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A wavefront sensor is one of most important units for an adaptive optics system. Based on our
previous works, in this paper, we discuss the bit-error-rate (BER) performance of coherent free
space optical communication systems with a focal-plane-based wavefront sensor. Firstly, the theory
of a focal-plane-based wavefront sensor is given. Then the relationship between the BER and the
mixing efficiency with a homodyne receiver is discussed on the basis of binary-phase-shift-keying
(BPSK) modulation. Finally, the numerical simulation results are shown that the BER will be
decreased obviously after aberrations correction with the focal-plane-based wavefront sensor. In
addition, the BER will decrease along with increasing number of photons received within a single
bit. These analysis results will provide a reference for the design of the coherent Free space optical
communication (FSOC) system.
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I. INTRODUCTION

Free space optical communication (FSOC) systems
play a significant role in modern communication because
they have some advantages over traditional microwave
communications and conventional radio frequency, such
as high communication speed, free license spectrum, and
excellent security. They can be considered as an im-
portant supplement for traditional wireless communica-
tion systems and fiber optics communication systems.
Recently, coherent FSOC systems have attracted more
attentions due to their higher sensitivity, longer relay
distance, larger communication capacity, and better re-
ceiver selectivity [1–4]. Though coherent FSOC systems
have many advantages, they are still sensitive to atmo-
spheric turbulence, because the wavefront phase and am-
plitude of the laser carrier signal are distorted by this
turbulence with time through an atmospheric channel,
which will obviously increase the system’s bit-error-rate
(BER). Fortunately, the developments of adaptive op-
tics (AO) can compensate for this weakness of coherent
FSOC systems by successfully correcting the turbulence-
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induced wavefront aberrations of the received laser car-
rier signal [5–9].

A closed-loop AO system applies an effective method
to reduce the effects of atmospheric turbulence by cor-
recting the wavefront aberrations in real time [7,8]. The
AO system consists of a wavefront sensor, wavefront con-
troller, and wavefront corrector. The wavefront sensor is
one of most important units for the AO system. Its mea-
surement precision directly decides the performance level
of the AO system. The Shack-Hartmann wavefront sen-
sor (SH-WFS) is the most widely used sensor [10–12].
However, because the scintillation of a laser is stronger
than white light and the power of the laser carrier signal
is reduced by multiple spectroscopes, the SH-WFS is not
a system that should be used under strong scintillation
conditions, especially in near-ground remote transmis-
sion [13–18].

For improving the efficiency of the wavefront sensor,
research a wavefront sensing, has become a hot topic,
such as sensor-less AO technology, holographic sensor
and so on. Many researchers use a sensor-less AO unit
to compensate for the wavefront aberrations for coher-
ent FSOC systems. However, its control bandwidth and
sensing accuracy are not sufficient [19–23]. The holo-
graphic senor which had advantages in sensing efficiency
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Fig. 1. (Color online) Schematic of the coherent FSOC system.

was proposed recently. However, it was more suitable for
weak turbulence [24]. Focal-plane-based wavefront sen-
sor was proposed in our previous works. The improve-
ment in the FSOC performance with intensity modu-
lation/direct detection (IM/DD) is discussed in detail.
The results show that the coupling efficiency and the
BER improvements are significant [25]. In this paper, we
will analyze the BER performance for a coherent FSOC
system on the basis of theory and a model analysis.

This paper is organized as follows: Sec. II provides the
model of the FSOC communication system; then, the
theory of a focal-plane-based wavefront sensor is given
in brief based on our previous works. Finally, the BER
expression for coherent FSOC systems is given. Sec. III
gives the analytical results for the BER performance of
coherent FSOC communication systems with a focal-
plane-based wavefront sensor. Finally, the conclusions
are given in Sec. IV.

II. MODEL ANALYSIS

1. Coherent FSOC communication system
model

A coherent FSOC system with an AO unit is illus-
trated in Fig. 1. In this system, the laser source emits a
laser beam modulated to be a laser carrier signal. Then,
it is transmitted through an atmospheric link and ar-
rives at a receiving terminal. Its frequency is mixed with
the local oscillation signal to generate an intermediate
frequency signal. A demodulator and a digital signal
processer complete the subsequent processing. Here, an
AO unit is introduced to compensate for the influence of
atmospheric turbulence, which disturbs both the wave-
front and the amplitude of the laser carrier signal dur-
ing signal transmission. The AO unit consists of three
parts: wavefront sensor, wavefront corrector, and wave-
front controller. The wavefront sensor can measure the

wavefront aberrations caused by the atmospheric turbu-
lence. The wavefront controller controls the wavefront
corrector according to the wavefront aberrations mea-
sured by using the wavefront sensor. The wavefront cor-
rector performs the wavefront correction [6].

