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ABSTRACT

With the advantages of high communication rate and strong anti-interference, wireless laser communication is very suitable
for space BPV communication, UAV directional communication and other scenarios with large-volume data and high
reliability requirements. In order to break the traditional one-to-one laser communication scenario, a multi-user modulating
retro-reflector(MRR) laser communication system is proposed in this paper, while ensuring the miniaturization of the
receiver equipment and realizing multi-user cascade communication. The closed form solution of the outage probability
of the proposed multi-user MRR laser communication system under atmospheric turbulence fading is derived, and the
influence of system parameters on the system performance is analyzed. The correctness of the derived results is verified
by simulation results.
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1. INTRODUCTION

Wireless laser communication(WLC), also called free space optical communication(FSO), is a newly emerging
communication technology using laser as a carrier, with the advantages of large communication capacity, high information
transmission rate, high confidentiality, strong anti-interference, which can be employed in the satellite communication,
satellite-ground communication, underwater communication and ground communication[1-2]. It will play an effective role
in ship communication, mine communication and other scenes that are difficult to establish communication with traditional
communication[3]. WLC can be divided into atmospheric laser communication, deep space laser communication and
underwater laser communication according to different transmission media, and it can also be divided into satellite laser
communication, ground laser communication according to different application scope[4]. As the laser transmitting angle
is very small, the transmitting equipment and receiving equipment of the traditional space optical communication system
need to be equipped with complex acquisition and tracking systems, which will significantly increase the weight, power
consumption and volume of the communication system and make the traditional laser communication system unable to be
used in the situation of miniaturization and low power consumption. Obviously, the size power limitations restrict the
development of WLCI[5]. The basic principle of MRR WLC is to modulate the incident light through the reverse end and
then return to the transmitting equipment by the original path to achieve communication, eliminating the tracking and
transmitting system of the traditional receiving terminal, effectively reducing the size of the laser communication system.
Meanwhile, as the power consumption required by the reverse end is low, the MRR WLC can be used in micro platforms[6-
7].
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Atmospheric turbulence fading is one of the main disturbances that affect the performance of WLC. In academia,
researchers have proposed many discrete statistical models to simulate the atmospheric turbulence fading process. The
Gamma-Gamma model is closely concerned because of its strong consistency with the measured data[8]. In [9-10], the
researchers analyzed the influence of atmospheric turbulence. Considering the influence of atmospheric turbulence, the
performance of WLC will degrade conspicuously[11-14]. However, the research on the performance of MRR WLC is
mostly focused on the performance analysis under the influence of weak turbulence, and only some researchers have
studied the performance of communication systems that can adapt to the change of atmospheric turbulence intensity
varying from weak to strong[15].

In this paper, the scene of multi-user MRR WLC in atmospheric turbulence fading is studied. Compared with the traditional
WLC, the scene proposed in this paper breaks the limit of one-to-one communication and realizes communication between
the transmitter and the receivers in different directions by design of incident and output angels of the reverse ends, which
expands the applicable scenarios of WLC. Meanwhile, according to analysis of the outage probability in multi-user MRR
WLC system, the effect of different user number is discussed. The analysis result is proved by simulation results.

The remaining of the paper is organized as follows. The scene of multi-user MRR WLC in atmospheric turbulence fading
is introduced in Section Il, together with the probability density function expression with Gamma-Gamma channel model.
In Section |11, the outage probability of the proposed system model is derived, and the parameters that have an effect on
the outage probability is analyzed. The simulation results, which verify the correctness of derived results, are present in
Section V. Conclusions are drawn in Section V.

2. SYSTEM MODEL

In this paper, the system model shown in Figure 1 is considered, which contains 1 transmitter and N receivers. The
transmitter has a laser transceiver, and each receiver is equipped with the MRR devices. The receivers set the laser
incidence direction and outage direction according to the spatial positions of front and backward communication nodes,
completing the cascade communication between transmitter and receivers. During communication, the transmitter inserts
a synchronization mark in the laser signal, and each receiver carries out MRR in different laser areas to complete the
communication, which shown in Figure 2. In order to ensure that each receiver has enough information processing time,
it is agreed that each receiver will reverse modulate the laser in the laser return phase instead of the incident phase.
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Figure 1. Multi-user MRR Laser Communication System Diagram
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Figure 2. MRR Laser Communication Data Area Allocation Diagram

According to the system model in Fig.1, it can be known that the receive laser signal of the laser transceiver can be
expressed as,

y=nhlS +n 1)
where | is the light intensity when sending bit ‘1°, S € {0,1} is the desired data, n € CN(0,0?) is the additive white
Gaussian noise,n is the photoelectric conversion coefficient and h is the MRR channel fading, which can be expressed

as,

h= h§N71h0,1hl2”'hN—l,NhN,N—l'”hl,O @)

where h;_;; and h;;_; represent the random attenuation of atmospheric turbulence in the forward link and the backward
link between the receiver j — 1 and the receiver j, respectively(the subscript ‘0’ is stand for the transmitter). h, is the
fixed attenuation of the system[16], and in this paper, the fixed attenuation in forward link and backward link between the
receivers is assumed to be same.

