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a b s t r a c t

In order to decrease the Bit Error Rate (BER) and increase coupling efficiency of free space optical (FSO)
communication system, we compute and compensate the wavefront aberrations of the laser signal with
the wavefront measurement method based on the focal plane proposed in this paper. The aberrations of
laser signal are calculated based on the two images which are respectively generated from focal plane
(PF) channel and the defocused plane (DF) channel. Assuming the On–Off Keying (OOK) modulation is
used under the condition of weak turbulence, the fundamental of wavefront measurement method based
on focal plane is introduced. By numerical simulation, we analyze the variation trend of coupling
efficiency and BER, using the method we proposed to measure and compensate the wavefront
aberrations for the FSO communication system. The experiment results show that the wavefront
measurement error can reach nearly 0.004 wavelengths, the average coupling efficiency increases from
10.32% to 63.82%, and the average BER of FSO communication system decreases from 10�5 to 10�13.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

Free space optical (FSO) communication system is an access
technique with large capacity, wide bandwidth, high security and
low cost [1–3]. It has been considered as an effective solution
for the “last mile problem”. In this system, the laser signal is
transmitted through atmosphere, so the atmospheric turbulence is
the major impairment which causes the atmosphere refractive
index changed with time and space, and fluctuates both the
amplitude and phase of the laser signal along the propagation
path [4,5]. Therefore, the laser signal suffers from wavefront
distortion, resulting in beam wander, beam scattering, scintillation
and power fluctuations which seriously limits the coupling effi-
ciency of the fiber-coupled FSO communication system [6,7], and
severely reduces the Signal to Noise Ratio (SNR) [8–10], and
thereby increase the BER. Adaptive optics (AO) system can effec-
tively reduce the effects of atmospheric turbulence by correcting
the wavefront aberrations and improve the FSO system perfor-
mance [11,12]. There are three components in AO system: the
wavefront sensor, wavefront controller and wavefront corrector.
The wavefront sensor measures the wavefront distortion, and then
ll rights reserved.
feeds back the distortion to the wavefront controller. The wave-
front controller controls the wavefront corrector to make real-time
correction of wavefront distortion [13]. The way to measure the
wavefront distortion is the key problem in the AO systems. The
Shack–Hartmann wavefront sensor (SH–WFS) [14–16], which
framework is shown in Fig. 1, is one type of sensors generally
used in AO systems [17–19]. The framework of SH–WFS measures
the wavefront by multiple spectroscopic with the microlens array,
it cannot detect the laser intensity all the time, especially for near-
ground remote transmission when the laser scintillation caused by
atmospheric turbulence is strong.

Sensor-less wavefront measurement technology is developing
rapidly, such as Stochastic Parallel Gradient Descent (SPGD) algo-
rithm is proposed to control the wavefront correctors in AO systems.
However, the control bandwidth is limited and control process is
divergent in particular situation [20–24]. Other algorithm based on a
transport of intensity equation-based numerical method is proposed
[25], which is complicated due to reconstructing both the phase and
intensity by numerical computation. Additionally, the surface plas-
mons are used to measure wavefront distortion in FSO communica-
tion system [26]. The method using on-shot and offline camera-
based far-field measurements improve the wavefront measurements
performance in high-energy laser systems, but its application is
limited due to the complex structure [27].

In this paper, we propose a new measurement method based
on focal plane which is different from the traditional wavefront
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measurement based on pupil plane. Compared with SH–WFS, it
can avoid power loses by less spectroscopic. In order to prove the
availability of our method, we measure the wavefront aberrations
with the method and compare the results with the known
aberrations which are randomly introduced by the numerical
simulation and the measurement error can reach nearly 0.004
wavelengths. By numerical simulation, we deeply analyze the
influence on the performance of FSO system caused by our
method. The results show that average coupling efficiency
increases from 10.32% to 63.82%, the average BER of FSO system
decreases from 10–5 to 10–13.
2. System model

The AO system is significant to improve the FSO communica-
tion system performance. It includes wavefront sensor, wavefront
controller and wavefront corrector. Wavefront sensor measures
wavefront aberrations which are the feedback signals for wave-
front controller. Wavefront corrector real-time compensates the
wavefront aberrations according to the control command from
wavefront controller. So the measurement of wavefront aberra-
tions is very important. In this paper we propose a new method
based on focal plane to measure the wavefront aberrations. The
functional block diagram of FSO systemwith our method to detect
the wavefront aberrations is shown in Fig. 2. As the Fig. 2 shows,
the laser signal through the atmospheric turbulence is divided into
two beams, one is used for wavefront measurement and the other
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Fig. 2. Functional block di
is coupled into a single mode fiber and received by the optical
receiver.

