � ðIs1ðx; yÞ þ Is2ðx; yÞÞ�

Is1ðx; yÞ þ Is2ðx; yÞ þ Is3ðx; yÞ þ Is4ðx; yÞ ð6Þ

The Eq. (3) and the Eq. (4) are also true for the Eq. (5) and the Eq. (6)
with an uncomplicated geometrical analysis. So it can be seen that
Fig. 3. Schematic dia
the principle of SPWFS is equivalent to PWFS in geometrical optics
analysis.

According to the geometrical optics model, since the sequential
operation approach, the detection element of SPWFS only need to
accommodate one pupil image instead of four pupil images with
PWFS, which means no more than one-fourth optical size can real-
ize the same wavefront resolution as PWFS [24,25].

Furthermore, based-on the analysis of diffraction theory in our
previous work, the intensity of SPWFS on the detection plane is
three times larger than that on each quadrant of the PWFS
[24,25]. However, the light energy of diffraction effect of the
SPWFS is similar to the PWFS, so less light energy will go out of
detection pupil and the relative intensity fluctuation is smaller
than the PWFS. Both will result in a higher light utilization than
the PWFS.

3.2. Analysis of ME and BER in coherent FSOC

As mentioned, in coherent FSO system, the received laser carrier
is mixed with LO signal, generate the intermediate frequency sig-
nal. The received laser carrier and the LO signal are given by [16]:

ES ¼ USðr;uÞcos½xSt þ wS þ wSðr;uÞ� ð7Þ

ELO ¼ ULOðr;uÞcos½xLOt þ wLO þ wLOðr;uÞ� ð8Þ
where USðr;uÞ and ULOðr;uÞ is the amplitude of laser carrier and LO
signal. wSðr;uÞ and wLOðr;uÞ is the variable phase related to spatial
position of laser carrier and LO signal, respectively. xS and xLO are
their angular frequency, respectively. The current after frequency
mixing is given by:

i ¼ c
Z
r
gðET � HTÞds ð9Þ

where HT is the magnetic field distribution after frequency mixing,
ET � HT is the Poynting vector, g is the quantum efficiency of the
detector, and c is constant, r is the area of the detector. Simply
the Poynting vector, we can obtain:

ET � HT ¼ ðES þ ELOÞ � ðHS þ HLOÞ ¼ ESHLO þ ELOHS

¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ee0
hm

ESELO

r
ð10Þ
gram of SPWFS.
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where e is electron charge, h is the Placnk constant, m is the fre-
quency of the carrier signal, e0 is the permittivity of vacuum, HS is
the magnetic field distribution of the laser carrier, and HLO is the
magnetic field distribution of the LO signal. Take Eqs. (7), (8) and
(10) into Eq. (9), the heterodyne intermediate frequency signal cur-
rent is obtained:

ihðtÞ¼ cee0g
hm

R 2p
0

R r0
0 USðr;uÞULOðr;uÞcos½xIF tþDwþDwðr;uÞ�rdrdu

¼ cee0g
hm fcosðxIF tÞ

R 2p
0

R r0
0 USðr;uÞULOðr;uÞcos½DwþDwðr;uÞ�

�sinðxIF tÞ
R 2p
0

R r0
0 USðr;uÞULOðr;uÞsin½DwþDwðr;uÞ�g

ð11Þ
where c is a constant. Dwðr;uÞ is the phase difference related to
coordinate position. Dw is the fixation phase difference irrelevant
to coordinate the position. r0 is the photosensitive surface of the
detector. xIF ¼ jxS �xLOj is the intermediate angular frequency,
and when xIF ¼ 0, it is called homodyne detection, and if xIF – 0,
it is called heterodyne detection. The mean square value of the
intermediate frequency signal current is given by:

hi2hi ¼
1
2

cee0g
hm

� �2 Z 2p

0

Z r0

0
Usðr;uÞULOðr;uÞ exp½iDwðr;uÞ�rdrdu

����
����
2

ð12Þ
For the intensity of the LO signal is much larger than the intensity of
the laser carrier, the detector noise is mainly shot noise, so the
mean square value of the noise current is given by [16]:

hi2Ni ¼ 2eILOB ¼ ce0e2g
hm

� �
B
Z 2p

0

Z r0

0
½ULOðr;uÞ�2rdrdu ð13Þ

where ILO is the direct current generated by LO signal, B is the noise
bandwidth of the detector. The signal noise ratio (SNR) is defined by
the ratio of the mean square value of the intermediate frequency
signal current and the mean square value of the noise current:

