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Abstract: To solve the problems of interruption events and the high bit-error rate of the FSO system
caused by atmospheric turbulence, an FSO cooperative communication scheme based on system
polarization code is proposed. In this scheme, the upper limit of the average bit-error rate of the
atmospheric turbulence channel is used to construct the frozen bit set of the system polarization
code, and the information bit set of the S — R link is recovered by using the ownership relationship
between the frozen bit set of the S — R link and the S — D link at the destination node. Finally, the
information bits of the S — R link and S — D link are combined using equal gain combination, and the
original information is recovered by decoding. The simulation results show that the FSO cooperative
communication system can overcome the influence of atmospheric turbulence and improve the system
performance, and the bit-error rate performance of the FSO cooperative communication system can be
improved by at least 0.5dB; the outage probability of the FSO cooperative communication system can
be reduced to less than 1077, and it shows a stable inhibitory effect on strong turbulence conditions.

Keywords: system polarization code; cooperative communication; outage probability; bit-error rate

1. Introduction

Free-space optical (FSO) communication technology uses light as an information
transmission medium, and has several features including large bandwidth, fast speed, and
strong anti-interference. In particular, the technology does not depend on fixed-frequency
band communication, which saves spectrum resources. However, the laser is easily affected
by atmospheric turbulence, resulting in the change of beam arrival angle and the fluctuation
of light intensity at the receiving end [1].

To overcome the influence of atmospheric turbulence on the FSO system, coopera-
tive communication technology is applied to the FSO communication system to improve
system performance via forming spatial diversity. In reference [2], Han Ligiang and You
Yahui analyzed the influence of a relay cooperative communication mode on FSO link
performance in an FSO communication system using the gamma-gamma turbulence model
and subcarrier intensity modulation direct detection (IM/DD) technology. To specifically
analyze the performance of the FSO cooperative communication system, in reference [3],
Liu Wenya and Wang Xiang analyzed the effects of turbulence intensity, modulation mode,
and diversity communication scheme on the system outage probability (OP) and average
bit-error rate (BER) for a hybrid radio frequency/free-space optical (RF/FSO) aeronauti-
cal communication system under three-point cooperation architecture. In reference [4],
Hongjiang Lei and Ki Hong Park analyzed the security outage performance of a hybrid
RF/FSO communication system under imperfect channel state information, and deduced
the closed expression of the lower bound of security outage probability under fixed gain
relay and variable gain relay. In reference [5], a switching scheme was proposed for an
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FSO/RF hybrid system. The system used selective decoding and a forwarding relay net-
work and derived the expressions of progressive outage probability and symbol error
rate with low computational complexity. In reference [6], the performance and capacity
of a two-hop asymmetric RF/FSO communication system were analyzed based on the
fixed amplification and forwarding (AF) protocol, and the mathematical expressions of
the cumulative distribution function, probability density function, and moment gener-
ating function of the end-to-end signal-to-noise ratio were derived, which are used to
analyze the outage probability and average bit-error rate of the system. In reference [7],
Arezumand et al. studied the performance of asymmetric radio frequency (RF) and free-
space light (FSO) double-hop cognitive amplification and forward relay networks, and
calculated the closed form and asymptotic expression of the outage probability of the
system. Although the above researchers specifically analyzed the outage probability and
bit-error rate performance of the cooperative FSO communication system, there is still some
room for improvement in the performance of this system type.