The theory of the wavefront measurement method based on
focal plane is shown in the dotted line of Fig. 2. The convergent
laser signal is split by a spectroscope, one is received by the focal
plane (FP) channel and the other is received by the defocus plane
(DF) channel. The beams of laser signal are imaged respectively in
the two channels with Charge Coupled Device (CCD) camera. Then
we can calculate the wavefront aberrations of the laser signal
according to the information of the two images. The wavefront
aberrations we got are fed back to control the wavefront corrector
for compensating aberrations and recovering wavefront phase.
3. The numeral model of focal plane based wavefront
measurement method

At the transmitting terminal, the laser source can be approxi-
mated as a pointolite. We use OOK modulation method, making
laser pulse in each information bit at “on” or “off” status. We use
“1” to represent having laser pulse at “on” status and “0” represent
none laser pulse at “off” status. The atmosphere and antenna of
FSO system can approximate linear spatially invariant system [28].
The imaging formula of Gaussian Noise model is:

dðxÞ ¼ f ðxÞnhðxÞ þ nðxÞ ð1Þ
where dðxÞ represents target laser signal image, f ðxÞ represents
ideal image of the target, hðxÞ represents the Point Spread Function
(PSF), nðxÞ represents the Gaussian noise. This system applies
Additive White Gaussian Noise (AWGN) model. Apply Fourier
Transform to both sides of Eq. (1):

DðuÞ ¼ FðuÞHðuÞ þ NðuÞ ð2Þ
where DðuÞ, FðuÞ, HðuÞ and NðuÞ are the frequency domain of dðxÞ,
hðxÞ, f ðxÞ and nðxÞ.

There are known phase differences between the two channels
which are used in our method to image laser signal. In this paper
we take the defocusing amount as known phase difference, and
get the laser signal images by CCD. For convenience of illustration,
the two channels are separately defined as FP channel and DP
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channel. The FP channel means the imaging plane is at the focus
plane; the DP channel means there is a known optical path
difference between the imaging plane and the focus plane, which
causes a known defocusing amount at phase plane. The FP channel
can be represented as Eq. (3) and the DP channel is expressed as
Eq. (4)

D1ðuÞ ¼ FðuÞH1ðuÞ þ N1ðuÞ ð3Þ

D2ðuÞ ¼ FðuÞH2ðuÞ þ N2ðuÞ ð4Þ

where, D1ðuÞ, H1ðuÞ and N1ðuÞ are the frequency domain of target
laser signal image, the PSF and the noise in the FP channel.
Additionally, D2ðuÞ, H2ðuÞ and N2ðuÞ separately express the fre-
quency domain of target laser signal image, the PSF and the noise
in the DP channel.

Based on Fourier Optical Theory, the relationship between the
PSF and the pupil function of the pointolite is shown as:

hðxÞ ¼ jℱ�1fPðuÞgj2 ð5Þ

where PðuÞ represents pupil function as

PðuÞ ¼ AðuÞeiðϕðuÞÞ ð6Þ

where, AðuÞ is the pupil amplitude function, and the unknown
aberrations ϕðuÞ is the pupil wave phase, which can be decom-
posed as the sum of Zernike polynomial [29]

ϕðuÞ ¼ θðuÞ þ∑
M

m
αmZmðuÞ ð7Þ

where ZmðuÞ is Zernike base of the m-th item, αm is the Zernike
factor of the m-th item, θðuÞ is the known fixed defocused aberra-
tion. Therefore, the unknown phase difference can be got by
calculating the coefficient of the Zernike polynomial, thus the
PSF hðxÞ can be got from the Eqs. (5) and (6).