SNR ¼ hi2hi
hi2Ni

¼ gPS

hmB

� � j R 2p
0

R r0
0 USðr;uÞULOðr;uÞ exp½iDwðr;uÞ�rdrduj2R 2p

0

R r0
0 ½ULOðr;uÞ�2rdrdu R 2p

0

R r0
0 ½USðr;uÞ�2rdrdu

ð14Þ
where PS is the laser signal power, which is expressed by:

PS ¼ ce0
2

Z 2p

0

Z r0

0
½USðr;uÞ�2rdrdu ð15Þ

In the coherent FSOC, the power of LO signal is large enough to the
extremity of shot noise. Thus, the SNR of the coherent FSOC without
atmospheric turbulence can reach to:

SNR0 ¼ gPS

hmB
ð16Þ

Comparing the Eq. (14) to the Eq. (16), we can obtain the ME of the
heterodyne detection:

ch ¼ j R 2p
0

R r0
0 USðr;uÞULOðr;uÞ exp½iDwðr;uÞ�rdrduj2R 2p

0

R r0
0 ½ULOðr;uÞ�2rdrdu R 2p

0

R r0
0 ½USðr;uÞ�2rdrdu

ð17Þ

Specially, when xIF ¼ 0, under the condition of homodyne
detection, we can obtain the current and the ME:

izhðtÞ ¼ ee0cg
hm

Z 2p

0

Z r0

0
USðr;uÞULOðr;uÞ cos½Dw

þ Dwðr;uÞ�rdrdu ð18Þ

czh ¼
j R 2p

0

R r0
0 USðr;uÞULOðr;uÞ cos½Dwðr;uÞ�rdrduj2R 2p

0

R r0
0 ½ULOðr;uÞ�2rdrdu R 2p

0

R r0
0 ½USðr;uÞ�2rdrdu

ð19Þ
According to the Eqs. (17) and (19), the ME is defined by the
ratio of the SNR with the atmospheric turbulence and the SNR
without atmospheric turbulence. And it is related to both the
amplitude of carrier signal and LO signal, and spatial phase distri-
bution difference (SPDD). In this paper, assuming the signal carrier
at the receiving terminal is the plane wave, and the LO signal is the
plane wave with uniform intensity, the ME is influence by SPDD
directly. The SPDD is smaller, the ME is larger. The AO system
can decrease the SPDD between the carrier signal and the LO sig-
nal, then the ME is improved. In the ideal condition, ME can reach
to 1, but limited by optical aperture and the waist radius of Gaus-
sian beam in the real system, there is an extremum of ME which is
below 1.

In the coherent detection system, the BER can be given by [16]:

BER ¼ 1
2
erfc

Qffiffiffi
2

p
� �

ð20Þ

where erfc is the complementary error function, Q ¼
ffiffiffiffiffiffiffiffiffi
SNR

p
. For syn-

chronous binary phase shift keying (BPSK) modulation, the optical
power at the receiving terminal is expressed by:

PS ¼ NPhmB ð21Þ
The SNR without atmospheric turbulence is given by:

SNR0 ¼ 2gPS

hmB
¼ 2gNP ð22Þ

where Np is the number of photons received within a single bit [16].
For the BPSK modulation, the BER of the heterodyne detection is:

BERh ¼ 1
2
erfc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gNPch

p� �
ð23Þ

Then, the BER of the homodyne detection is:

BERzh ¼ 1
2
erfc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2gNPczh

q� �
ð24Þ
4. Numerical simulation

In our previous work, we verified the feasibility of SPWFS, and
analyzed its performance from SNR, the noise equivalent angle
and other aspects. The influence of SPWFS on coherent FSOC is ana-
lyzed in this paper. In the numerical simulation, the closed-loop
control bandwidth, the noise of AO system and the isoplanatic
errors are ignored. Assuming the amplitude distributions of the
received optical signal and the LO laser are uniform, we focus on
the impact of AO system based-on SPWFS on the SPDD. Under dif-
ferent atmospheric turbulence, firstly, ME and BER of coherent
FSOC is analyzed with BPSK modulation during the aberrations
correction of AO system based-on SPWFS. Then, the influence of
Np on BER is discussed. Finally, the BER of coherent FSOC with dif-
ferent modulation is analyzed.

The Zernike mode is the most common method to describe the
wavefront phase distribution. The coefficients of the Zernike are
generated by the method of the Zernike polynomials [26]. In this
paper, the wavefront aberrations of the received optical signal
and residual aberrations after the correction of AO system based-
on SPWFS are also described by Zernike mode. We obtain the
BER and ME of coherent FSOC during the aberrations correction
of AO system based-on SPWFS by the Eqs. (17), (19), (23) and (24).