As a key factor affecting transmission efficiency, an appropriate coding scheme can
improve the performance of the FSO cooperative communication system. At present, po-
larization code, as a coding method that can reach the Shannon limit of binary discrete
memoryless channel, is arousing the interest of several industries. Because of its low en-
coding and decoding complexity and superior performance, it has become the mainstream
coding method of channel coding in 5G and has very good development potential. In recent
years, with the rapid development of cooperative communication technology, polarization
code is widely used in the field of cooperative communication. In reference [8], Jiafei Fang
and Meihua Bi proposed a polarization-coded multiple-input multiple-output (MIMO)
FSO communication system to combat the fading caused by turbulence, and studied the
ergodic ability of the gamma—gamma model atmospheric turbulence channel under the
conditions of correlated fading or not. In reference [9], the authors studied the selection
method of polarization code frozen bits in the FSO communication system by evaluating
the block bit-error rate performance of the system, to improve its performance. In ref-
erence [10], Chen Xuanxuan proved that polarization code could be applied to the FSO
communication system, and its bit-error rate performance was better than low-density
parity check (LDPC) code under the same conditions. In reference [11], Shao Dong applied
the method of constructing polarization code in the AWGN channel to the FSO communica-
tion system, studied the performance of single-chain bit-error rate and coding mode in the
turbulent channel, and discussed the application of polarization code in a free-space optical
communication MIMO system. In reference [12], Qin Yuyang explored the effects of the
polarization code length, code rate, and decoding width on the performance of a gamma-
gamma atmospheric turbulence channel model with weak, medium, and strong turbulence.
In reference [13], Xiaoyu Liu and Jiafei Fang proposed an adaptive polarization-coding
probability-shaping scheme suitable for free-space optical communication. The system
polarization code was used to resist the fading caused by atmospheric turbulence, and its
performance was verified. The above researchers applied polarization code to the free-
space optical communication system, which improved the communication performance of
the system, but there is still some room for improvement.

In order to further improve the performance of the free-space optical communication
system and solve the problems of interruption events and the high bit-error rate in the
atmospheric turbulence channel, the cooperative communication mode and polarization
coding can be applied to FSO communication systems at the same time. The main contri-
butions of this paper are as follows: 1. An FSO cooperative communication transmission
scheme based on system polarization coding is proposed. This scheme combines the system
polarization code with the cooperative communication mode, and introduces a method of
constructing polarization code in the cooperative communication system. 2. This method
mainly constructs the system polarization code through the channel capacity of each branch
in the cooperative communication system, takes the upper limit of the average bit-error
rate of the channel as the selection limit of the frozen bit of the system polarization code,
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and restores the information bit set transmitted by the S — R link at the destination node
according to the relationship between the frozen bit set of the S — R link and the S — D link,
of which S, R, and D represent the source node, relay node, and destination node of the
cooperative communication system, respectively. 3. In this scheme, the DF (decode and
forward) cooperation protocol is used at the relay node, and EGC (equal gain combining) is
used at the destination node to process the S — R link information bit and S — D link infor-
mation bit signals, and finally decode and recover the original signal. The results show that
the FSO cooperative communication system based on system polarization coding has better
outage probability and bit-error rate performance than the FSO communication system.

2. Cooperative Communication Model

The system model of the FSO cooperative communication transmission scheme under
system polarization coding is shown in Figure 1. A half-duplex communication mode
is used between the nodes, and the transmission link conforms to the gamma-gamma
distribution model. The system polarization code is used at the source node S and relay
node R, and the fast serial offset list decoding method is used at the destination node D.

----» First time slot

—» Second time slot

Figure 1. Basic system block diagram of cooperative communication system.

In half-duplex mode, each node sends and receives signals at different time slots. In
this system, the system polarization code is only used to encode the information bits of the
original information M. Assuming that the information sequence encoded by the source
node is x;, during the first time slot of the FSO cooperative communication system, the
source node S sends signals to the relay node R and the destination node D, respectively.
After receiving it, the relay node decodes it and calculates the bit-error rate. If the bit-error
rate is lower than the threshold value, the intersection of the freeze bit set of the direct
transmission S — D link and the S — R link information bit set is extracted, the intersection
is processed using polarization code, and then the information is sent to the destination
node. The channel coefficient of the S — R link is ks, and the channel coefficient of the
S — D link is hgy. Therefore, the received signals of the relay node R and the destination
node D can be expressed as:

Ysr = \/ Psnirhsyxs + ngy (1)
Ysa = / Pstiphsgxs + ngg 2)

where Pg is the transmit power at the source node, #r and #p are photoelectric conversion
efficiency at relay node and destination node, respectively, and #s, and n4; are the complex
additive Gaussian white noise of the S — R link and the S — D link, with a mean of zero
and a variance per dimension of 02, and 02,, respectively. During the second time slot, the
relay node R transmits the system polarization-encoded signal to the destination node D.
The destination node D recovers the information bit set of the S — R link using the frozen
bit set of the signal and the polarization code of the S — R link system. Finally, the received
signal is combined with EGC and decoded. The channel coefficient of the R — D link is k4,
so the signal y,,4 received by the destination node D can be expressed as:

Yra = v/ PrUIDAwXr + 1y 3)
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where 1, is the complex additive Gaussian white noise with zero mean and (de variance
per dimension.