In the condition of Gaussian noise model, the mean-square
deviation between the target laser signal image and the images of
the two channels can be represented by likelihood function:

Lðu; αÞ ¼
∑
u

∑
2

n ¼ 1
jDnðuÞ�FðuÞHnðuÞj2 þ γjFðuÞj2

� �
2N

ð8Þ

where DnðuÞ is DðuÞ of the n-th channel, HnðuÞ is HðuÞ of the n-th
channel, N is the sum of image pixels, α is the Zernike factor, γ is
the non-negative regularization coefficient. Based on the Max-
imum Likelihood Estimation (MLE), the target estimation as
independent pilot process is separate with the phase estimation.
The target function which has no relation with the real target can
be expressed as:

LMðu; αÞ ¼
∑
u

∑
2

n ¼ 1
jDnðuÞj2� j ∑

2

i ¼ 1
DnðuÞHn

nðuÞj2=γ þ ∑
2

n ¼ 1
jHnðuÞj2

 ! !

2N
ð9Þ

where LMðu; αÞ is the MLE for Lðu; αÞ. Hence, the ideal image of the
target f ðxÞ can be represented as:

f ðxÞ ¼ℱ�1 ∑2
n ¼ 1DnðuÞHnðuÞn

γ þ∑2
n ¼ 1jHnðuÞj2

( )
ð10Þ

The minimal Zernike coefficient of the target function can be
got by using optimal estimation iteration. We can calculate the
aberrations and get the point spread function.

In this paper, we use numerical simulation to get the images
from the FP channel and the DP channel, and calculate the
wavefront aberrations to recover the phase of the laser signal.
4. Analysis of the coupling efficiency and BER

Generally, the received laser signals are coupled into a single
mode fiber, so the coupling efficiency has significant influence on
the performance of FSO system. The coupling efficiency of the
single mode fiber is defined as the ratio of the average power
coupled into the fiber to the average power in the receiver
aperture plane [30], it is given by:

J1 j∬ Af ðrÞMn

0ðrÞd2rj2
∬ Af ðrÞAf

nðrÞd2r � ∬M0ðrÞMn

0ðrÞd2r
ð11Þ

where, Af ðrÞ is the Fourier transform of the single-mode fiber
optical field, M0ðrÞ is the incident optical field in the focal plane,
Af ðrÞ and M0ðrÞ are complex quantities. However, the Eq. (11) is too
complex to calculate, we can use the Strehl Ratio to approximate
the average coupling efficiency [31], and the Strehl Ratio is
given by:

ST1jAf ðr0Þj2 ð12Þ

where, r0 is the desired on-axis location of the center of the fiber.
In this paper, we calculate the Strehl Ratio of the laser signal
images in the focal plane to analyze the coupling efficiency.

Effect of atmospheric turbulence on FSO system is described
based on the Theory of Kolmogorov and Rytov [32], according it,
the wave equation of the laser beam in atmosphere turbulence is:

uðrÞ ¼ AðrÞexp ½iϕðrÞ� ¼ u0ðrÞexp ½Φ1� ð13Þ
where, AðrÞ is the amplitude of the laser signal influenced by
atmospheric turbulence; u0ðrÞ is laser signal without the turbu-
lence; Φ1 is the perturbation factor, u0ðrÞ can be shown as:

u0ðrÞ ¼ A0ðrÞexp ½iϕ0ðrÞ� ð14Þ
where A0ðrÞ is the amplitude of laser signal regardless of the
atmospheric turbulence; the perturbation factor Φ1 can be repre-
sented as:

Φ1 ¼ ln
AðrÞ
A0ðrÞ

� �
þ i ϕðrÞ�ϕ0ðrÞ
� �¼ χ þ iζ ð15Þ

where χ and ζ are the logarithmic amplitude fluctuation and phase
fluctuation of the laser signal caused by atmosphic turbulence.
Both the amplitude fluctuation and phase fluctuation have a great
impact on the SNR and BER of FSO system, we only consider the
phase fluctuation in this paper.

