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Abstract: In this paper, a low-complexity joint compensation scheme of carrier recovery (JCSCR)
for coherent free-space optical (CFSO) communication is proposed. We applied the carrier recovery
joint compensation approach to a CFSO communication system in the quadrature phase shift keying
(QPSK) modulation format. A signal-preprocessing stage, which effectively avoided the repetitive
operations found in traditional carrier recovery schemes, was proposed. Unlike in existing carrier
recovery algorithms, the modulated phase of the received signal could be accurately removed using
only the sum and subtraction of real absolute values in the signal-preprocessing stage, greatly
reducing the complexity of the operation. Since this algorithm avoids the traditional fourth operation,
the system’s complexity is reduced while additional noise generated by fourth cross-terms would be
prevented and system noise immunity would be greatly enhanced. In addition, this algorithm uses
joint compensation of phase errors in the final compensation stage, further reducing the complexity
of the computation of the whole algorithmic scheme. A 10 Gbps QPSK CFSO communication
transmission experiment was conducted in an atmospheric turbulence channel to verify the proposed

technique and improvement in receiver sensitivity.

Keywords: coherent free-space optical communication; digital signal processing; carrier phase
recovery; phase modulation; atmospheric turbulence

1. Introduction

With the rapid development of space technology, a large number of high-resolution
space exploration data need to be transmitted back to the ground in real time, and the
communication-link-system information-transmission capacity and transmission-rate de-
mand have increased. In this context, free-space optical (FSO) communication technology
is an important research direction in the field of optical communication due to its large
capacity, high bandwidth, flexible deployment, and excellent confidentiality [1-4]. FSO com-
munication systems can be divided into two major categories: coherent free-space optical
(CFSO) communication systems and noncoherent free-space optical (NCFSO) communica-
tion systems. Compared with the intensity modulation/direct detection (IM/DD) [5]-based
NCFSO communication system, the CFSO system is more flexible in its modulation and
has higher spectral efficiency and receiver sensitivity [6-8]. Therefore, CFSO communi-
cation systems are considered an effective technical approach to achieve high speed and
high-capacity data transmission in FSO communication [9,10].

A CFSO communication transmission system in the signal phase is affected by the
frequency offset and phase noise generated by the device itself, in addition to atmospheric
turbulence that can further cause signal phase distortion, resulting in system performance
degradation. An effective approach to combat this issue is to improve the receiver sensitivity
of the system using digital coherent reception (DCR) techniques based on digital signal
processing (DSP) to compensate for the phase of the signal at the receiver end. Traditional

Photonics 2023, 10, 389. https:/ /doi.org/10.3390/photonics10040389

https:/ /www.mdpi.com/journal /photonics


https://doi.org/10.3390/photonics10040389
https://doi.org/10.3390/photonics10040389
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/photonics
https://www.mdpi.com
https://orcid.org/0000-0002-4992-666X
https://orcid.org/0000-0002-2512-2851
https://doi.org/10.3390/photonics10040389
https://www.mdpi.com/journal/photonics
https://www.mdpi.com/article/10.3390/photonics10040389?type=check_update&version=1

Photonics 2023, 10, 389

2 of 14

DSP involves two stages in the carrier-phase- recovery module. The carrier frequency offset
estimation (CFOE) algorithm is used in the first stage to compensate for the frequency
offset (FO) in the carrier waveform, limiting the FO to within the tolerance of the carrier
phase estimation. Subsequently, carrier-phase error caused by atmospheric turbulence,
laser linewidth, and ASE noise is further corrected with the help of the second-stage carrier
phase offset estimation (POE) algorithm, allowing achievement of the correct judgment and
demodulation of the received signal. Traditional time-domain carrier recovery modules
(abbreviated 4th-PD-VV algorithm) usually use a combination of the fourth phase difference
(4th-PD) method [11] and the Viterbi-Viterbi phase-estimation (VVPE) algorithm [12,13]
to estimate and compensate for signal carrier frequency and phase offset. The 4th-PD-
VV scheme requires separate fourth-power operations in the CFOE module and the POE
module to remove the modulated phase information of a signal. This repetitive operation
increases the operational complexity of the whole scheme. In addition, when the modulated
phase is removed using the fourth-power operation, a large amount of additional noise
appears in the cross-terms generated in the operation, which greatly reduces the noise
immunity and receiver sensitivity of the system.