Since FSO links obey gamma—-gamma distribution, the probability density function
(PDF) of the channel state / of each branch can be expressed as:

2(up) P2
T(@)T'(B)
I'(+) is the gamma function, and Ky(-) is the second kind of Bessel function. « and j

characterize the effective number of vortices in large and small regions, respectively. When
the light radiation at the receiving end is a plane wave, « and 8 can be expressed as:

fulh) = P2 Ky (24/aph) @

- 1 -1
0.4907
x = |exp 77 -1 (5)
(1+1.110/2/%)
- 1 -1
0.51¢7
ﬁ = |exp l 5/6 -1 (6)
(1+0.690/2/%)

In Equations (5) and (6), (71% is Rytov variance, which is defined as:
0% = 1.23C2K7/6L11/6 ?)

C2 is the atmospheric refractive index structure constant, k = 27t/ is the number
of light waves, A is the laser wavelength, and L is the transmission distance between
adjacent nodes.

3. Construction Principle of System Polarization Code in Cooperative Communication

Because the system polarization code has better bit-error rate performance than the
non-system polarization code, the system polarization code is used in this system. As-
suming that the set A is a reliable channel set, it is a subset of the set {1,--- , N}, and the
set transmitting frozen bits can be represented by a complement A° of A. The encoding
method of polarization code with code length N is:

N =uNGy 8)

where u{\[ is the information bit of source information, x{\] is the encoded information bit,
and Gy is the generation matrix of N order. According to the reliability of the channel, the
source information and the generation matrix can be split, ull = (14, 1), Gy = (Ga, Gac).
Equation (8) can be written as follows:

x{\’:uAGAGBuAcGAc 9)

In Equation (9), the encoded codeword x} can also be divided into x)¥ = (xp, xpc), the
set B is any subset of {1, - - - , N}. Equation (9) can be expressed as Equations (10) and (11):

Xp = UaGAp +uacGacp (10)

Xge = UaGape + UpcGpcpe (11)

Gap can be represented by a submatrix of Gy. In the system polarization code, xp
can also be considered part of x}' containing only information bits. xp: is the part of
x) containing frozen bits. For unsystematic polarization code, there is an unsystematic

decoder with a given parameter. Then, for the system polarization code, if there is one-to-
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one correspondence between the value of 14 and xp, there is a system decoder with the
given parameter (B, u4c) [14].

In this system, the relay node uses the DF protocol. The source node S concatenates the
check code and polarization code for the source bits and transmits them to the relay node
R through the S — R link. The concatenation of the two codewords is for error-checking
at the relay node R, which can effectively improve the error correction performance of
medium and shortcode long polarization code, to improve the bit-error rate performance
of the whole cooperative communication system. The encoding and decoding process of
cyclic redundancy check (CRC) cascaded polarization code is shown in Figure 2.

C\l N yN ; AN
CRC Polar 1 " Atmospheric ! CRC check assisted | V1
Encode Encode turbulence channel » decoding ’
VK
[ Information bits [l CRC check bits

Figure 2. Coding and decoding flow chart of cascaded CRC polar code.

In the cascade coding of the CRC and system polarization code, all information bits of
the source bits participate in CRC code. The information bit length of the input information
sequence is K, which can be represented by v = {v1,v,,--- ,vg}. After CRC coding v, a
sequence x; with code length K + M is obtained, where i € {1,2,--- ,K+ M}. Then, x; is
sent to the system polarization code encoder to obtain the information sequence with code
length of N and the length of the frozen bit is CI¥. After passing through the atmospheric
turbulence channel, it is transmitted to the relay node R, and the received signal sequence
at Ris y)¥. Next, y) is decoded at the relay node R, and the decoded sequence is 0)¥. The
use of CRC check-assisted polarization code decoding can effectively detect the burst errors
in the decoding process to improve the decoding performance.