While the Gamma-Gamma model is used to describe the random attenuation of atmospheric turbulence in forward link
and backward link, the probability density functions of h;_, ; and h;;_; can be written as equation (3),

% +hij
2a,;8.;) ° “ithi
i, () =—""— 2 Kea, @B
D)= rgy Mt Kaa @eudh) .

where K, (-) represents the second-class Bessel function. «;; and f;; are large-scale fading coefficient and small-scale

fading coefficient of the Gamma-Gamma model, respectively. In MRR system, the two coefficients are related to the laser
aperture size of receivers, communication distance and laser wavelength, and can be expressed as,

0.4957;
(1+0.65d7; +1.115%°)
0.5157,(1+0.695,7°) "
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where d; ; = kajZ/(4Li_]-). D; is the aperture size of receiver j, L;; is the communication distance between receiver

i and receiver j, k = 2m/A is the laser wavenumber, A is the laser wavelength, and Sfj is Litov variance, which can
be expressed as,

2 21,7/6111/6
5”_123an Li‘J )

where C? is the atmospheric refractive index structure constant. Under normal conditions, €2 = 1.7 x 10~14m=2/3
during the day time, and C? = 8.4 x 10">m~%/3  at night.

3. CALCULATION OF COMMUNICATION PERFORMANCE

In this section, the outage probability of the proposed multi-user laser communication system is considered to be the
evaluation criteria of the system performance. The outage probability is defined as equation (6),

P =Pry < ya}=[" (1) ©

Where y and y,, are the instantaneous SNR of receive signal and SNR threshold, respectively. f(y) represents the
probability density function of y.

From equation (1), the instantaneous SNR and average SNR of the receive signal can be expressed as y = n2h?1% /202

and ¥ = n%E[h]?I?/202. Then we can have that,
h= E[hl\ﬁ
4 (7)

In order to obtain the probability density function of the instantaneous SNR in multi-user MRR laser communication
system, the probability density function of system channel is firstly considered, which can be expressed as equation (8).

f (h) =f (thilho,lhl,z ‘”hN—l,NhN,N—l ’ "hl,o) = h:Nilf (hO,lhl,Z '“hN—l,NhN,N—l ’ "hl,o)

®)
For equation (8), the following substitution methods is considered.
h1 = hahO,lhl,Z
Fo- haﬁmhmﬂ’m+2 O<m<N-1
m+l ~
hahmth—m—l,zN—m—z N-1<m<2N-2
hZN—l =h )

With mathematics induction, the probability density functions of Ay, h,,., and h,y_, are considered. For h,, as it has
aconnectionwith hy; and h, 5, the joint probability density functionof hy, and hy,fu, r, ,(Ro1, hi2), is considered.
According to the irrelevance between hgy and hys, fhy,h,,(ho1, h2) €an be expressed as follow,
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th.lvhl,Z (hoshy ) = fho‘1 (hy,) fhl_2 (h,)

With hy, = hy/hghg,, We can have that,

(10)

- 1 h1
fﬁ.lvho,l (hi' h01) = hh fh&1 (ho,l) fhlz( )
a 01 (11)
Integrate hy, at both ends of equation (11) and use equation (3). We can have that,

f(l:ﬁ) = J.:) fﬁl,hg‘l(ﬁl’ h0,1)dho,1 = hi.[o L h01(h01) fh1 ( hl )dh 0.1

hO, 01

_ 1 G40 %1010, A | -
F(ao,l)r(ﬂo,l)r(al,?_)r(ﬂlz)ﬁl o h, Qo1 Po1r @iy Pra

)

(12)

where Gm"(z) m,n,p,q € N,m < g,n < p isstand for Meijer-G function, which is defined as follow,

(ﬁl‘(s + bk))ﬁr(l— a, —9)

mn B8y, 8y 1 L1 L1 .
Godlzly b B sl b q 2
m Emedr e “([IrGs+a)) [] ra-b,—s)
k=n+1 k=m+1 (13)

There is an equivalence relation between Meijer-G function and the second-class Bessel function as follow,

K (Z)__Gozzo(_lv v)

2 2 (14)
The result of equation (12) can be obtained by substituting equation (14) into the derivation process of equation (12).

The probability density functions of h,,,, and h,y_, can be obtained by steps similar to equations (10)~(12), and the
specific form is as follows.
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m+1
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N-1 m+1
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k=0 k=N
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(15)
~ 1
f(h)= f(th71)= N-1 %
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According to equation (16), together with h = E[h]\/y/7 and P,(y) = Px(h(»))|R’ ()|, the probability density
function, f(y), can be obtained by variable replacement, and can be expressed as follow,

fo) = ZylAO GaN© (hgvo_lE[h] Llc)
N-1

Ay = l_[ (F(ak'k"'l)r(ﬂk-k+1)r(ak+1,k)['(ﬁk+1,k))
k=0
N-1

B, = 1_[ e k+1 B ke+1 Xk+1,kBr+1,k
k=0

Co = @o,1,Bo,1, %10, B0+ An—1.n) Bn-1,8) AnN-1, BN N-1 (17)