Assuming the intensity of atmospheric turbulence is uniform,
the logarithmic intensity fluctuation of laser signal can be repre-
sented as:

s2ln R ¼ 1:23C2
nk

7=6L11=6 ð16Þ
where k¼ 2π=λ is the wave number, L is the transmission distance,
C2
n is the structure constant of refractive index. Under the condi-

tion of weak atmospheric turbulence, C2
n≤10

�14m�2=3.
For BER of FSO system, the average received power, scintillation

intensity and the receiver noise are the three most important
factors. Here, we only consider the noise which caused by atmo-
spheric turbulence. The logarithmic amplitude is given as:

χ ¼ ln
AðrÞ
A0ðrÞ

� �
¼ ln

A0ðrÞ þ AiðrÞ
A0ðrÞ

� �
¼ lnð1þ εÞ ð17Þ

In Eq. (17), AiðrÞ is the amplitude of noise, and ε¼ AiðrÞ=A0ðrÞ is
the amplitude ratio between noise and signal.

Under the condition of weak atmospheric turbulence, ε can be
considered as infinitesimal factor, so χ ¼ lnð1þ εÞ≈ε. Then, for the
plane wave, the relation between χ and ε can be obtained as

oε24 ¼ oχ24 ¼ 0:31C2
nk

7=6L11=6 ð18Þ



W. Liu et al. / Optics Communications 309 (2013) 212–220 215
Therefore, the SNR of FSO system can be represented as

SNR¼ I0
o Ii4

¼ oA2
0ðrÞ4

oA2
i ðrÞ4

¼ 1
oε24

¼ ð0:31C2
nk

7=6L11=6Þ�1 ð19Þ

where, I0 is the intensity of laser signal, and o Ii4 is the average
of noise intensity. Using OOK modulation method in the FSO
system, the laser signal after collimation at transmitter can be
regarded as plane wave [33]. The BER of the FSO system can be
represented as:

BER¼ 1
2
erf c

Qffiffiffi
2

p
� �

≈
exp ð�Q2=2Þ

Q
ffiffiffiffiffiffi
2π

p ð20Þ

where, Q ¼ ðA1�A0=s1�s0Þ, A1 and s1 are the laser signal power
and noise power when the received bit is “1”; A0 and s0 are the
laser signal power and noise power when the received bit is “0”. In
the FSO system, for the OOK modulation, A0 ¼ 0, A1 ¼ oA0ðrÞ4 ,
s1 þ s0 ¼ oAiðrÞ4 . Hence, the SNR can be transformed as [34]:

SNR¼ oA2
14

os21 þ s204
¼ Q2 ð21Þ

Therefore, under the condition of weak turbulence, the rela-
tionship between SNR and BER can be expressed as:

BER¼ exp ð�SNR=2Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2πSNR

p ð22Þ
5. Numerical simulation

In the condition of weak atmospheric turbulence, we get laser
signal images which are added known random aberrations by
numerical simulation. Firstly, the known random aberrations are
added to the laser signal, and then the laser signal images for both
FP channel and DP channel are given respectively. Secondly, the
wavefront aberrations according to the information of the two
images are calculated. Thirdly, the wavefront measurement preci-
sion is analyzed by comparing the calculated wavefront aberra-
tions and known random aberrations. Finally, we estimate the
coupling efficiency and the BER of FSO system before and after
aberrations correction respectively.

The numerical simulation uses laser with center wavelength
λ¼ 1060 nm, receiving antenna focal length f ¼ 3:7 m, aperture
d¼ 0:2 m, the pixel size of CCD is 9:9 μm. We only consider the
wavefront phase difference introduced by atmosphere turbulence.
The integration time is 500 μs, we make ten simulation experi-
ments, then take the first group as an instance to give a detailed
analysis. From the 4th to the 18th Zernike aberrations are
randomly introduced, they are shown in Table 1.

The distribution of wavefront after added random aberrations
is shown in the Fig. 3.