The D/r0 is used to evaluate the turbulence size in the coherent
FSOC. In the case of receiving antenna of the coherent FSOC system
is usually less than 1 m, when D/r0 < 2, it is weak turbulence, if
2 < D/r0 < 10, the turbulence is medium, and it is strong turbulence
when D/r0 < 10 [16]. In order to analyze the influence of AO system
based-on SPWFS on the performance of the coherent FSO, in the
following numerical simulation, the influence of SPDD on the per-



Fig. 4. The ME of homodyne detection during the aberrations correction based-on the SPWFS.

Fig. 5. The ME of heterodyne detection during the aberrations correction based-on the SPWFS.
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formance of coherent FSO is given under different strength of tur-
bulence with BPSK modulation. The wavelength is 632.8 nm,
receiving antenna aperture is 8 mm, the gap between each
micromirror is 5 lm, and the distinguishability of detector is
350 � 350 pixels.
4.1. The ME improvement by AO based-on SPWFS

According to the ME of homodyne detection, the ME of homo-
dyne detection during the aberrations correction based-on SPWFS
over different atmospheric turbulence strength is shown in Fig. 4.

As illustrated in Fig. 4, with the increase of D/r0, the initial ME is
dropped. After 13 iterations, the ME tend to stable as 0.95. The lar-
ger D/r0, the lower initial ME is and the more iterations is needed.
Similarly, the ME of heterodyne detection over different atmo-
spheric turbulence strength is shown in Fig. 5.

As shown in Fig. 5, with the increase of D/r0, the initial ME is
dropped. After about 18 iterations, the ME tend to stable as about
0.97. Similarly, the larger D/r0, the lower initial ME is and the more
iterations is necessary.

4.2. The BER improvement by AO based-on SPWFS

According to Eqs. (23) and (24), it is shown that the BER of
coherent FSO is related to the quantum efficiency, the number of
photons and ME. We assume the quantum efficiency and the ME
are 1. For the homodyne detection, the relationship between pho-
tons number and BER under different D/r0 is shown in Fig. 6.

As illustrated in Fig. 6, for the coherent FSO under atmospheric
turbulence, when D/r0 < 7, Np increase to 100, the BER can be
decreased to below 10�9. While, if D/r0 < 10, we increase Np to
above 100, the BER cannot be decreased to below 10�9. In a similar
way, for the heterodyne detection, the relationship between Np and
BER under different D/r0 is shown in Fig. 7.

As shown in Figs. 6 and 7, under different D/r0, the relationship
between Np and the BER of the homodyne detection is similar to
the heterodyne detection.



Fig. 6. The relationship between BER and the number of photons in the homodyne detection.

Fig. 7. The relationship between BER and the number of photons in the heterodyne detection.

Fig. 8. The relationship between BER and the number iteration in homodyne detection.
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Fig. 9. The relationship between BER and the number of iteration in heterodyne detection.

Fig. 10. The photo and the beam path.

Fig. 11. The structure of DM.
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In the following, the BER during aberrations correction of AO
system based-on SPWFS is analyzed. We select Np = 10 and g ¼ 1.
For the homodyne detection, the relationship between iterations
and BER under different D/r0 is shown in Fig. 8.

As shown in Fig. 8, with the increase of D/r0, the system initial
BER is increased. When D/r0 > 10, the initial BER is above 10�2;
when 2 < D/r0 < 10, the initial BER is above 10�6; if D/r0 = 1, the ini-
tial BER is about 10�8. After the correction of AO system based-on
the SPWFS, the BER is stable about 10�10. When the turbulence is
increased, the more iterations is necessary. But after 11 iterations,
it is convergence to a steady state. And after 6 iterations, the BER
can decrease to 10�9. Similarly, for the heterodyne detection, the



Fig. 12. The changing curve of ME during aberrations correction with different incident aberrations.

Fig. 13. The changing curve of BER during aberrations correction with different incident aberrations.
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relationship between iterations and BER under different D/r0 is
shown in Fig. 9.

As shown in Fig. 9, except for the initial BER is lower than the
homodyne detection, the trend of curve is basically the same with
the homodyne detection. Similarly, the initial BER is increased with
D/r0 increases. After the correction of AO system based-on the
SPWFS, the BER can reach to 10�10. For the number of iterations,
the BER can achieve the stable level of 10�10 after about 11 itera-
tions, which is similar to homodyne detection. Likewise, the BER
can reach to 10�9 after about 6 iterations.