Designing an efficient and low-complexity carrier recovery algorithm for CSFO com-
munication systems is a challenging task. In this paper, for the problem of high compu-
tational complexity and low noise immunity of the 4th-PD-VV algorithm, we propose a
low-complexity joint compensation scheme of carrier recovery (JCSCR) for high-speed
CFSO systems. This scheme’s design includes a signal-preprocessing stage that removes
the modulated phase information of the signal using real-absolute-value addition and
subtraction. This approach reduces the complexity of the system while avoiding the system
performance impact of the additional noise generated by the fourth-power operation in the
4th-PD-VV algorithm. Finally, we propose that joint compensation of the FOE value and
the POE value is used in the signal-compensation-estimation error stage, further reducing
the complexity of the overall scheme. Due to the benefit of the optimization of the signal-
preprocessing stage, the number of multipliers required in the operation of the proposed
scheme is less than % of the those for the 4th-PD-VV scheme. The simulation results of
the CFSO system with the JCSCR in different turbulence channels demonstrated the im-
proved receiver sensitivity and system noise-tolerance capability of the proposed scheme.
Therefore, using the proposed technique, we can achieve lower complexity, higher noise
immunity, and higher receiver sensitivity. The effectiveness and feasibility of this scheme
were verified with a 10 Gbps quadrature phase-shift keying (QPSK) CFSO communication
transmission system.

2. Operation Principle of the Proposed Scheme

Complex signal corruption entering a carrier recovery module is mainly the result of
frequency offset between the transmitter laser and the local oscillation (LO) laser, as well
as carrier phase errors caused by atmospheric turbulence, laser linewidth, and ASE noise.
Other damage to the carrier signal was compensated for in the previous process module.
The kth observed signal, s, at the receiver can be modeled as [14]

sk = exp|j(0x + 2tAFKT + @i )] + 1y 1)

where 0, is the modulation phase of the kth signal, Af denotes the carrier FO, T is the
symbol duration, ¢y denotes the carrier phase noise (which includes the phase noise
introduced via the laser linewidth and atmospheric turbulence), and 7, denotes the ASE
phase noise, which presents zero-mean Gaussian distribution.

The block diagram of the proposed JCSCR is shown in Figure 1, where s represents the
complex signal of the kth-input carrier recovery module. In the first stage of the JCSCR, the
received signal will need to be preprocessed. To remove the signal modulation phase more
efficiently, we used a four-level absolute operation instead of a fourth-power operation,
adding and subtracting the absolute values of the real and imaginary parts [15]. The flow
chart of the first-stage phase operation is shown in Figure 2. The real function () in the
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figure represents the operation of the complex real part, and the imag function () represents
the operation of the imaginary part; s4 ; indicates that the kth output complex signal after
the phase angle is expanded to four times that of the original.
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Figure 1. Block diagram of the proposed scheme.
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Figure 2. Block diagram of the signal-preprocessing stage.

For convenience of discussion, the effects resulting from additive ASE noise, 1y, were
not considered during the derivation of the first-stage equations. Analysis of n; will be
explained later [16,17]. First, the received complex signal is operated via calculating the
real part and the imaginary part:

I = real(sy) = cos(0x + 2AfKT + @i) = cos(¢x)

Qi = imag(si) = sin(0 + 2AfkT + i) = sin(¢x) ()
where ¢ = 0 + 2mAfkT + ¢,. We considered expanding the phase angle of the trigono-
metric function by a factor of two using the twofold-angle formula.

cos(2¢y) = cos*(¢y) — sin’(¢y)
sin(2¢x) = 2cos(¢x) - sin(Py)

= 2{leos(gu) + sin(gu)]? ~ lcos(gy) — sin(p )]} ©

As shown in Figure 3, the square operation of trigonometric function and the absolute-
value operation are very close to the waveform; they have the same period and approximate
change law. To reduce the complexity of the calculation, we replaced the square operation
of the trigonometric function with the absolute-value operation of the real numbers for
approximation instead, realizing the twofold operation of the phase angle.
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Figure 3. Comparison of the results of the absolute-value operation and the square operation of the
(a) cosine functions and the (b) sine functions.

