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A B S T R A C T

The performance of free-space laser communication (FSLC) is greatly decreased by horizontal atmospheric
turbulence. Adaptive optics is used to overcome horizontal turbulence. This study investigated the effect of
the 3 dB bandwidth of an adaptive optics system (AOS) on FSLC performance by using power-in-bucket (PIB)
method, which considers the effect of receiving aperture and then, can accurately evaluate of the effect of system
bandwidth on the communication performance. A 9 km horizontal maritime link experiment was performed
through adaptive correction to validate the theoretical analysis. Results indicate that the effect of system
bandwidth can be accurately evaluated using PIB method. This work provides a basis for designing and evaluating
AOSs for FSLC.

1. Introduction

Free-space laser communication (FSLC) has been widely studied
because of its advantages of high bandwidth, strong ability to resist
interception, and anti-interference [1–4]. However, the communication
performance of FSLC in earth-to-satellite and horizontal links is greatly
decreased due to the effect of atmospheric turbulence [5–9]. To solve
this problem, previous studies adopted adaptive optics (AO) technique
in FSLC systems and analyzed the effects of adaptive correction on
communication bit error rate (BER) [10–15]. Many researchers have
also studied the effect of residual aberrations on FSLC performance
while different Zernike modes are corrected [16–21]. The influence
of the 3 dB bandwidth (𝑓3dB) of AO was also studied with variations
in Greenwood frequency (𝑓𝐺) [22,23]. Kaufmann studied the effect
of 𝑓𝐺∕𝑓3dB on the performance of coherent communication and used
Strehl ratio (SR) to represent the receiving energy efficiency of FSLC to
calculate BER [24]. By using this method, Liu et al. performed numerical
simulation [25] and Cao et al. conducted validation experiment in
laboratory [26].

Previous works used SR to represent the receiving energy efficiency
of FSLC but did not consider the influence of the laser-receiving end
face area. However, the small size of the end could affect the coupling
efficiency (CE) and BER of FSLC. As such, SR method cannot precisely
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evaluate the receiving energy efficiency. To overcome this shortcom-
ing, our group proposed power-in-the-bucket (PIB) method [27]. In
the present study, we aim to establish the relation between PIB and
𝑓𝐺∕𝑓3dB and accurately evaluate the effect of the system bandwidth
on communication BER. We also conducted an experiment using 9 km
maritime laser communication to validate the theoretical model.

2. Analysis of the effect of system bandwidth through PIB method

2.1. CE

The adaptive correction of FSLC is simplified in Fig. 1. A laser
beam with initial phase 𝜙0 is distorted by atmospheric turbulence, and
distorted wave-front is represented with 𝜙. The distortion is corrected
by deformable mirror (DM), and residual error is 𝜙𝑟 = 𝜙−𝜙′, where 𝜙′ is
the compensation signal. After the correction, the laser is received by an
optical system with entrance pupil diameter D and focal length f, and
then coupled into a fiber with cross-sectional radius R. The entrance
pupil and focal planes are expressed with the polar coordinates (𝜌, 𝜃)
and (𝛾, 𝜑), respectively.

The receiving energy of the fiber should be first obtained to cal-
culate CE. Based on our previous work, receiving energy disturbed by
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Fig. 1. Diagram of FSLC with adaptive correction.

Fig. 2. CE varies with (a) correction error and (b) 𝑓𝐺∕𝑓3dB with𝑅 = 1.22𝜆𝑓∕𝐷.

Fig. 3. CE as a function of 𝑓𝐺∕𝑓3dB and 𝑅∕𝑅𝐴.

turbulence can be computed accurately with PIB method [27]:
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where 𝛷 = 𝜙 (𝜌) − 𝜙 (𝜌 + 𝑙), 𝑙 is the distance between any two points in
the pupil area 𝑆, 𝐴 is the amplitude of the incident optical field; 𝜆 is the
wavelength of the laser, 𝐽1 is the first-order Bessel function, and 𝑓 (𝛷) is
the distribution density function of 𝛷. This function follows the normal
distribution, and the expectation is zero. Thus, 𝑓 (𝛷) may be expressed
as:
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While the laser transmits through atmospheric turbulence, the vari-
ance of 𝜙 can be determined with Kolmogorov model [28]:
⟨

𝛷2⟩ =
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[𝜙 (𝜌) − 𝜙 (𝜌 + 𝑙)]2
⟩

. (3)

