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ABSTRACT

Due to the free space optical communication severely affected by atmospheric turbulence,
this paper studies the atmospheric channel characteristics and analyzes the advantage of
the space time block coding, a MIMO scheme and an improved quasi-orthogonal space-
time block coding (QOSTBC) are proposed in order to improve the performance of free
space optical communication system. This scheme uses the method of matrix
diagonalization to eliminate the non-orthogonal items and for four transmit antenna
systems,it can solve the limitations of the Alamouti Code. Using Monte Carlo simulation
method,the channel capacity and BER of the system are numerically examined. The
results show that by using new QOSTBC for the FSO system, it can effectively resist
fading and the capacity of system is increased, he high spectral efficiency can be
achieved, the error performance is improved effectively.
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INTRODUCTION

FSO as way of wireless optical communication, it has high transmission rate, high bandwidth and strong anti-
interference characteristics, it is unmatched by other means of communication. However, the optical signal transmission in
the atmosphere channel often by atmospheric attenuation, the free space loss, scattering, atmospheric turbulence and other
factors affected, which may even lead to interruption of the communication link. Therefore, an effective method to overcome
the effects of atmospheric turbulence of the space optical communications is needed.

MIMO is representative of multiple input and multiple output, the nature of the MIMO systems is increase the
number of input and output terminals of the antenna, it is a signal processing technology that can be processing in the two-
dimensional space which time dimension and space dimension. Since unrelated between the reception antennas and the
transmission antennas, MIMO systems can effectively improve the anti-fading and anti-noise performance of the system
while achieving great capacity. So made the MIMO technology to design the free- space optical communication link, it can
overcome the effects of atmospheric turbulence and improve the system's resistance to fading.

One of the key technologies to achieve MIMO systems is space-time coding,the basic idea of space-time code is that
the signal are simultaneously transmitted through space-time coding processed using antenna array,the array is made of
multiple antennas in the transmitter. In the receiver, using antenna array to receive and space-time decoding, restore the initial
data stream of the transmission. Space-time coding is divided into Space Time Trellis Code and Space Time Block Code,
previous studies shows that STBC can effectively improved the performance of the FSO system, but, when the number of
transmit antennas is greater than 2, Space Time Block coding is difficult to simultaneously achieve full diversity degrees and
full coding rate. So, this paper studied the Alamouti coding scheme and propose a quasi-orthogonal space time coding
scheme that is suitable for space optical communication systems. This program has a high channel capacity and strong anti-
fading resistance effectively.

CHANNEL MODEL

We all know,when the laser transmission in the channel it will be affected by various interference, like
rain,clouds,fog and atmospheric turbulence, it is easily lead to scattering, refracting, beam drifting, phase variations and
turbulence. Often, we use Lognormal model and Gamma-gamma model to establish atmospheric channel. However,
Lognormal model closely described the low turbulence strengths, and then Gamma-gamma model can describe the slow
flashing condition of low turbulence and high turbulence effectively, so in this paper we chose Gamma-gamma model to
describe atmospheric channel, its modeling parameters most suitable for the actual parameters. The beam intensity fluctuation
probability density of Gamma-gamma model is given by:
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Where, [>0,it is intensity of signal light, 1—(~)is the Gamma function, K represents the solution of Bayesian equation,
@ and [ are parameters that given as flows!':
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Where, O'é represents the scintillation index, the mathematical model is given by:
o2 =1.23C2K7L )

k=27/A,L is the communication distance, A is wavelength, Cr? is the refractive index structure parameter, its

expression is given by:
C; =8.2x107""W*(/10)" exp(—h) +2.7x10™'"* exp(h/ 10) + Aexp(h/ 0.1) 4

A is the constant for the ground level structure, W is speed of wind under RMS,h is altitude.
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MIMO SYSTEM MODEL

The FSO system based on MIMO technology is made of source, channel coder, demux, space-time coder, lasers and
PPM modulator, EDFA, detector, space-time decoder, channel decoder and multiplexer. After the data is encoded by the
channel coding, the serial data into parallel data and space-time coding, the coding signals are loaded into the modulator and
then modulated to optical signal, the modulated optical signal is amplified by EDFA amplifier, through multiple optical
antennas transmitted simultaneously at the same frequency in the atmosphere channel. At the receiving, N pairs equal gain
optical receiving antennas are placed used to diversity reception. After receiving,the signal is sent to the photo detector
realizing photoelectric conversion, The interference is offset when the output signal and the transfer characteristic matrix of
channel estimation together through feedback equalizer, and then made the signal space-time decoding and channel decoding,
the original signal is recovered after serial conversion processing. Block diagram is shown in Figure 1.
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Figurel: System model of space optical communication based on MIMO Optical MIMO channel model