In the symmetric decoding and forwarding relay system of polarization code, for a
random degenerate relay channel with the orthogonal receiver, as long as the code rate of
polarization code R < REF (RDF is the symmetric capacity of the system), there is always
a polarization code sequence indexed by block length N, and the polarization code has

a bit-error rate P, < O (2’N /3) forany 0 < B < 1, where O(-) represents the asymptotic

property of the function and N is the code length of polarization code [15].
The implementation steps of the coding cooperation scheme based on system polar-
ization code are as follows:

(1) At the source node, a system polarization code sequence up to the link S — R channel
capacity is constructed. The code rate R < I(Wsg) of the system polarization code

is the mutual information of the channel. Assume 0 < < % and oy = %Z’N ’ The
frozen bit set of system polarization code is defined as:

FSRé{ie{o,l,...,N—1}:z(wS(2) z(sN} (12)

V4 (Wéllg) is the average Butterworth parameter of the channel. For a binary discrete
memoryless channel, the average Butterworth parameter of the channel is:

2(W) = 3 & /W0 wivi) 13)
ye

where y is the received signal of the channel and Y is the set of received signals.
FSCR is defined as the complement of Fsg. The constructed system polarization code se-
quence only encodes information symbols M 1 For the direct link S — D, the construction
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method of the system polarization code is the same as that of the link S — R, and the frozen
bit set of the link S — D is:

FSDé{ie{0,1,...,N—1}:z(ws(g) z(sN} (14)

(2)  Firstly, the relay node decodes the information from the source node, and then extracts
the set of information bits as the index Fsp N PSCR, and then encodes these information
bits with system polarization code up to the link R — D channel capacity, and finally
sends them to the destination node.

(3) The information decoded by the destination node includes some information sent
by the source node to the relay node, that is, Fsp N F$;, the corresponding set of
information bits. According to proposition 1 in reference [15], the frozen bit set
Fsg C Fsp of the link S — R. Therefore, the set FSCR of information bits of the link
S — R can be used and recovered by Fsp N F$; and Fsg. Finally, the destination node
combines the information bit set FSCR of the link S — R with the information bit set FSCD
of the direct transmission link and decodes the combined information to recover the
original information.

4. Outage Probability and Bit-Error Rate Analysis
4.1. Outage Probability Analysis

In the cooperative communication system, when the instantaneous transmission
capacity of the channel is lower than the current transmission rate or the system signal-to-
noise ratio is lower than the specified signal-to-noise ratio threshold, the system will be
interrupted. The probability of the interruption is the interruption probability of the system.
This section analyzes the outage probability of a cooperative system under an atmospheric
turbulence channel, in which the link R — D and link S — D are independent of each other.

Point-to-point transmission refers to the direct transmission link in the cooperative
communication system. When the interruption occurs, the signal-to-noise ratio of the link
is lower than the specified signal-to-noise ratio threshold, and the interruption probability
can be expressed in the following form [16]:

VYt
P =Pr(y < ) =Pr(h < Vora/7) = [ futdn (15)

where 7 is the average signal-to-noise ratio of the current link, v, is the specified signal-to-
noise ratio threshold.
According to the literature [16], it can be obtained that:

120 (x*] -
Kolx) = 36 29 (4 - ) 16)
Therefore, Equation (4) can be written as:
(“B)(“+/3)/2h(06+ﬁ)/2—1 2,0 _
full) = %G Bh| ap p- 17)
F(@)T(B) 0,2 Sy

It is also obtained in the literature [17] that:

(aph)*+P)/2G (z)g (wﬁh
4 2 7

p _ep ) = (api) P26 23 (a/sh’ g ) 09

Therefore, Equation (17) can be written in the following form:

1 2,0 -
50 = e *© 02 (91 s w
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/\/’th/7
0

T(a)L(B)h

By introducing Equation (19) into Equation (15), it can be obtained that the outage
probability of the link is:

Y /Y 1 2,0 —
PO:/O T < C 02 [aﬁh‘ o p }dh 20)

In the FSO system, the relationship between the average signal-to-noise ratio of the channel
7, the signal-to-noise ratio threshold 1, and the channel state 4 is 7y, = Yh?. Using this
relationship to integrate and transform the integral on the right side of Equation (20), we get:

1 2,0 - 1w 12,0 .
<G oy [aﬁh’ o p }dh_ 5/0 Gy, {aﬁ\/'yth/'y o p }d’y 1)
According to the literature [17]:
T 2,0 Ton| — 21 | L
/0 T X G oy {aﬁ LI }d')/o—ZG 3 {aﬁ | o } 22)

Combining Equations (20)—(22), the outage probability of the direct transmission link
can be obtained as follows:

Py = L ] (23)

1 2,1 Vin
1€ 1,3 {“ﬁ 7| B0

T()T(p

In the cooperative communication system composed of the source node S, relay node
R, and destination node D, all branches should participate in information transmission,
including the direct transmission link and relay link. Finally, all signals are combined using
an equal gain combination at the destination node D. When the relay link is interrupted, the
direct link of the cooperative communication system can transmit information; when the
direct link is interrupted, the cooperative communication system can transmit information
through the relay link. Therefore, the use of cooperative communication reduces the
probability of system interruption to a certain extent. In the cooperative communication
system, when an interruption event occurs, the direct transmission link must have an
interruption event. At the same time, one of the links S — R and R — D must be interrupted.
Therefore, the outage probability of the cooperative FSO communication system can be
expressed as:

Pout = Ps_gPs_p + (1 —Ps_gr)PrR_pPs_p

24
=Ps_grPs_p + Ps_gPr—p — Ps_rPr-pPs—p @)

where in Ps_g, Pr_p, and Ps_p are the outage probabilities of links S — R, R — D, and
S — D, respectively, which can be obtained from Equation (23).

4.2. System Bit-Error Rate Analysis

Command ¢, esg, and egp respectively represent the event { M # M}, {Mg # M}
and the error transmission of the link R — D, where M is the original information sent by
the source node, M is the system output information, and M r is the decoded information
at the relay node. Order €€, ng, and S%D are complementary events. The bit-error rate of a
cooperative FSO communication system with system polarization coding is expressed as:

Pr(e) = Pr(elesr)Pr(esr) + Pr(eleSy ) Pr(eSy)

< Pr(egr) + Pr(e|eSy) )
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At the source node, the code rate using system polarization coding is R < I(Wsg),
and the upper bound of Pr(egr) is O(Z_N ﬁ). The second term in Equation (25) can be
expressed as:

Pr(s]egR) = Pr(glngngD)Pr(gRDlggR) + Pr(€|€SR'£1CzD)Pr(€1CzD’€gR)
= Pr(£|£gR,£RD)Pr(£RD) + Pr(£|£§R,£%D)Pr(£§{D) (26)
< Pr(erp) + Pr(e|esp, exp)

In the above formula, esg and erp are independent of each other. All terms are
obtained under the construction of the system polarization code, so the upper limit of all
—NP
2—N

terms is O( ) By substituting Equation (26) into Equation (25), the upper limit of

the bit-error rate of the cooperative FSO communication system with system polarization
coding can be obtained.

At the receiving end of the FSO communication system using BPSK modulation, if the
influence of atmospheric turbulence on the communication system is not considered, the
bit-error rate under BPSK modulation can be expressed as:

Pppsx = %ETfC(\/ SNR) (27)

In Equation (27), SNR is the instantaneous signal-to-noise ratio at the destination
node, and erfc(-) is the error function, which can be defined as:

erfe(x) = \/ZE/OX 67’7251;7 (28)

In the FSO cooperative communication system involved in this paper, considering the
influence of atmospheric turbulence on the FSO system, combined with the gamma—-gamma
atmospheric turbulence channel model, the system bit-error rate modulated by BPSK can
be expressed as:

a‘B("H',B)/z

P ppsk = /0 Pypsi f(h)dh = /O erfe(VSNR) S SO HP)21 5 Ky (2/ah) i (29)

T(a)T(B)

where /1 is channel status information. Finally, according to the relationship between h
and the instantaneous signal-to-noise ratio of the channel, the bit-error rate P,_ppgsk at the
destination node of the system can be solved, which meets the conditions of Equation (26).

5. Simulation Results and Analysis

Through system simulation, this section will focus on the bit-error rate and outage
probability of the FSO cooperative communication system under polarization coding.
Under the proposed system scheme, the bit-error rate and outage probability of the system
are simulated under the same communication distance, different turbulence intensity, and
different communication distance under the same refractive index structure constant. The
basic parameter settings of the simulation are shown in Table 1.