Therefore, the trigonometric bisector cosine term in Equation (3) can be approximated
as follows:

cos(2¢x) = [cos(¢x)| — [sin ()| ®)

The sine term in Equation (3) can be approximated with the following equation:

|cos(¢x) + sin(¢x)| — [cos(¢x) — sin(¢x)|

= \fZ[sinz (<pk + %) — cos? (q‘)k + %)}

~ V/2sin(2¢) 6)

The cos-term coefficient of Equation (5) is multiplied by 1/2 to balance with the sin-
term coefficient in Equation (6); then, Equation (3) can be rewritten as

Ly = V2cos(2¢¢) ~ V2(|Iii| — [Quxl)

Qax = V2sin(2¢x) ~ | L g + Qui| — [ Ik — Qui| 7)

Similarly, to achieve the quadruple-phase angle, it is only necessary to perform the
corresponding angle expansion operation using the above method on top of the double-
phase angle. The final result was

I4,k = \/QCOS(4¢]{) ~ |12rk‘ B |Q2’k

Qur = V2sin(4dx) ~ |Lyx + Qux| — [ Ik — Quk| 8

We reassembled the real and imaginary terms into a complex signal.

Saj = Iyp + jQux

— |k — Qaxl) )

— Qo] +7 (| Ik + Qai

= | L
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Subsequently, after the preprocessing stage, the signal, sy, enters the frequency-
deviation-estimation stage. In this stage, the phase error caused by frequency deviation
between the transmitter laser and the LO laser can be easily calculated as

2nAfT = arg [254,,( . 5*4,,(_1] /4 (10)
N1

After elimination of the effects caused by FO, the third stage of the carrier-phase-
recovery module estimates and compensates for phase errors in the signal.

Py = arg [ZS’M] /4 (11)
N2

The POE (¢%) detection module uses two adjacent phase offset estimations for compar-
ison. If adjacent phase offset estimations jump, a phase period is compensated [18]:

Oy = Py —71/2 P — Pp—1 > /4

O =@ +71/2 P — Pp1 < —7/4

O, = ;_1 other (12)

where &1 = 0.
The actual final compensated POE in the proposed scheme is

P’ = P + D (13)

Finally, the final phase offset estimation, ¢/, and the frequency offset estimation, A f,
derived from the previous frequency offset estimation module are jointly compensated into
the received signal.

It should be noted that random fluctuations in the amplitude and phase of the received
signal, caused by refractive index changes due to atmospheric turbulence, usually have
frequencies between 20 Hz and 1 kHz [19,20]. In a CFSO transmission system with a
communication rate on the order of GHz, the phase noise variation caused by the laser
linewidth and atmospheric turbulence will vary relatively slowly, and its influence of two
adjacent symbols can be considered the same [19,21].

The fourth-power operation was nonlinear; after this fourth-power operation,
Equation (1) generated many cross-multiplication terms containing the signal and ASE
noise. In taking the power of two as an example—(s + n)2 = 5% + 2s-n + n*—only the
first term is a useful signal; the remaining terms can be regarded as amplified noise. This
means that the fourth-power operation will expand system noise and the 4th-PD-VV al-
gorithm is less resistant to noise. On the contrary, the absolute-value operation of real
numbers in the proposed scheme can directly offer sign judgment without generating
cross-multiplication terms, so it has less impact on subsequent modules during the carrier
recovery. Additionally, instead of viewing FOE and CPE as two separate processing flows in
the proposed scheme, a preprocessing stage was chosen to be added prior to the conjugate
multiplication of the CFOE. In this stage, four-level absolute-value operation is performed
to remove the signal-modulation-phase operation. The preprocessed signal is fed to the
subsequent carrier recovery compensation module. This approach avoids the repetitive
four-level absolute-value operation of the CPE module in the third stage and minimizes
the complexity of the whole scheme. Finally, the scheme uses joint compensation of the
FOE and the CPE. This approach reduces the number of multipliers used, which further
reduces the complexity of the scheme.
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3. Simulation Demonstration and Performance Evaluation