MIMO technology represents Multiple-Input Multiple-Out-put. In the t period, x, is a signal transmitted by the nth
antenna. Assumed that the number of transmitted antennas is n, there x;, X»...X, simultaneously emitted from the n pairs
antennas respectively, the received signal from each received antenna is the noise signal and the transmission signal after
fading, the MIMO channel is formed between multiple antennas at the receiving end. For a M x N (M<N) light MIMO
communication system, Assuming the channel has no memory and using flat fading model. In each symbol period,
X = [Xn Xys Xy - Xy ]T is the input signal matrix, X; is the sending signal by the ith laser, Y = [yl, Yoo Vs Y ]T is the output

signal matrix, y;j is the receiving signal from the jth detector, the equivalent received signal of the system can be written as:
Y=77 HX+N. Where, 77is the photoelectric conversion efficiency, H is represent a channel matrix impulse response that

distributed by Gamma- Gamma model, this matrix has M columns and N rows. In the matrix,each Hj statistically
uncorrelated to each other. H is as follows™:

hll hlz th
hzz"' h2M
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H;j is the channel fading coefficient from the jth laser to the ith detector, each element of the channel matrix are
Gaussian random variables which are statistically independent and the mean is zero. Its value obeys Rayleigh distribution.
N =[n.n.n-ny, | is the noise matrix, N; is the Additive white Gaussian noise (AWGN)which from the jth receiving

antenna.

Alamouti scheme
Alamouti encoding scheme is the transmit diversity scheme of the two antennas. Information of the binary bit
sequence transmitted from a information source must constellation labeling at first, Information symbols are divided into a

group of each two[Xl,Xz] after constellation labeling, then making the transmitting information symbols x; and X, to

orthogonal coding, and mapping to the transmit antenna according to the Alamouti encoding scheme.
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In the formula, X represents the complex conjugate, it is space-time coding matrix. in the first period, sent X from

the antenna 1 and X, is transmitted from the antenna 2. During the second period, —X: is transmitted from antenna 1 and Xl*

from the antenna 2, the coding matrix has the following characteristics:

x|

s DL
0 X +x|

(7)

I, is a second-order unit matrix. X is an orthogonal matrix. H is the channel matrix, it has orthogonality:

(h n
i ®

Assuming the fading coefficient unchanged between the two consecutive symbols transmit cycle,during the first
period, the received signal is y (1), in the second period, the received signal is y,(2), the received signal vector is

Y = [yl’ yz]T , that is:

3

Here,n represents additive white Gaussian noise that mean is Oand variance is Ny/2. Due to space-time block coding
requires reasonable estimate for the actual channel CSI, doing that the channel capacity can be increased and the accuracy

from estimated will affect the actual performance of the system. Therefore in the receiving end, h| and h2 completely restore

is needed. Assuming under the slow fading channel conditions, all the input signals from modulate constellation graph are
equi-probable, in order to made the measure distance is minimum for the formula,selecting signal form constellation graph®’.

dz(Y1=h1X1+h2 )Cz)+d2(sz_h1 X;Jrhz X1*) (10)

Jointing two formula, the maximum likelihood decoding is getting :

A A 2 2 A 2 A 2 u] A u] A (11)
(X,%,) = afgfnin(|h1| [ =D(x | + %] )+ d* (%, %) +d* (%, X,)
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Where, X and X, can be expressed as : ! For a given channel parameters h; and h,, statistical

X, =hy —-hy,
0 A A2
results X (i=1,2) is X function, for X separate decoded,and (]h|2 +|k5|2 —I)M (i=1,2) for given constellation graph, all

signals are constant, so the sentencing guidelines simplifies as follows:

A 0 N
x, = argmind’(x,, X,)
%co (12

A . 2 0 A
X, = argmind” (X,, X,)

X, €Q

Improved quasi-orthogonal space-time coding theory

Space-time block coding get the maximum diversity gain mainly rely on the orthogonality of the emission matrix
between every columns,but the STBC can not achieve the maximum transmission rate,for this shortcoming, according to the
forms of Alamouti coding made each branch signal angular rotate of the each part of orthogonal space-time block coding
signal, then made the encoding matrix diagonalization processing, a new type of quasi- orthogonal space-time block coding
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scheme is constructed, but this program at the expense of a certain diversity gain and decoding to exchange for a higher rate.
This encoding scheme does not increase the degree of decoding complexity and the performance is better than TBH code and
Jafarkhani code, the transmissing performance is better. Assuming in a time slot,the modulated signal matrix that after
constellation mapping of space-time coding is X =(x,x,x,x,)" ¥l Here,the number of transmitting antennas is 4, the number of

receiving antennas is 1,supposing the two coding units respectively as Az = ( 5% , B12 = % % ,the subscript of
XX X=X