For wave-front after the correction, the following equation may be
obtained:

𝛷𝑟 = 𝜙𝑟 (𝜌) − 𝜙𝑟 (𝜌 + 𝑙) . (4)

After substituting 𝜙𝑟 = 𝜙 − 𝜙′ into Eq. (4), 𝛷𝑟 can be rewritten as:

𝛷𝑟 =
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As 𝛷 obeys normal distribution and compensation signal 𝛷′ is
conjugated to 𝛷, 𝛷′ also obeys normal distribution. According to Eq. (5),
𝛷𝑟 also obeys normal distribution. Therefore, the variance of 𝜙𝑟 may be
written as [29]:
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where 𝜎𝑟 is the average RMS of 𝜙𝑟 (unit is rad).
After the adaptive correction, the receiving energy of FSLC may be

expressed as:
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CE is usually computed by:

𝐶𝐸 =
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Fig. 4. BER varies with (a) correction error and (b) 𝑓𝐺∕𝑓3dB when 𝑅 = 1.22𝜆𝑓∕𝐷.

Fig. 5. BER as a function of 𝑓𝐺∕𝑓3dB and 𝑅∕𝑅𝐴.

where 𝑃𝑜𝑤𝑒𝑟𝑁𝑜_𝑡𝑢𝑟𝑏 represents the total receiving energy without the
turbulence effect.

The adaptive correction can be limited by temporal deficiencies,
especially for strong turbulence. The bandwidth of the tilt control system
is usually high, and the temporal error may be ignored. The present work
mainly considers the temporal error caused by the high-order wavefront
correction system. The high-order wavefront variance caused by the
temporal constraints is [29]:

𝜎2𝑡𝑒𝑚𝑝 =
(

𝑓𝐺∕𝑓3dB
)5∕3 . (9)

After substituting 𝜎𝑡𝑒𝑚𝑝 into Eqs. (7) and (8), CE can be calculated
with the effect of the bandwidth of the high-order wavefront correction
system.

Assuming that the receiving fiber aperture is equal to the ideal Airy
disk (2.44𝜆𝑓∕𝐷), CE is calculated using Eqs. (7) and (8) to analyze the
effect of the bandwidth of the high-order wavefront correction system
(Fig. 2(a) and (b), respectively). As shown in Fig. 2(a), the CE is reduced
from 0.82 to 0.09 when the RMS increases from 0 to 2 rad and their
relation is nonlinear. When the RMS is equal to 1 rad, the CE decreases
to 0.45. Therefore, the correction error of 1 rad is insufficient for FSLC.
However, for astronomical applications, the RMS value of 1 rad is
acceptable after adaptive correction. The requirement of AO is different
for astronomy and FSLC applications. The effect of system bandwidth
is shown in Fig. 2(b). The CE decreases to 0.45 when 𝑓𝐺∕𝑓3dB = 1 and
to 0.13 when 𝑓𝐺∕𝑓3dB = 2. Hence, a high system bandwidth is needed
for FSLC. Fig. 3 shows the effect of system bandwidth on CE at different
receiving fiber apertures.

2.2. BER

Given that ‘‘zero’’ bit is not related to the ‘‘one’’ bit in the binary
code (in fiber optical communication, BER is 10−9), the average BER

with adaptive correction may be written as [27]:
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where 𝑒𝑟𝑓𝑐 is the complementary error function:
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According to Eqs. (10) and (11), after the correction, the influences
of residual wavefront and 𝑓𝐺∕𝑓3dB on BER are shown in Fig. 4(a)
and (b), respectively. As shown in Fig. 4(a), the communication BER
increases with increasing correction error. The communication BER is
typically less than 10−6 to realize optical communication. Under the
condition of the ideal communication BER of 10−9, the RMS value of the
correction error should be less than 0.67 rad to acquire the BER of 10−6.
According to the calculation results in Fig. 2, the CE should be more than
0.62. The effect of the system bandwidth is shown in Fig. 4(b). When
𝑓𝐺∕𝑓3dB = 0.62, the communication BER is less than 10−6. Consequently,
𝑓3dB shall be 1.6 times of 𝑓𝐺 to achieve normal optical communication.
The effect of the system bandwidth on BER is shown in Fig. 5 at different
laser receiving apertures. The optimal system can be designed according
to this effect.