The simulation platform of a 10 Gbps QPSK CFSO communication system is shown
in Figure 4. Firstly, the PRBS data source was mapped to QPSK symbols in the mapping
module and then converted to corresponding electrical pulse signals. The transmitter
side used a polarization beam splitter (PBS) to split the external cavity laser (ECL), with
a linewidth of 50 kHz, into two orthogonally polarized lights. The four electrical pulse
signals of the two polarization states drove two dual parallel Mach—Zehnder modulators
(MZMs) to complete the up-light modulations of the two orthogonally polarized lights. The
modulated optical signals of the two polarization states were coupled with a polarization
beam combiner (PBC) to form a signal beam and were then integrated into a computer-
simulated free-space turbulence channel. To simulate different transmitting optical powers,
we used a variable optical attenuator (VOA) to adjust the appropriate input power on the
transmitter side. On the receiver side, a continuous wave laser with a linewidth of 50 kHz
was used as the LO laser, with a frequency offset of 300 MHz from the transmitter-side
laser. Finally, the four electrical signals were mixed and balanced with the integrated
optical coherent receiver. The detector was sampled with an analog-to-digital converter
(ADC) and processed in an offline DSP module. The offline DSP module included 1Q
quadrature imbalance compensation, clock recovery, polarization demultiplexing, JCSCR,
QPSK de-mapping, and BER counting.
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Figure 4. Simulation setup for a 10 Gbps QPSK CFSO transmission system.

In computer simulations of free-space turbulence channels, the McGlamery atmospheric-
turbulence phase-screen model based on the Fourier transform is used to simulate at-
mospheric turbulence [13]. The simulation parameters were as follows: wavelength
A = 1550 nm; the internal scale of atmospheric turbulence, Iy, was negligible; the ex-
ternal scale of atmospheric turbulence, Ly, was infinite [20]; z (the atmospheric turbulence
range) = 10 km, considering that atmospheric turbulence mainly occurs within the range of
about 10 km from the ground [21]; and the refractive index structure parameters, C%, were
6.5 x 1074 m=2/3,5 x 10715 m~2/3 and 6 x 10716 m~2/3 (three kinds of classical refractive
index structure parameters corresponding to strong-, medium-, and weak-turbulence chan-
nels, respectively) [19-24]. The insets (a), (b), (c), and (d) in Figure 4 show the light-field
distribution in its initial state and after being disturbed by the strong-, medium-, and
weak-turbulence atmospheric channels, respectively.

For the carrier recovery module, shorter estimated symbol-block lengths (N1, N2)
could achieve fast carrier phase tracking, but this was limited by DSP speed. On the
contrary, longer estimated symbol-block lengths (N1, N2) could better suppress the effect of
noise on the carrier’s estimated symbol block and achieve higher noise tolerance. Therefore,
the optimal estimated symbol-block lengths (N1, N2) needed to be obtained after balancing
the two factors [25]. Figure 5 shows the effect of FOE symbol-block length N1 on the
normalized mean square error (MSE) in a medium-turbulence channel. The FOE accuracy
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increased with increases in the transmitting power and the length of the estimated symbol
block. Meanwhile, the difference between the MSEs of different FOE symbol blocks
decreased as N1 increased to 512. Based on the present simulation platform, we consider
N1 = 512 the optimal symbol-block length for this system.

1073
—=—N1=128 —v— N1=768
» —e— N1=256 N1=1024
10 —A— N1=512 N1=1280
L
»
= 107
o]
(<)
N
< 10°
e
p -
>
1077
1078

-24 —22 20 -18 -16 -14 -12 -10 -8
Transmitting Power (dBm)

Figure 5. Normalized MSE as a function of the transmitting power for different N1 values.

On this basis, we compared the effects of phase-offset-estimation symbol-block length
N2 on the receiver sensitivity of the proposed JCSCR in a medium-turbulence channel. In
this simulation, FOE symbol-block length N1 = 512 and the laser linewidth was 50 kHz.
In this paper, we used the 7% overhead forward-error-correction (FEC) hard judgment
threshold (3.8 x 1073) as the system bit-error-rate (BER) performance judgment value.
Figure 6 shows that for the same laser linewidth, when the BER reached 3.8 x 1073, the
effect of suppressing Gaussian noise became obvious with the increase in phase-offset-
estimation symbol-block length N2. The required transmitting power gradually decreased,
and the receiver sensitivity gradually increased. When block length N2 increased to
a certain level, the performance of the receiver system deteriorated sharply. This is
because the long average length of N2 meant that a large number of symbol samples
shared the same estimated phase, so the phase estimation accuracy of each sample de-
creased. Considering various factors such as noise tolerance, carrier phase tracking, and
algorithm complexity [13,26], we consider N2 = 32 the optimal average length for this
simulation system.