Table 1. Basic parameter settings of polarization coding cooperative FSO communication system

simulation.
Parameter Type Value
Polarization code rate 0.5
Code length 512, 1024, 2048, 4096
Decoding algorithm FastSCL
Relay cooperation strategy Decode-and-Forward

Modulation mode BPSK
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Under polarization coding, the BER performance of the FSO cooperative communica-
tion system is simulated for turbulent channels with different intensities. The polarization
code length is set to 1024 and the code rate is 0.5. The decoding method uses fast serial
offset list decoding (FastSCL) with CRC check. The cooperative communication mode
uses the decoding and forwarding (DF) mode at the relay node and sets the bit-error rate
threshold to 1075. The simulation results are shown in Figure 3. The solid line indicates
that the cooperative communication mode is used, and the dotted line indicates that there
is no cooperation (that is, there is a direct link between the source node and the destination
node). The simulation results show that when the turbulence intensity is 0.3 and the system
bit-error rate is 103, the performance of the FSO cooperative communication system is
about 0.5dB higher than that of the direct link. Once the signal-to-noise ratio is greater
than 13dB, it shows better gain performance. When the turbulence intensity is 0.7 and
the system bit-error rate is 102, the performance of the FSO cooperative communication
system is about 1dB higher than that of the direct link, and the higher the signal-to-noise
ratio is, the more obvious the gain is. When the turbulence intensity is 1.0 and the system
bit-error rate is 1072, the performance of the FSO cooperative communication system is
about 1.5dB higher than that of the direct link, and the higher the signal-to-noise ratio, the
more obvious the gain will be. From the above analysis, it can be seen that the cooperative
communication mode can significantly improve the performance of the polarization-coded
FSO system, and the stronger the turbulence, the more obvious the improvement effect.

BER

Code Length:N = 1024 N :
100 £ | Link Length:L = 800 s 3
Bit Rate:R = 0.5 :

Figure 3. BER of cooperative FSO communication system and direct link under different
turbulence intensity.

The influence of different communication distances between the source node s and
destination node D on the system bit-error rate when the fixed refractive index structure
constant C2 is 1.41 x 107! is shown in Figure 4. As can be seen from the figure, when the
communication distance is 2000 m and the system bit-error rate is 1074, the performance
of the FSO cooperative communication system is about 0.4 dB higher than that of a direct
transmission link. When the communication distance is 4000 m and the system bit-error
rate is 1074, the performance of the FSO cooperative communication system is about
0.2 dB higher than that of direct transmission link. When the communication distance
is 6000 m and the system bit-error rate is 104, the performance of the FSO cooperative
communication system is about 0.2 dB higher than that of the direct transmission link. The
longer the communication distance, the stronger the intensity of atmospheric turbulence,
so the bit-error rate performance of the system decreases slowly. From the above analysis, it



Electronics 2022, 11, 1597

10 0f 13

can be seen that for the FSO communication system with a longer communication distance
and stronger atmospheric turbulence intensity, the use of a cooperative communication
mode can effectively improve the performance of the communication system.

BER

6 L | —©— LinkLength = 2000,cooperative system
LinkLength = 4000,cooperative system
—— LinkLength = 6000,cooperative system
_7 L | —%— LinkLength = 2000,direct link
10 LinkLength = 4000,direct link \
—+— LinkLength = 6000,direct link

-8 | 1 1 | 1 1 1
0O 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
E,/N, (dB)

Figure 4. BER of cooperative FSO communication system and direct link under different

communication distances.

The impact of polarization codes of systems with different code lengths under the
same atmospheric turbulence intensity on the bit-error rate of the FSO cooperative com-
munication system is shown in Figure 5. It can be seen from the figure that the shorter the
polarization code length of the system, the worse the performance of the FSO cooperative
communication system. When the signal-to-noise ratio of the system is lower than 8 dB, the
polarization code length has little effect on the bit-error rate of the system. After 8 dB, the
system polarization codes with a code length of 1024 and 2048 have similar improvements
in the system bit-error rate performance. When the system bit-error rate is 10~#, the system
polarization code with a code length of 1024 is about 0.7 dB higher than the system polar-
ization code with a code length of 512, and the system polarization code with a code length
of 4096 is about 0.5 dB higher. In the FSO cooperative communication system, decoding
will be carried out at both the relay node R and destination node D. Multiple decoding
will increase the bit-error rate of the system. Therefore, the system polarization code length
is too long, which reduces the improvement of system bit-error rate performance.