2. Focal-plane-based wavefront measurement
model

In our previous work, we analyzed the coupling effi-
ciency and the BER performance by using a focal-plane-
based wavefront measurement for FSOC system based on
IM/DD modulation [25]. In this paper, we discuss the
BER performance improvement of a coherent FSOC sys-
tem by using focal-plane-based wavefront measurement.
Similarly, assume the receiving antenna of the FSOC sys-
tem and the atmosphere can be assumed to compose a
linear time-invariant system [25]. The system of Gaus-
sian imaging formula is [25]

d(x) = f(x) ∗ h(x) + n(x), (1)

where d(x), h(x) and f(x) denote the target image, the
point spread function, and the ideal target image respec-
tively, and n(x) denotes the Gaussian noise. We adopt
an additive white Gaussian noise model in this system.

According to previous work, the wavefront measure-
ment method obtains wavefront aberrations by adopting
two-channel laser carrier signal images, including the fo-
cal channel and the defocused channel, when the amount
of defocusing is known, which is taken as a known phase
difference. Meanwhile, the focal channel is the channel
in which imaging plane is in the focal plane of the opti-
cal system, and the defocused channel is the channel in
which the phase differences between the imaging plane
and the focal plane of optical system are known [25].
The laser carrier signal imaged in the two channels can
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Fig. 2. (Color online) Sketch of the focal-plane-based
wavefront sensor.

be expressed by using a Fourier transform as [25]

Dinfocus(u) = F (u)Hinfocus(u) +Ninfocus(u) (2)

Ddefocus(u) = F (u)Hdefocus(u) +Ndefocus(u), (3)

where Dinfocus(u), Hinfocus(u) and Ninfocus(u) are the fre-
quency domain of the target image, the point spread
function, and the noise in the focal plane channel re-
spectively; additionally, Ddefocus(u), Hdefocus(u) and
Ndefocus(u) are the frequency domain of the target image,
the point spread function and the noise in the defocused
channel. A sketch of a focal-plane-based wavefront sen-
sor is shown in Fig. 2.

According to the Fourier optical theory, the relation-
ship between the point spread function and the pupil
function is shown as:

H(u) = P (u)⊗ P (u), (4)

where⊗ is the autocorrelation operator, P (u) is the pupil
function, which is given as

P (u) = A(u)ei(φ(u)) (5)

with A(u) being the amplitude function of the pupil func-
tionand the aberrations φ(u) can be expressed as the
Zernike polynomials [26]

φ(u) = θ(u) +
M∑
m

αmZm(u) (6)

with Zm(u) denoting the mth Zernike polynomial and
αm the corresponding weighting coefficient, and θ(u) a
known aberration. Thereby, we can obtain the unknown
aberration φ(u) by calculating αm and then obtain the
point spread function h(x) by using Eq. (5) and Eq. (6).

In the Gaussian noise model, the mean-square devia-
tion between the target image and the images of the two
channels can expressed by using the likelihood function
[25]

L(u, α) =
∑
u

(|Dinfocus(u)− F (u)Hinfocus(u, α)|2 + |Ddefocus(u)− F (u)Hdefocus(u, α)|2). (7)

Based on the maximum likelihood estimate, we can obtain the target formulation, which has no correlation to the real
target,

LM (u, α) = −
∑
u

|Dinfocus(u)Hdefocus(u, α)−Ddefocus(u)Hinfocus(u, α)|2
|Hinfocus(u, α)|2 + |Hdefocus(u, α)|2 . (8)

Furthermore, we can get the minimal corresponding
weighting coefficient of the Zernike polynomials by us-
ing the Newton iteration method. Therefore, we can
obtain the wavefront aberrations with the formulas pro-
vided by theory analysis. In real system, the wavefront
corrector is used to correct the wavefront aberrations.
For instance, a continuous surface deformable mirror is
usually used in the FSOC system to correct for the wave-
front aberrations in order to improve the communication
performance [9]. In this paper, we use numerical sim-
ulation to realize the image acquisition, the wavefront
aberrations calculation and the phase compensation of
the laser carrier signal based on both of the focal plane
channel and the defocus channel.