Figure 7 shows the normalized MSEs of the proposed JCSCR and the 4th-PD-VV
method when the system was set to different frequency offsets under different atmo-
spheric turbulence states. The symbol-block length of frequency-offset estimation N1 was
set to 512 for both algorithms. The transmitting power values of the strong-turbulence,
medium-turbulence, and weak-turbulence states were —16 dBm, —18 dBm, and —20.5 dBm,
respectively. As shown in Figure 7, the FOE value of the proposed scheme was closer to
the actual frequency offset value, with a lower normalized MSE. As the turbulence state
enhanced, the proposed scheme was more advantageous. Therefore, the frequency off-
set estimation accuracy of the proposed JCSCR was significantly better than that of the
4th-PD-VV algorithm.
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Figure 8 shows the effect of transmitting power versus BER for the proposed JCSCR
and the traditional 4th-PD-VV scheme for different laser linewidths in different atmospheric
turbulence channels. The simulation system set the FO to 300 MHz. The lengths of the
estimated symbol blocks, N1 and N2, were set to 512 and 32, respectively. As shown in
Figure 8, the BERs of both algorithms gradually increased with increases in laser linewidth.
However, the JCSCR with a larger linewidth still outperformed the 4th-PD-VV scheme
with a smaller laser linewidth under medium turbulence and strong turbulence. With a
BER of 3.8 x 1073 and a laser linewidth of 50 kHz, the JCSCR required less transmitting
power, and the receiver sensitivity was improved by 3.6 dB, 2.2 dB, and 1.2 dB for the
strong turbulence, medium turbulence, and weak turbulence, respectively.
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4. Experimental Setup and Results

As shown in Figure 9a, the hardware of the 10 Gbps QPSK CFSO communication
experimental system consisted of three main components: an optical transmitter, an at-
mospheric channel transmission link, and an optical receiver front-end. A PLUTO-2
phase-type spatial light modulator (SLM) manufactured by HOLOEYE was used in this
experiment to simulate the atmospheric turbulence channel, which had a resolution of
1920 x 1080 pixels [27,28]. The PLUTO-2 SLM was converted from grayscale to phase level,
which was reflected in the wavefront phase of light, and thus simulated the atmospheric
turbulence effect. Since current commercially available SLMs are sensitive to polarization,
polarization multiplexing was difficult to implement in our experiments. However, polar-
ization impairments caused by atmospheric turbulence are rather small and can generally
be compensated for through channel equalization, and the proposed scheme gain was
independent of polarization. The control computer in this experiment was connected
to the SLM via a drive circuit. The control computer could generate the grayscale map
corresponding to the set refractive index structure constant of the atmosphere, C2, and
load the grayscale map onto the liquid crystal (LC) display of the SLM. In this experi-
ment, 55 random phase masks were generated and converted into corresponding grayscale
maps based on the atmospheric refractive index structure constants (6.5 x 10714 m~2/3,
5x 107 m=2/3, and 6 x 1071® m~2/3, respectively) corresponding to strong, medium,
and weak turbulence, as shown in Figure 9b—d.

Optical Power Meter Control Computer
ECL SLM
VOA © lals PC, Cy I~ RxT)
1/Q :-_:. > Off-line |
modulator — DSP_
EDFA Coupler
ECL g
: TN Realltime
Keysight8190A :I Tx Ofsf—lme | Coherent —>>)((I 40G Sals
AWG e M receiver > Oscilloscope
C, PC,
(b) Cf =6.5x10™" (c) an =5x10" (d) an =6x107°
) v A At , N d
.a"» - 1 a4 &3
o i g ~~. i &
Phase mask  Phase mask Phase mask Phase mask Phase mask Phase mask Phase mask Phase mask Phase mask
1 2 55 1 2 55 1 2 55

Figure 9. Experimental setup for a 10 Gbps QPSK CFSO transmission system. ECL: external cavity
laser; PC: polarization controller; C: collimator; M: mirror; SLM: space light modulator. (a) QPSK
CFSO communication experiment system diagram. (b) Grayscale map of strong-turbulence channel.
(c) Grayscale map of medium-turbulence channel. (d) Grayscale map of weak-turbulence channel.