The statistical property of wavefront phase after added random
aberrations is described by Root-Mean-Square (RMS) value and
Peak-to-Valley (PV) value:
Tab
Fou

Z

A
Z
A

Fig. 3. Distribution of wavefront after added random aberrations.
RMS¼0.30360 wavelengths
PV¼1.72327 wavelengths
le 1
rteen items of random Zernike aberrations introduction.

ernike item 4th item 5th item 6th item 7th

berrations (Wavelengths) 0 �0.1561 0.0495026 �0
ernike item 12th item 13th item 14th item 15
berrations (Wavelengths) 0.066786 0.0597832 0.0738402 �0
Assuming the defocusing amount between FP channel and the DP
channel is 0.5 mm, we calculate the wavefront aberrations according
to information of the two images from the FP channel and the DP
channel. And we get the reconstructed image by compensating the
wavefront phase, as shown in Fig. 4. Where Fig. 4(a) is the image of FP
channel after introducing aberrations; Fig. 4(b) is the image of DP
channel after introducing aberrations; Fig. 4(c) is the reconstructed
image after aberrations compensation.

The wavefront aberrations can be caculated based on the laser
signal images obtained from FP channel and DP channel in Fig. 4
by the wavefront measurement we proposed. The random intro-
duced aberrations and residual errors εðiÞ are listed in Table 2.
Where, the residual errors are the difference between introduced
aberrations and calculated aberrations.

The measured wavefront distributions with our method are
shown in Fig. 5. Compared with Fig. 3, the distributions of the
calculated wavefront and the introduced random wavefront are
nearly the same.

The statistical property of measured wavefront phase are listed
below, including RMS value and PV value:
ite

.198
th it
.03
RMS¼0.30183 wavelengths
PV¼1.70519 wavelengths
Generally, The standard deviation of aberrations can be used as
wavefront measurement errors [35], it can be represented as:

s¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑18

i ¼ 4f½εðiÞ�2g
N

s
ð23Þ
m 8th item 9th item 10th item 11th item

9608 �0.0125863 0.0619762 �0.0111087 0.0394373
em 16th item 17th item 18th item
85882 0.0175494 0.0175494 0.0175494



Fig. 4. Image in the focal plane channel, in the defocus channel and the reconstructed image. (a) Image in the focal plane channel (b) Image in the defocus channel
(c) Reconstructed image.

Table 2
Comparative wavefront aberrations and residual errors.

Zernike
item

Introduced Aberrations
(Wavelengths)

Calculated Aberrations
(Wavelengths)

Residual Errors
(Wavelengths)

4th
item

0 0.00313939 �0.0031399

5th
item

�0.1561 �0.155396 �0.000704

6th
item

0.04950264 0.0447157 0.0047864

7th
item

�0.1989608 �0.19722 �0.0017408

8th
item

�0.01258632 �0.0137221 0.00113578

9th
item

0.06197616 0.0604521 0.00152406

10th
item

�0.01110872 �0.00780411 �0.00330461

11th
item

0.03943728 0.0359475 0.0034978

12th
item

0.066786 0.0673635 �0.0005775

13th
item

0.0597832 0.0627446 �0.0029614

14th
item

0.07384024 0.0744827 �0.00064246

15th
item

�0.03858824 �0.0394331 0.00084486

16th
item

�0.06154288 �0.0627936 0.00125072

17th
item

0.03910048 0.0391945 �0.00009402

18th
item

0.01754944 0.0169168 0.00063264

Fig. 5. Measured wavefront distributions with our method.

Table 3
Strehl Ratio.

Without aberrations compensation
system

After aberrations
compensation

Strehl
ratio

12.38% 63.84%
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where, εðiÞ is residual error, N equals 15. According to Table 2, the
standard deviation of aberrations is 0.00224 wavelengths. There-
fore, the FSO wavefront measurement method based on focal
plane can calculate wavefront aberrations accurately.

In order to estimate the coupling efficiency, we assume single-
mode fiber coupling, and the fiber diameter is10 μm. Based on
Eq. (12), for the pixel size of CCD approximately equal to the fiber
diameter, the Strehl Ratio can be expressed as:

ST ¼ jMAX½AðiÞ�j2
j∑N

i ¼ 1½AðiÞ2�j
ð24Þ

where, AðiÞ is the gray value of the i-th pixel, and N is the number
of pixels. According to the Eq. (24),we can get the Strehl Ratio and
they are shown in Table 3.