5. Experimental analysis

In order to verify the performance of the coherent FSOC with AO
based-on the SPWFS, an experimental system is designed, and the
experimental data is used to analyze the ME and BER of homodyne
detection. Similar to the AO based-on the PWFS, without any mod-
ulation holds many advantages in the closed-loop system [27]. The
photo and the beam path are shown in Fig. 10.
In our experimental system, we select a 632.8 nm fiber source,
and transform the experimental data to 1550 nm to be consistent
with the communication wavelength [16]. The deformable mirror
(DM) had a surface diameter of 50 mm, as well as 21 piezoelectric
ceramic actuators which is arranged in 5 � 5 square with an actu-
ator missing at each corner. The horizontal and vertical interval are
9 mm, which is shown in Fig. 11. The range of working voltage is
from 0 V to 110 V. The range of measurement is from �5 lm to
5 lm. In our experiment, we label the position of actuator as
0 lm when the working voltage is 55 V. The focal length of L3
and L4 is 50 cm and 30 cm, respectively. The focal plane camera
and detection plane camera are provided by Imaging Source Corpo-
ration with USB 3.0 interface. The highest resolution is 1280 � 960,
and the fame rate is 60 fps, and the pixel size is 3.75 lm � 3.75 lm
[25]. In addition, a SHWFS is adopted to monitor the state of the
DM and provide a reference of the RMS value of the incident wave-
front aberrations. The SHWFS has 37 subapertures in a 7 � 7
square, with three subapertures missing at each corner. Here, we
assume Np = 10 and g ¼ 1.



Fig. 14. The relationship between BER and the number of photons after correction when RMS is 1.0k.
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For the homodyne detection, the ME of the coherent FSOC is
approximate to the Strehl ratio of the far field image of the laser
beam [17]. Thus, when the RMS value of the incident wavefront
aberrations is 0.3k, 0.5k and 1.0k respectively (k is the wavelength,
here we select 1550 nm for the communication performance anal-
ysis), the changing curve of ME during the aberrations correction is
shown in Fig. 12.

As shown in Fig. 12, when the RMS of the incident aberrations is
0.3k, after about 13 iterations, the ME can increase from about 0.18
to about 0.7. And when the RMS of the incident aberrations is 0.5k,
after about 15 iterations, the ME can increase from about 0.08 to
more than 0.7. Similarly, when the RMS of the incident aberrations
is 1.0k, after about 20 iterations, the ME can grow up from about
0.02 to more than 0.7.

According to Eq. (24), the changing curve of BER during the
aberrations correction with different incident aberrations is shown
in Fig. 13.

As shown in Fig. 13, after about 13 iterations, the BER can
decrease from about 10�2 to below 10�7, when the RMS value of
the incident wavefront aberrations is 0.3k. And after about 15 iter-
ations, the BER can decrease from below 10�1 to below 10�7, when
the RMS value of the incident wavefront aberrations is 0.5k. Simi-
larly, after about 20 iterations, the BER can decrease from about
10�1 to nearly 10�8, when the RMS value of the incident wavefront
aberrations is 1.0k.

According to the experimental results, we can see that the num-
ber of iterations is increasing with the increase of incident wave-
front aberrations. However, the stable values of convergence are
similar since the far-field focal spot is close to the diffraction limit
(The ME is about 0.75 and the BER is below 10�7).

After aberrations correction, the BER changing curve with dif-
ferent Np when the incident wavefront aberrations is 1.0k is shown
in Fig. 14.

As shown in Fig. 14, with the increase of Np, there will be a
marked drop in BER. When Np > 12, BER will be decrease below
10�9.

6. Discussion and conclusion

Based on the previous study on the theory of the SPWFS, the
SPWFS is first applied to the coherent FSOC with several advan-
tages in this paper, such as with more flexible spatial resolution
than the SHWFS, higher uniformity of sensitivity than PWFS and
so on. The ME and BER are analyzed during the aberrations correc-
tion. Numeral simulation and experimental system are introduced
to evaluate the performance of coherent FSOC. The results show
that the ME can increase to more than 0.7 and the BER is able to
decrease to below 10�7 after aberrations correction, under the con-
dition of different incident wavefront aberrations. Thus, we believe
that the AO based-on SPWFS can improve the performance of
coherent FSOC.

Though the AO based-on SPWFS enhance the performance of
coherent FSOC significantly, the BER is not able to achieve 10�9.
We consider the reason is that Np is only selected as 10. As
Fig. 14 shown, when Np > 12, the BER will be decrease to below
10�9.

In this paper, the incident wavefront aberrations are static
which is produced by initial surface of the DM. The dynamic aber-
rations correction experiment will be tried in the future work. In
addition, an experimental CFSOC system with an AO unit will be
building and the ME and BER will be measuring by special
instruments.
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