A, indicates that the code is determined by the x; and x,, after constellation mapping of the coding matrix is as follows:

X %X X X
H * *
X:Az B)" | _|x X X% X (13)

H * *
A B X X X X
X X %X X

oo 0 0 O

Subsequently, the encoded matrix by the angle rotation | 0 o, 0 0 |, making the each column of coding
0 0 o, O
0 0 0 o

matrix X respectively rotating the corresponding angle O, After rotating, the matrix expression is Q' = XQ . Where, Q is a

diagonal matrix, XQ is a quasi-orthogonal matrix. According to the transfer principle of the system, the equivalent channel
matrix also has a quasi- orthogonal, provided the channel remains unchanged in each transmission time slot, the channel
matrix is:

h h h h
H = hz hl - hi h3 . 14
h3 h4 - hl - hz

=)

=hy h, -h
The channel matrix that through angle rotation is:

hl' hl h5 h4M -3

H = hz _|P +a, & +otay, M- (15)
h3 hB h7 h4M71
hé; h4 r% h4M

Where, a; is the vector of the corresponding rotating angle. Since the introduction of angle rotation, the equivalent
channel is changed. Therefore, designed for the suitable rotating angle and increased the mutual information for the system
that making the equivalent information gain maximized. The equivalent gain of the system is

2 2 2 2 2 ~ M-1M-1 . . . .

p = (|hl | + |h2 | + |h3 | + |h4 | ) = Z h + 3, hereS o ﬂ2Re{Z Z {hh exp[](ai _Gj)]}} is represent topological

=1 =1
structure of mutual information channel with angle rotating information,when the S obtaining maximum, mutual

information can achieving maximum. Since{gl’gz,guq} —argmax {3, + 3, + 3, + 3, > 3, only related to the rotating angle that
. . . G . . . . . .
the corresponding rows, and the optimal solution of is linear with radiating angle,selecting & =6, -9,,,
(k=1,2,3,4;i=1,2,...4M-4) ,in this case, the maximum value of mutual information can be obtained. By analysis, J is the
non-orthogonal term,if code directly and transmitted, it will increased the degree of complexity of decoding in the receiving
end. So,this paper uses a matrix diagonalization method to eliminate non-orthogonal items. Assuming the transformation
matrix is T,
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1 1 0 0
T= -1 1 0 0]taking any one column of the H to diagonalization processing,there
0 0 1
0 0 -1 1
h-h h+h h-h h+h I =10 0
HT= -h+h h+h -h-h h-h | inverse matrix of T is : 7.1 L1 0 01 making one side of the
h-h h+h Kb KR 200 0 1 -1
h+h -heh K+ R 0 0 1 1
channel matrix H is multiplied by transformation matrix T and the other side is T ,namely:
Aa-p) 0 0 0
et e i 0 2a+p) O 0 (16)
HD'T'HT)=HD"HT)=
T ) (T )=HT)"(HT) 0 0 Aa-p) 0
0 0 0 2Aa+p

This formula is an orthogonal matrix. Here, o = h? + h? + h? +h2, 8 =2hh, + 2h,h, ,by diagonalization of matrix

made the original transmission coding matrix into a diagonal matrix and eliminated the interference term,the other portion of
the encoding matrix which experiencing the angle rotation, after linear processing also can eliminate interference.
Below,we discuss the decoder in the receiver end,supposing there are N antennas in the receiving end,the channel

vector that from 4 transmitting antennas to the nth receiving antenna is hF[hw h. hs h 4:|T. Therefore, the receiving

signal that the nth antenna as follows: y =H_ X +n.here, H_is channel matrix, making the signal from any one receiving
antenna n to channel matched and filtered,it can get R =H'H, X+H!'n and then,in accordance with the maximum ratio

combining (MRC), making the signal from the N antennas to merge,we can get letting the above

N N N
R=Y R => HiH, X+ Hin’

n=1 n=1 n=1
equation is simultaneously multiplied by (Hg‘nHon )”' on both sides,and being de-correlation reception,the transmission signal

can be detected as follows!™:

X =(H"H, )" R=(H"H, ) 'HY = (H"H,)" (H H,)X + (H*H, )" H" n= X +o(n) ~ X (17)

From the above, the improved algorithm can make a corresponding linear decoding at the receiving end.

Channel capacity of the optical MIMO
Channel capacity refers to communication system can achieve the maximum transmission rate under the certain
condition of SNR. Usually, using channel capacity to evaluate the maximum information transfer rate without error.