Under the condition of weak atmospheric turbulence, using
OOK modulation condition, we can get the the SNR and BER of FSO
system before and after wavefront aberrations compensation
according to Eqs. (21) and (22).

The power distributions of the laser signal before and after
wavefront aberrations compensation are shown in Fig. 6. Where,
Fig. 6(a) is the power distributions of the laser signal without
wavefront aberrations compensation; Fig. 6(b) is the power dis-
tributions of the laser signal after aberrations compensation; and
Fig. 6(c) is the comparison of energy distributions before and after
wavefront aberrations compensation.

As shown in Fig. 6(c), due to optical splitting, the received
energy of FSO receiver without wavefront measurement is twice of
that with wavefront measurement (assume the splitting rate is
50%). Therefore, in this paper, the comparison condition includes
not only before and after wavefront aberrations compensation, but
also without wavefront measurement.

We ignore the power loss generated by single mode fiber, and
consider the receiver noise. The transmission speed is 10 Gbit; the



Fig. 6. Power distributions of laser carrier signal. (a) Power distributions of the laser carrier signal before compensating aberrations, (b) Power distributions of the laser carrier signal
after compensating aberrations and (c) Results of comparing with the power distributions of the laser carrier signal before and after compensating wavefront aberrations. The green
line denotes the power distributions of the laser carrier signal after compensating wavefront aberrations; the blue line shows the power distributions of the laser carrier signal before
compensating wavefront aberrations; the red line shows the power distributions of the laser carrier signal without wavefront measurement system, the power is twice of that is before
compensating aberrations. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 4
Basic parameters of CCD.

Pixel size 9.9 μm�9.9 μm
Resolution 256�256
Frame Rate 1076
Conversion Gain 34 μV/e-

Saturation Charge 35000 e�

QE 680 nm–100%, 1060 nm–6.25%
Sensitivity 3200 V m2/W s
Optical Active Area 6.3 mm�4.7 mm (1/2 inch)

Table 7
BER of the FSO system.

Condition BER

BER before Aberrations Compensation 6.8515�10�4

BER without wavefront measurement system 8.5446�10�6

BER after Aberrations Compensation 2.6823�10�16

Fig. 7. Relationship between SNR and BER.

Table 5
Power of laser carrier signal in the receiver.

Before aberrations
compensation

After aberrations
compensation

Without wavefront
measurement system

power of laser
carrier
signal

0.0104 mW 0.0634 mW 0.0208 mW

Table 6
SNR of the FSO system.

Before aberrations
compensation

After aberrations
compensation

Without wavefront
measurement system

SNR 10.3928 63.4047 20.7855

W. Liu et al. / Optics Communications 309 (2013) 212–220 217
sensitivity is �30 dBm. Generally, the SNR can be shown as:

SNR¼ Eb
N0

ð25Þ



Fig. 8. Wavefront phase distributions and the laser carrier signal image.
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where, Eb is laser signal power, and N0 is noise power. The basic
parameters of CCD used in this paper are shown in Table 4.

Since the pixel size of CCD approximately equal to the fiber
diameter, the coupled power can be taken for the power of the
images central point. Based on Table 4, the time of exposure is
500 μs, we can get the received power of laser signal. The results
are shown in Table 5.

Then, the SNR can be calculated according to the Eq. (25), the
results are shown as Table 6.

As Table 3 shows, the SNR of laser carrier before and after
wavefront aberrations compensation is improved by 3.05 times.
Then, the BER of the FSO system can be obtained based on the
Fig. 9. Variation of co

Fig. 10. Variati

Table 8
Simulation results.

Group 1 2 3 4 5

Introduced Wavefront RMS
(wavelengths)

0.3036 0.4059 0.2403 0.362 0.358

Calculated Wavefront RMS
(wavelengths)

0.3018 0.4084 0.2432 0.3636 0.363

Aberrations STD errors
(wavelengths)

0.0022 0.0043 0.0041 0.0046 0.005

Introduced Wavefront PV
(wavelenghs)

1.7233 3.4644 1.8186 1.853 3.109

Calculated Wavefront PV
(wavelengths)