The actual laboratory system scenario diagram is shown in Figure 10. The same DSP
code as in the simulation was used to generate the data source at the front end of the optical
transmitter. The I and Q signals corresponding to the real and imaginary parts, respectively,
were sent to the high-speed arbitrary waveform generator, AWG8190A, with a maximum
sampling rate of 12 GSa/s to generate baseband electrical signals. The up-light modulation
of the signal was completed with the IQ modulator. A laser with a measurement linewidth
of 50 kHz was integrated into the IQ modulator. The output signal light from the modulator
was emitted through the telescope into free space. The light-transmitting power was
controlled via adjusting the output power of the VOA to vary within a certain range.



Photonics 2023, 10, 389

(D) Arbitrary Waveform Generator (AWG) Keysight8190A
(2) 1/Q Modulator @) Four-channel External Cavity Laser

4) Erbium-Doped Fiber Amplifier (EDFA)

5) Variable Optical Attenuator (VOA) (©) Optical Power Meter

10 of 14

() Coherent Receiver (8) Real-time 40G Sa/s Oscilloscope

(D Polarization
Controller (PC,)
| @ Collimator (C;)
(3) Spatial Light
5 .« Modulator (SLM)
. s s« @ Mirror
&= (B Collimator (Cy)
* * | ® Polarization
Controller (PC;)

‘e

e re e e RNy

Figure 10. Laboratory system scenario diagram: (a) transmitter, receiver, and (b) atmospheric-
turbulence-simulation optical-experiment platform.

After encountering polarization controller PC; and collimator C;, the signal beam
was propagated in free space with the same polarization direction as the function direction
of the SLM. The signal beam reached the receiver side after being reflected by the SLM
and mirror M, and passed through collimator C,. At the receiver side, polarization PC,
controlling was performed at first. Then, the signal light was fed into a standard single-
mode fiber (SSMF), which was subsequently fed into a coherent receiver and oscilloscope
for subsequent storage and data processing. The LO laser operated at a wavelength of
193.400 THz and a linewidth of 50 kHz. The FO between the transmitting laser and the LO
laser was approximately 300 MHz. The laser beam wavelength was 1550 nm. Collimators
C1-C2 were identical and had a focal length of 11.29 mm. The entire indoor transmission
link distance was 900 mm. According to the Fresnel scaling theory, this experimental setup
can be equated to an outdoor long-distance experiment [29]. In addition, the clock sources
of the AWG and the oscilloscope were synchronized in this experiment.

Figure 11a shows FOE symbol-block length N1 versus the BER curve of the proposed
JCSCR under the 10 Gbps QPSK CFSO communication experimental system. Experiments
showed that the BER performance of the algorithm decreased with decreases in symbol
block N1 and it had a low BER at N1 = 512 for the medium-turbulence channel. Based on
the experimental results, 512 symbols were selected as the block length of the proposed
scheme for the FOE. On this basis, Figure 11b shows the curves of the proposed scheme for
phase-offset-estimation symbol-block length N2 versus the BER for the case of N1 = 512.
As shown in the figure, the system had a lower BER and better noise immunity than the
other values when N2 was 32. Therefore, N2 = 32 was used as the phase offset estimation
block length in this experiment.

To visually compare the performance of the proposed JCSCR with the traditional
4th-PD-VV carrier scheme, when N1 = 512 and N2 = 32, we compared the transmitting
power versus the BER for strong-, medium-, and weak-turbulence channels, respectively.
Figure 12 shows that the proposed algorithm exhibited a better performance than the
4th-PD-VV scheme in BER limit (3.8 x 10~%), improving receiver sensitivity by 3.3 dB,
2.1 dB, and 1.1 dB in the strong-, medium-, and weak-turbulence states, respectively. In
addition, there was a difference of nearly 3 dB between the experimental and simulated
results, owing to the lack of polarization multiplexing in this experiment. It can thus be
seen that the conclusions drawn from the experiments and simulations are in agreement.
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Figure 11. Experimentally measured BER as a function of transmitting power for different values of
N1/N2.: (a) different N1 values, (b) different N1 values.
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Figure 12. Experimentally measured BER as a function of transmitting power for the proposed algorithm
and the 4th-PD-VV algorithm: (a) 6.5 x 1074 m=2/3, (b)5 x 1075 m2/3, and (c) 6 x 10710 m~2/5,