According to the Shannon's theorem, the channel capacity be defined as: C=Blog,(I+S'N) According to the formula above, we
can conclude that channel capacity of the system decided by the channel bandwidth and the signal-to-noise ratio at the
receiving end. So the channel capacity is important norm of system reliability. MIMO technology can expand channel
capacity of the system, alleviating the effects of channel fading, improving the anti-noise performance of the system. When
the transmitter and the receiver optical antenna, The lower correlation between the transmitter and the receiver optical
antenna, the better role of the system. For a MIMO system which has M pairs transmitting antennas and N pairs receiving
antennas, assuming that parameters of the channel is unknown, the total transmit power is E!*’!. Then the transmitting power
that each pair of transmit antenna obtained is sharing in accordance with the number of channels, correlation between the
transmitted signal is zero. The channel capacity of this case is:

C—E{logz det(IN +§DLHH“H (18)
NN

t

Because H"H =WAW" W is represent diagonal unitary matrix,assuming the modulation of the atmospheric laser
communication is BPSK modulation,the input of channel has only two states,they are 1 and -1,s0 the received signal is :

_1 2p(y|x=Xx) (19)
1, =— = x 1 d
=g X PO x=0xie S T W

x=0,1
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In this case, the channel capacity of the MIMO system can be expressed as :

S_ 1 S_ 1
C= E[logzdet(lm +NDW HH " ﬂ = E[log2 det[lN‘ JrﬁDN—WAWH H (20)

t t
S 1 H
=Eq{log,det|W| I, + —{}—A |W
‘N N,

In the formula above, 'n is indicates the strength of received signal, H is the atmospheric fading channel matrix,N;

is the number of antennas,S/N represents SNR. Obviously, the channel capacity of QOSTBC depends on the channel matrix
H,when HH" is close to orthogonal matrix,the greater the channel capacity.

SIMULATION RESULTSAND PERFORMANCE ANALYSIS

In order to verify the effectiveness of the system, this paper using the Monte Carlo method for orthogonal, QOSTBC
and improved QOSTBC scheme simulation of the space communication system,simulation parameters: wavelength 1550
A/nm, the way of modulation is BPSK, the channel model is quasi-static Rayleigh flat fading channel,noise model is the
Additive white Gaussian noise,range L lkm,altitude h 200m,efficiency is 0.8,receiver diameter is 30cm,transmitter
divergence angle is 200 d,scintillation factor is 1.7X 10" wind speed is 5m/s, detection sensitivity is -37dBm,optical
coupling efficiency is 0.75. The channel capacity of the system be analyzed respectively for 1x1,2x2,2x2and 4x4
different number of receiving antennas and the SNR of the system,and the channel capacity of several different space-time
block codes be compared,Simulation results as follows *l.
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Figure 2:Curves of channel capacity and SNR Figure3: Channel capacity for several STBC

As can be seen from Figure 2, the channel capacity increases with SNR that did not use diversity technology, but,
the lowest performance. When using diversity technology, the system capacity is significantly increased,the channel capacity
is maximum when 4x4system, When SNR is greater than 10,the channel capacity and BER approximately linearly
increased, it shows that the diversity technology can effectively improved the channel capacity of the system. As can be seen
from Figure 3, the channel capacity that obtained by diagonalization matrix code is better than Jafarkhani code and Alamouti
code. Under the same SNR conditions,the channel capacity obtained by diagonalization matrix is higher 0.3bit/(sHz) than
Jafarkhani coding.
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Figure 4 :Comparison of BER for several STBC

As can be seen from Figure 4, at low SNR, the BER can obtains best performance for new matrix diagonalization
scheme,because the full rate getted at the expense of several diversity gain for the QOSTBC, therefore, the slope of the BER
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curve is impacted by the diversity gain. When the SNR increased greater than 9db, the performance of BER decline more
slowly for QOSTBC, but this improved scheme is better than others.

CONCLUSIONS

Based on the analysis of the Alamouti,for the existing programs can not eliminate the shortage of non- orthogonal
items, this paper proposed a diagonalization scheme to improved the QOSTBC coding scheme for the space laser
communication systems, the channel capacity and bit error rate performance of the system be analysed, and the BER for the
Alamouti and the improved QOSTBC be compared. From the simulation results, it can be seen the use of diversity
techniques can greatly improved the channel capacity of the system,and the performance of QOSTBC scheme is superior to
other space-time block coding scheme, the diversity gain of the system is improved. Compared with Alamouti code and
Jafarkhani code, this program has a large channel capacity,better error rate performance,etc., However, compared with the
adaptive coefficient,the degree of coding and decoding complexity is increased, in the future work, is need for further
optimization.
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