BER

107 F |—e—CodeLenth = 512
CodeLenth = 1024

—#—— CodeLenth = 2048

—— CodeLenth = 4096

10-6 1 1 1 1 1 1 1 1 1 1 I 1 1 1
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
E/N, (dB)

Figure 5. BER of cooperative FSO communication system with different code lengths.
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In the FSO communication system, the outage probability performance of cooperative
communication is better than that of a direct transmission link. Figure 6 compares the
outage probability of the FSO cooperative communication system under different turbu-
lence intensities. It can be seen from the figure that the system outage performance reaches
the peak when the turbulence intensity is the smallest. With the increase in turbulence
intensity, the interruption performance of the system decreases. When the turbulence
intensity increases to a certain intensity, the FSO cooperative communication system can
suppress the occurrence of interruption events under strong turbulence, and the interrup-
tion performance of the system is improved. For example, when the turbulence intensity
increases from 1.00 to 2.00, the interruption performance of the system continues to decline.
However, with the continuous enhancement of turbulence intensity, the deterioration of
the system outage probability is restrained. When the turbulence intensity increases from
1.00 to 1.25, the interruption performance of the system decreases by several dB; when the
turbulence intensity increases from 1.75 to 2.00, the outage performance of the system only
deteriorates by about 2 dB—much less than the initial deterioration—so the deterioration
degree of the outage probability of the system is improved.

Outage Probability

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Average SNR(dB)

Figure 6. Outage probability of cooperative FSO communication system under different
turbulence intensity.

The impact of different communication distances on the outage probability of the
FSO cooperative communication system when the fixed refractive index structure constant
C2 is 1.41 x 10~ is shown in Figure 7. As can be seen from the figure, the interruption
performance of the FSO cooperative communication system decreases with the increase in
communication distance between the source node S and destination node D. When the
distance increases to a certain extent, the FSO cooperative communication system can sup-
press the deterioration of interruption performance. For example, when the communication
distance increases from 2000 m to 4000 m and the signal-to-noise ratio is 5 dB, the outage
probability of the FSO cooperative communication system increases by about one order
of magnitude. At this time, the performance of outage probability decreases due to the
increasing communication distance between the source node S and the destination node D
and the long distance of the relay link. When the communication distance is greater than
4000 m, the interruption performance of the FSO cooperative communication system is
improved. When the communication distance rises to 6000 m, the interruption probability
of the FSO cooperative communication system drops below 10~7. This results from the
improved outage probability performance of the system by the use of a cooperative com-
munication system. Although the increase in communication distance leads to an increase
in atmospheric turbulence intensity, the addition of a relay link can effectively improve the
outage probability performance of the communication system.
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Figure 7. Outage probability of cooperative FSO communication system under different
communication distances.

6. Conclusions

To improve the performance of the FSO communication system, we apply the cooper-
ative communication mode based on system polarization coding to improve the bit-error
rate and outage probability of the FSO communication system. The decoding and for-
warding cooperation protocol is used at the relay node, and the forwarding threshold
is set to effectively avoid the system performance loss caused by the noise signal. The
interference of atmospheric turbulence on the performance of the bit-error rate and outage
probability of the communication system can be suppressed by increasing the polarization
code length and using the cooperative communication mode, which can be applied to solve
the problems of strong turbulence and obvious performance degradation of long-distance
communication systems. The simulation results show that the bit-error rate of the system
can be reduced using the system polarization code and selecting a channel with good
channel quality for information bit transmission; the use of cooperative communication not
only obtains spatial diversity, but also reduces the bit-error rate and outage probability of
the system. Therefore, cooperative communication based on system polarization coding
can be effectively applied to the FSO communication system. In future research, we will
focus on the research of system complexity under the conditions of fixed polarization
code length in an FSO cooperative communication system. It is hoped that the system
complexity can be reduced when the polarization code length is increased.
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