3. BER analysis model

On basis of our previous works, for the coherent FSOC
system, BER is given by [9]

BER =
1

2
erfc

(
Q√
2

)
, (9)

where erfc(·) is the complementary error functionand

Q =
√
SNR, where SNR is the signal-to-noise ratio

of homodyne detection. For a synchronous binary-
phase-shift-keying (BPSK) modulation system, the op-
tical power at the receiver is [9]

PS = NPhνB. (10)
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Table 1. Zernike aberrations of the introduced wavefront.

Zernike item Value Zernike item Value

4th item −0.0366 12th item 0.0025

5th item 0.0168 13th item −0.0281

6th item −0.1716 14th item 0.1127

6th item 0.0917 15th item −0.0229

8th item 0.0127 16th item 0.0849

9th item 0.1486 17th item 0.0138

10th item 0.0672 18th item −0.0109

11th item −0.0822

Fig. 3. (Color online) Distribution of the introduced wave-
front.

The signal-to-noise ratio without atmospheric turbu-
lence is [9]

SNR0 =
2δPS

hνB
= 2δNp, (11)

where SNR0 is the signal-to-noise ratio without atmo-
spheric turbulence, Np is the number of photons received
within a single bit, and δ is the quantum efficiency of the
detector. The BER of a homodyne receiver with BPSK
modulation is [9]

BER =
1

2
erfc(

√
2δNP η), (12)

where η is the mixing efficiency of the coherent FSOC
system. Based on previous works, the mixing efficiency
is approximately the Strehl ratio of far-field images and
it is defined by the ratio of the far field encircled energy
to the diffraction-limited encircled energy [9].

III. NUMERICAL SIMULATIONS

On basis of our previous works, in this research, we
used the wavefront sensing method based on the focal
plane through numerical simulations. Firstly, we ob-
tain two simulated laser carrier signal images by adding

Table 2. Zernike aberrations of the reconstruction wave-

front.

Zernike item Value Zernike item Value

4th item −0.0400 12th item 0.0037

5th item 0.0134 13th item −0.0316

6th item −0.1733 14th item 0.1125

6th item 0.0946 15th item −0.0231

8th item 0.0164 16th item 0.0855

9th item 0.1522 17th item 0.0127

10th item 0.0679 18th item −0.0118

11th item −0.0843

Fig. 4. (Color online) Distribution of the reconstruction
wavefront.

known random aberrations, one being in the focal chan-
nel and the other in the defocused channel. Secondly, we
obtain the wavefront aberrations by using focal-plane-
based wavefront sensing. Finally, we discuss the BER
performance of coherent FSOC systems in detail accord-
ing to several experimental results.

In this paper, we select the wavelength as 1060 nm.
The pixel size in our simulations is 9.9 μm, the aperture
of transmitter and receiver is 0.2 m, the focal length of
the transmitter and receiver is 3.7 m, and the diameter of
the single mode fiber is nearly 10 μm. The propagation
distance is 2 km, wind speed is 5 m/s, detector sampling
time is 40 ms, and detector noise is 5 e. Here, refractive
index structure constant is assumed to be 10−18 m−2/3

and the exposure time to be 500 μs. The receiver adopts
a homodyne detector, and the system is based on BPSK
modulation. We introduce random Zernike aberrations
(only considering the 4th to 18th Zernike aberrations).
In this paper, we only discuss the wavefront aberrations
caused by atmospheric turbulence, ignoring other influ-
ences. The Zernike aberrations randomly introduced are
shown in Table 1.

The wavefront distribution of the introduced aberra-
tions is shown as Fig. 3. According to Fig. 3, the root-
mean-square (RMS) value and the peak-to-valley (PV)
value of the introduced aberrations are 0.3066 wave-
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Table 3. RMS and PV values of the reconstruction wave-
front.

RMS value (wavelengths) PV value (wavelengths)

0.3118 2.4196

Table 4. Results of several experiments.

Num.