As each forward link and backward link in the system are independent and irrelevant, the value of E[h] in equation (17)
can be calculated as follow,

N-1
E[h] = th_lH E[hk,k+1]E[hk+l,k]
k=0 (18)

Considering the expectations of hy 4, and hy,q,, We can have that,
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1 _
E[hl J] Jhl Jf(hl J)dh m_‘. |le|J i, |ai1j,ﬂi'j)dhi,j =1 (19)

From equation (18) and (19), it can be known that E[h] = h2V~1, Substituting this result into equation (17), it can be

obtained that,
F) = 5763 (Ba 5

¢) (20)

Substituting the result in equation (20) into equation (6), the outage probability of multi-user MRR laser communication
system can be obtained as follow,

out f f(]/)d}/ = 1421\11+1(BO\/EICO 0) (21)

From equation (21), it can be known that the outage probability of multi-user MRR laser communication system is subject
to average SNR, ¥, SNR threshold , y,;, and large-scale fading coefficient and small-scale fading coefficient of the
Gamma-Gamma model, a; ;, f; , Vi, j, and it is independent of other parameters in the system.

4. SIMULATION AND ANALYSIS

In this section, the outage probability of multi-user MRR laser communication with different SNRs, communication
distances is compared by Monte-Carle method. The system parameters used in the simulation is shown in Table 1.

Table 1. System Parameters

Parameter Value
Cycle Times N _n 10°
Laser wavelength A 1550 nm

Atmospheric refractive
index structure constant

C2

n

1.7x10 ¥m™2"®

Laser transmitting aperture | 0.02m

Laser receiving aperture 0.02m

Firstly, the scene with one receiver is considered. The relationship between outage probability of MRR laser
communication system and communication distance is shown in Figure 3.
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Figure 3. The relationship between outage probability of MRR laser communication system and communication distance

In Figure 3, the solid line data is the Monte Carle simulation results, and the dotted line data is the calculation results of
equation (21). The simulation results are highly consistent with the numerical calculation results. From Figure 3, it can be
known that for different values of y/y.,, the system outage probability is always increasing with the increase of
communication distance, and the result is consistent with the performance degradation of the communication system as
the communication distance becomes longer. Compared the system outage probability with different values of y/y;p, it
can be known that while y/y., = 10dB, the system outage probability is 10~3 with the communication distance 500m,
and the system outage probability is larger than 0.1 with the communication distance longer than 2000m, which is unable
to meet system communication requirements. While y/y., = 50dB, the system outage probability can maintain at the
order of 10~3 with the communication distance 4000m.

Secondly, the system outage probability under the influence the receiver number is considered when the communication
distance between each receiver is fixed at 1000m

The simulation result is shown in Figure 4.
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Figure 4. The relationship between system outage probability and receiver number when the communication distance is

fixed at 1000m

From Figure 4, it can be known that when the receiver number increases, the total communication distance becomes longer,
and the system outage probability has an increase, which is consistent with the results in Figure 3. There are two factors,
communication distance and multi-user laser communication mode, that have an influence on system outage probability.
Contrasting Figure 3 and Figure 4, it can be found that with the same total communication distance, the system outage
probability of single-user and multi-user is similar. When the communication distance is 1000m, the communication
distance is the main factor affecting outage probability. In order to discuss the impact of the multi-user laser communication

model further, the simulation in Figure 5 is carried out.
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Figure 5. The relationship between system outage probability and receiver number when the total communication distance is fixed.

In Figure 5, the total communication distance is 8000m, and the receiver number is adjusted while ensuring the same
communication distance between receivers. For example, if there is N receivers in the system, the communication distance
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between receivers is (8000/N)m. From Figure 5, it can be known that while the communication distance between receivers
is shorter than 2000m, the system outage probability increases with the increase of communication distance, and conversely,
the system outage probability decreases with the increase of communication distance while the communication distance is
longer than 2000m. When the communication distance between receivers is equal to 2000m, the system outage probability
influenced by communication distance and relay times reaches the maximum value. Then, it can be inferred that as the
total communication distance is fixed and the receiver number become larger, the system outage probability can be reduced
when the communication distance is shorter than the threshold(2000m). What’s more, when the value of y/y,, issmall,
the outage probability of multi-user laser communication system is inferior to that of single-user laser communication
system although the communication distance is as short as 500m. However, when the value of y/y,, is large, the outage
probability of multi-user laser communication system can be better than that of single-user laser communication system
as the communication distance become shorter.

5. CONCLUSION

In this paper, the performance of multi-user MRR laser communication system in atmospheric turbulence fading is studied.
The closed form solution of the system outage probability is analyzed by derivation and simulation. From the simulation
results, the optimal receiver number and communication distance of multi-user MRR laser communication system in
different scenarios is discussed, which can guide the parameter setting in multi-user MRR laser communication system
and be the basis for optimizing the performance of mulit-user MRR laser communication system. How the large-scale
fading coefficient and small-scale fading coefficient in atmospheric turbulence fading are affected by system parameters
and their influence on system outage probability can be studied for future work.
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