1.7052 3.5209 1.851 1.9306 3.251

BER Before Aberrations
Compensation

6.9�10�4 1.4�10�3 3.7�10�4 1.6�10�3 5.7�

BER Without Wavefront
Measurement

2.9�10�6 1.1�10�5 8.1�10�7 1.3�10�5 1.9�

BER After Aberrations
compensation

8.6�10�16 1.2�10�14 2.6�10�18 9.9�10�18 2.4�

Coupling Efficiency Before
Aberrations
Compensation

12.38% 10.67% 9.77% 9.87% 13.33

Coupling Efficiency After
Aberrations
Compensation

63.84% 6.22% 67.78% 64.57% 65.09
Eq. (20), the results are shown in Table 7. And the relationship
between SNR and BER is shown in Fig. 7.

The BER of FSO system decreases from 10�6 to 10�16, the proposed
wavefront measurement method can measure the wavefront aberra-
tion accurately. It is significant to decrease the BER of the FSO system,
thereby improve the FSO system performance.

Then, we analyze other 9 groups of simulation data in the same
way, and the results are as shown in Table 8.

As shown in Table 6, the mean value of residual errors STD can
represents the average error of the wavefront measurement.
Therefore, the error of the wavefront measurement method based
on focal plane is 0.004 wavelengths.
upling efficiency.

on of BER.

6 7 8 9 10 Mean

9 0.3829 0.3812 0.2867 0.311 0.3066 0.3339

6 0.3829 0.3639 0.2837 0.3109 0.3118 0.3332

9 0.0034 0.008 0.0028 0.0024 0.0023 0.004

4 3.5504 3.3504 1.7167 2.1858 2.364 2.5136

9 3.5559 3.1422 1.6705 2.1875 2.4196 2.5235

10�4 1.3�10�3 7.2�10�3 3.5�10�3 4.1�10�3 1.6�10�5 2.1�10�3

10�6 8.9�10�6 2.3�10�4 6.1�10�5 7.9�10�5 2.0�10�9 4.1�10�5

10�14 2.1�10�17 1.1�10�15 1.2�10�12 1.1�10�19 5.1�10�15 1.3�10�13

% 10.13% 6.37% 6.28% 5.23% 19.21% 10.32%

% 61.99% 60.38% 67.36% 67.64% 67.31% 64.82%
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The wavefront phase distributions and the laser signal images
of the other nine times experiments are shown in Fig. 8. Where,
Fig. 8(a) expresses the wavefront phase distributions with intro-
duced random wavefront aberrations. And Fig. 8(b) expresses the
wavefront phase distributions with calculated wavefront aberra-
tions. Fig. 8(c) shows the laser signal image in the FP channel,
Fig. 8(d) indicates the laser signal images in the DP channel.
Fig. 8(e) shows the reconstructed laser signal images after com-
pensating aberrations.

The curve is drawn to describe the variation of the coupling
efficiency and BER with time; the results are shown in the
Figs. 9 and 10 and . Where, BER is plotted on the logarithmic scale.

According to the results of the ten simulation experiments, the
focal plane based wavefront measurement method can measure
the wavefront aberrations precisely. The average measurement
error is 0.004 wavelengths. And after compensating the wavefront
aberrations, the average BER of FSO system can descend from
4.09�10�5 to 1.26�10�13, and the average coupling efficiency
increase from 10.32% to 63.82%, thereby the FSO system perfor-
mance is improved obviously.
6. Conclusions

A new wavefront measurement method based on focal plane is
proposed in this paper which can effectively measure the wave-
front aberrations in FSO systems. We use two laser images
separately from FP channel and DP channel to calculate wavefront
aberrations. Our method can measure the wavefront aberrations
accurately by numerical simulation. The results indicate that
wavefront measurement error is nearly 0.004 wavelengths. We
also analyze the performance of FSO system, the results show that
the average coupling efficiency increase from 10.32% to 63.82% and
the BER of FSO system descends from 10�5 to 10�13. Therefore, the
FSO system performance is improved significantly.

The future research mainly focuses on the following two aspects:
theory and experiment. The former is to improve the applicability of
the algorithm by considering the model of extended light source.
The latter is to optimize the algorithm using parallel processing
technology, and then build experiment system to validate the
algorithm proposed in this paper.
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