5. Complexity Analysis

In this section, we will analyze the computational complexity of the proposed JCSCR
and the 4th-PD-VV algorithm in the QPSK modulation format. The real multipliers and real
adders required for the two whole schemes when the length of the participating frequency-
offset-estimation symbol block and the phase-offset-estimation symbol block were N1 and
N2, respectively, are shown in Table 1. The complexity of the 4th-PD-VV scheme using
fourth-power operations to remove the modulation-phase operation increased considerably
with increases in block length. Additionally, the M power operation requires more real
multipliers when the number of powers increases [30]. In contrast, the JCSCR algorithm
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signal-preprocessing stage avoids the resource-consuming fourth-power operation. For
complex signals of length N1, the signal-preprocessing stage requires only 11N1 real adders
to perform the modulation-phase-removal operation. The JCSCR only requires prepro-
cessing to remove the modulated phase of the signal and subsequent joint compensation
operation, which helps to further reduce the complexity of the overall scheme. In field
programmable gate array (FPGA) multiplication is implemented through multiple shift
operations and multiple addition operations, and the complexity of multiplier implementa-
tion is much greater than that of adders. Therefore, the complexity of a scheme is mainly
discerned through the number of multipliers. Based on Table 1, the number of multipliers
required in the operation of the proposed JCSCR was less than % of that for the 4th-PD-VV
algorithm, which is more favorable for implementing the algorithm in FPGAs.

Table 1. Computational complexity of different schemes.

Scheme Real Multiplication Real Addition
4th-PD-VV 12N1 + 8N2 + 6 8N1 + 6N2-4
JCSCR 4N1 + 4 15N1 + 2N2-3

6. Discussion

In summary, we propose a low-complexity JCSCR that simplifies removal of modulation-
phase-repetition operations and jointly compensates for estimation errors to reduce the
system complexity and improve the transmission capability of the CFSO communication
transmission system. With the same atmospheric turbulence states and estimated symbol
blocks, simulations and experiments verified that our proposed scheme achieves lower
complexity, higher noise tolerance capability, and higher receiver sensitivity than does
the traditional 4th-PD-VV scheme under QPSK-modulated signals. In addition, the in-
formation capacity of the system can be further enhanced using high-order QAM-format
signals. CFSO systems with high-order QAM-format signals are also in urgent need of
low-complexity, efficient carrier recovery schemes. Studying how to optimize the existing
QAM carrier recovery algorithm and demonstrate its feasibility in CFSO communication
systems is what we want to work on in the future.

7. Conclusions

In this article, a low-complexity JCSCR was proposed and introduced into the CFSO
communication system. The proposed algorithm only used addition and subtraction of
real absolute values in the preprocessing stage to remove the signal modulation phase,
reducing system complexity while avoiding the appearance of additional noise generated
by cross-terms. In addition, a joint compensation error was proposed for use in the carrier-
compensation stage to further reduce the complexity of the overall algorithm scheme. The
number of multipliers required in the operation of the JCSCR in the complexity analysis was
less than £ of the 4th-PD-VV. The results of the simulation demonstrated that the proposed
algorithm can achieve high-precision carrier recovery with much lower complexity, even
with large laser linewidths. Moreover, the FOE accuracy of the proposed scheme was
improved by one order of magnitude for the same symbol-block length of FOE under
strong turbulence. Compared with the traditional 4th-PD-VV scheme, the transmitting
power required at BER = 3.8 x 1073 was reduced by 3.6 dB, 2.2 dB, and 1.2 dB for the strong-
, medium-, and weak-turbulence states, respectively. The experimental results further
verified the robustness and feasibility of the proposed scheme in the QPSK CFSO system.
In addition, improvements of receiver sensitivity were also experimentally validated. The
proposed scheme can significantly improve free-space link-transmission capacity and
ensure communication reliability, which is expected to provide technical support for a large
amount of high-speed satellite observation data transmission in real time and satisfy the
development demand for a next-generation space optical communication system with a
large capacity and high speed.
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