3. Field demonstration

An outdoor experiment was performed to validate our theoretical
analysis. The optical setup of the adaptive optics system (AOS) is shown
in Fig. 6. Lasers of 1550 nm and 808 nm are selected as signal and beacon
light, respectively, which are received by a telescope with an aperture
of 150 mm and collimated by lens L1 (Fig. 6(a)). The collimated beam is
reflected by a tip-tilt mirror (TTM) and a DM and goes to beam splitter
P1, which is designed to reflect 80% of 808 nm beam and transmit light
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Fig. 6. AOS for FSLC: (a) designed; and (b) actual configuration.

Fig. 7. Location for the field experiment of the FSLC.

of 1550 nm and 20% of 808 nm. Thus, the light is split into two beams by
P1, that is, the reflected light with the wavelength of 808 nm enters the
Shack–Hartmann wavefront sensor (S–H WFS) for wavefront detection
and the transmitted light is split again by P2. The transmitted 1550 nm
signal light is coupled into a fiber, and the reflected light with the
wavelength of 808 nm is received by a tracking camera. Fig. 6(b) shows
the actual optical configuration of the designed AOS. The diameter of
the fiber end face is 100 μm, which is 1.8 times that of the Airy disk.
The S–H WFS has parameters of 1.6 kHz frame frequency, 15 × 15
microlenses, and 2.3 mm aperture. The DM is purchased from ALPAO
and possesses 145 actuators, 4 kHz first resonance of the membrane, and
30 mm aperture. The TTM (FSM-300, Newport) with the tip-tilt angle
±1.5◦ and 25.4 mm aperture is used to correct tip-tilt aberrations. The
tracking camera (EoSens GE, Mikrotron) is used to obtain the tracking
error with an ROI area of 90 × 90 pixels and 500 Hz frame frequency.
With these devices, the 3 dB bandwidth of the AOS is tested, and the
value is 50 Hz.

Two stations are selected to perform the FSLC experiment with the
distance of 9 km (Fig. 7). The transmitting and receiving terminals are
placed at the PaoTai Mountain and MiaoXi, respectively. The signal
and beacon lasers are emitted from the PaoTai Mountain with the
wavelengths of 1550 nm and 808 nm. The transmitted light is received
by a 150 mm telescope at MiaoXi.

The 𝑓𝐺 of atmospheric turbulence is measured at the wavelength of
1550 nm. The 𝑓𝐺 is recorded from 10 a.m. to 10 p.m. with an interval
of 2 h, and the measured data are shown in Fig. 8. The change trend of
𝑓𝐺 differs to that of vertical turbulence because of the effect of ground
layer weather.

Laser communication is operated simultaneously with adaptive cor-
rection to evaluate the effect of the system bandwidth on the FSLC and
measure 𝑓𝐺. To do the adaptive correction, the response matrix of DM
should be measured firstly. A 808 nm laser outputted with a fiber is

Fig. 8. Measured 𝑓𝐺 within 12 h.

placed at the focus of the telescope and the response function of each
actuator is measured with the S–H WFS. After this, the 808 nm laser
is moved out from the AOS. The wavefront reconstruction is based on
modal method and the first 18 modes of Zernike polynomial is utilized
correct the high order aberrations. The tip-tilt aberration is corrected by
the TTM. The RMS of the wavefronts, calculated with an average of 2000
data to acquire the statistical result, are shown in Fig. 9(a) without and
with the adaptive correction. After the correction, the wavefront error
is reduced from 4.3 rad to 1.1 rad with 𝑓𝐺 = 45 Hz. Fig. 9(b) shows the
corrected wavefront error at different 𝑓𝐺∕𝑓3dB, which is obtained with
the measured 𝑓𝐺 (shown in Fig. 8) and 𝑓3dB. The fitting result of the
measured data is represented with a dashed line. For comparison, time
delay error 𝜎𝑡𝑒𝑚𝑝 is computed according to the measured 𝑓𝐺 and 𝑓3dB
by using Eq. (9) and is also shown with a real line. The tendency of the
dashed line is similar to that of the real line. However, the difference
between the dashed and real lines is 0.2 rad, which is possibly caused
by the errors of detection, correction, and so on.