Introduced

Aberrations

RMS

(wavelenghs)

Calculated

Aberrations

RMS

(wavelengths)

Residual

RMS

(wavelenghs)

1 0.3036 0.3018 0.0023

2 0.4059 0.4084 0.0040

3 0.2403 0.2432 0.0039

4 0.3620 0.3615 0.0043

5 0.3589 0.3636 0.00550

6 0.3829 0.3829 0.0032

7 0.3812 0.3639 0.0075

8 0.2867 0.2837 0.0026

9 0.3110 0.3109 0.0021

10 0.3066 0.3118 0.0022

Mean 0.3339 0.3332 0.0038

(a)Focal channel
image

(b)Defocused image (c)Reconstruction
image

Fig. 5. Images of the double channel and the reconstruc-
tion.

lengths and 2.3640 wavelengths, respectively. In this pa-
per, we assume the defocusing between the focal channel
and the defocused channel to be 0.5 mm. According to
the two images, one of the focal channel and the other
of the defocus channel, we can obtain the reconstructed
wavefront expressed by the Zernike mode, which is shown
in Table 2.

The distribution of reconstructed wavefront is shown
in Fig. 4. Comparing Fig. 3 and Fig. 4, we see the
distribution trends are consistent. The RMS and the
PV values of the reconstructed wavefront are shown in
Table 3. Similarly, the statistical features of wavefront
aberrations are consistent between the introduced and
the reconstructed wavefront aberrations. Images of focal
channel and the reconstruction are shown in Fig. 5. As
shown in Fig. 5, the reconstruction image with a high
energy concentration is consistent with the focal channel
image.

The RMS value of the residual aberrations is an impor-
tant indicator to evaluate a wavefront sensing method.

Fig. 6. (Color online) Results for BER when Np = 10.

Fig. 7. (Color online) Results for BER when Np = 20.

Fig. 8. (Color online) Relationship between the BER and
Np.

According to Table 1 and Table 2, the RMS value of
residual aberrations is 0.0023. Thus, the focal-plane-
based wavefront sensing is accurate enough to the re-
construct wavefront. The results are consistent with our
previous work. In addition, we analyze the BER per-
formance of coherent FSOC systems for several experi-
mental results, which are shown in Table 4. As shown
in Table 4, the mean of residual aberrations RMS value
is about 0.002 wavelengths. Images of the focal channel
and the reconstruction are shown in Fig. 5.

Considering that the mixing efficiency is approxi-
mately the Strehl ratio of far-field images, we can get
the BER according to Eq. (12). Here, we assume the
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quantum efficiency of the detector to be given by η = 1
and the number of photons received within a single bit
to be given by Np = 10. We only discuss a homodyne re-
ceiver in this paper. The results for the BER are shown
in Fig. 6, according to several experimental results. As
shown in Fig. 6, the BER is nearly 10−2 before correc-
tion and decrease to 10−5 after aberrations correction
with the focal-plane-based wavefront sensor. Here, the
aberrations correction compensates for the aberrations
according to the results calculated by using the focal-
plane-based wavefront sensor.

In a practical system, the number of photons received
within a single bit can increase to 20 through an im-
proved system design. The results with Np = 20 are
shown in Fig. 7. In addition, we give the results for the
BER performances before and after correction with dif-
ferent Np for one experimental result in Fig. 8. As shown
in Fig. 8, the BER will obviously decrease with increas-
ing Np. When Np is above 15, the BER will decrease
below 10-9 after aberrations correction.

IV. CONCLUSION

In this paper, we analyze the BER performance of a
coherent FSOC system with a focal-plane-based wave-
front sensor on the basis of our previous works. Firstly,
the theory of focal-plane-based wavefront sensing is in-
troduced in brief. Then, the expression of BER for a ho-
modyne detector with BPSK modulation is given. The
expression shows that BER is related to the mixing ef-
ficiency. According to previous works, the mixing effi-
ciency is approximately the Strehl ratio of far-field im-
ages. Thus, we analyze the BER performance by using
images of the focal channel and the reconstruction. The
results show that the BER is obviously decreased after
corrections of the aberrations. Finally, the relationship
between BER and Np is given in Fig. 8. As shown in
Fig. 8, after correction, the BER will decrease below 10−9

when Np increases above 15.
However, our works only analyze the BER perfor-

mance by using numerical simulation. In future work, we
will design an experimental system to verify our analysis
results in our simulation works. In addition, we will an-
alyze the performance of coherent FSOC systems based
on focal plane under different scintillation conditions.
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