In adaptive correction, the CE and BER are measured, and their
average values are computed with 2000 data. Fig. 10 shows the mea-
sured results of CE and BER at the communication rate of 2.5 GHz.
As shown in Fig. 10(a), after the adaptive correction, the CE increases
from 0.24 to 0.42, and the BER decreases from 4 × 10−3 to 6 × 10−5

with 𝑓𝐺 = 45 Hz. Fig. 10(c) and (d) show the CE and BER as functions
of residual wavefront error. The dot, dashed, and real lines represent
the measured, fitted, and theoretical results, respectively. The fitted
curve of the measured data almost coincides with the theoretical curve.
Therefore, Eqs. (7) and (8) can be used to calculate the effect of residual
wavefront error on CE and BER.
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Fig. 9. Residual error with adaptive correction: (a) wavefront error before and after correction with 2000 sampling points at 𝑓𝐺 = 45 Hz; and (b) average RMS of residual wavefront at
different𝑓𝐺∕𝑓3dB.

Fig. 10. Relation between CE and correction error: (a) and (b) CE and BER before and after correction with 2000 sampling points; and (c) and (d) CE and BER as functions of correction
error with measured and calculated results.

The effects of 𝑓𝐺∕𝑓3dB on the CE and BER are shown in Fig. 11(a)
and (b), respectively. The real line indicates the calculated CE according
to the measured 𝜎𝑡𝑒𝑚𝑝, and the dashed line indicates the fitting curve of
the measured CE. The two curves have a difference of 0.1, which could
be due to correction errors, except time delay error (Fig. 9(b)). Given
that the CE only decreases 0.1, the effect of all other errors is minimal
compared with that of the time delay error. Hence, in horizontal
FSLC, the system bandwidth is a key factor that affects communication
performance. Similar results may be obtained with regard to the effect
of the system bandwidth on communication BER. All the results show
that the theoretical equations can be used to analyze the effects of
residual wavefront error and system bandwidth on communication
performance.

4. Discussion

The RMS of all errors, except temporal error, is only 0.2 rad. Even
if 𝑓𝐺∕𝑓3dB = 0.5, 𝜎𝑡𝑒𝑛𝑝 is equal to 0.56 rad, which is approximately two
times of all the other error. The system bandwidth of AOS considerably
affects the communication performance. According to the device perfor-
mances of our AOS, the 3 dB system bandwidth should be approximately
80 Hz. Given the additional time delay of 2 ms at the WFS, the measured
bandwidth is only 50 Hz. The bandwidth of DM based AOS is typically
80 Hz or higher. Therefore, assuming that the system bandwidth is
improved to 80 Hz, the improvements in the CE and BER are shown
in Fig. 12 after the adaptive correction. When the system bandwidth is
increased from 50 Hz to 80 Hz, the CE increases and the BER decreases.
Under the condition of BER = 10−6, the 𝑓𝐺 of turbulence that can
be overcame increases from 28 Hz to 45 Hz. The duration of optical
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Fig. 11. (a) CE and (b) BER as functions of 𝑓𝐺∕𝑓3dB.

Fig. 12. (a) CE and (b) BER as functions of𝑓𝐺 .

communication is consequently improved. Hence, system bandwidth is
a key factor that should be considered in designing AOS for FSLC.

5. Conclusions

The effect of the 3 dB bandwidth of AOS on FSLC performance
is mainly studied using PIB method. A simplified model of the FSLC
is established, and theoretical analysis is performed to determine the
effects of temporal error. The simulation results show that the 3 dB
system bandwidth should be 1.6 times of the Greenwood frequency
when the fiber receiving end face is equal to the ideal Airy disk to ensure
the BER of 10−6.

A 9 km horizontal maritime link experiment is performed with adap-
tive correction to validate the theoretical analysis. The experimental
results are close to the theoretical ones. Therefore, the formulas are
validated for theoretical analysis of the effect of system bandwidth.
Moreover, the experimental results indicate that the residual error is
only 0.2 rad (except for the time delay error) after correction. Even if
𝑓𝐺∕𝑓3dB = 0.5, 𝜎𝑡𝑒𝑛𝑝 is equal to 0.56 rad. For horizontal link, the system
bandwidth is a key factor that affects FSLC performance. Furthermore,
with the system bandwidth is 50 Hz, 𝑓𝐺 of 29 Hz can be overcome, and
BER of 10−6 can be achieved. When the system bandwidth is improved
to 80 Hz, the 𝑓𝐺 of 45 Hz can be overcame. Thus, improving the system
bandwidth of AOS is a major work for horizontal FSLC in the future.

The effect of the system bandwidth can be accurately evaluated with
PIB method. This work provides a basis for designing and evaluating
AOSs for FSLC.
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