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Atmospheric Turbulent Optical PPM Communication Systems”
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Abstract: BP decoding of LDPC code for weak atmospheric turbulent optical PPM systems was

studied, and corresponding decoding algorithm was introduced according to the system model.

Through theoretical analysis and extensive computer simulations, the result shows that the LDPC

coded weak atmospheric turbulent optical PPM system has better BER than the uncoded weak

atmospheric turbulent optical PPM system, but the BER performance of the system increases

with the increase of slot.
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0 Introduction

Pulse Position Modulation (PPM) is widely

used in atmospheric turbulent optical
communication system due to its high energy
efficiency, sensitivity and power radiation
efficiency. But the performance of the system can
be severely affected by atmospheric turbulence,
particularly over ranges of the order of 1 km or
longer. However, error-control coding can be
applied to improve the error performance on such

(1]

channels Consequently, combining PPM with

error-control coding was applied to optical

communication system and has widely been
researched. But error-control coding is main RS
codes and Turbo codes®™. While adopting Belief
Propagation ( BP) decoding whose process uses
iterative decoding and makes full use of channel
information, the performance of Low-Density
Parity - Check (LDPC) Code is almost close to
the Shannon limit. Consequently, LDPC code can
become an excellent error-control coding.
Therefore, the performance research of combining
PPM with LDPC code in atmospheric optical
communication system has a certain value.
Document ™ has researched in this field, while the
type of optical and electric detector was an
avalanche photodiode (APD) and only analyzed the
performance of 4-PPM.

In this paper, we considered an intensity-

modulated direct-detection (IM/DD) system with
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We researched BP
decoding of LDPC codes for weak atmosphere

PPM and a point detector.

turbulence optical PPM channel. Here the optical

atmosphere channel was considered as a stationary

ergodic  channel with lognormal intensity
fading™®'”’. The BER performance using BP
decoding of LDPC coded PPM versus the

information bit energy-to-noise ratio E,/N, is
analyzed and simulated at the conditions of
different atmospheric turbulence intensities and
different M-PPM.

1 Weak atmospheric turbulent channel
model with PPM

1.1 PPM system model
Binary information bits are encoded by LDPC
M-PPM,  and

transmitted across a weak atmospheric turbulent

endcoder, modulated using
communication system. For each PPM symbol, the
received M soft outputs are produced, one soft
output for each slot. For convenience, we assume
the length of each codeword is divisible by log?'.
length N
acquired through encoding is grouped into log}'-bit
blocks and fed to the PPM modulator, which
transforms each block into a pulse in one of M
locations. After PPM modulated, each block could

be transmitted as a PPM symbol having M slots

Consequently, the codeword with

and each codeword could be transmitted as N/log)’
PPM symbols.

Assuming A=log), let X= (a1, 25,...,2,4)
be the binary information bits of the ; th PPM

A
block and the corresponding pulse location is d=1-4 >
i=1

1‘;2A7’v(1<d<M). Let Y:(y| s V2 9. 9yM) be the
soft outputs from the ; th PPM symbol at the
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receiving end.

1.2 Weak atmospheric turbulent channel model
(o, <
optical

Under weak turbulence intensity
0.3)M . link model of
communication is characterized as
[,>0, 1<<kh<M (D
where 2, &€ { 0,1} is the kth slot signal from the j

atmosphere
yie= Iz, +n,

th PPM symbol, y, is the received soft output
signal, and n, is the additive white Gaussian noise
with zero mean and variance N,/2. We assume
that the scintillation is an ergodic and time-
invariant

random process. Ix denotes the

instantaneous  intensity  gain  induced by
atmospheric scintillation. Ix follows the lognormal
distribution with mean — 24 (6% is logamplitude
fluctuation variance) , variance 4¢>, and p. d. f.
1 | [In(D 4265 |
—— exp | 2O
21 /2% [ 8o J

Assume that perfect channel side information

filh= (2)

(CSI) denoted by I is aware and is a constant in
time interval of sending each slot of the j th PPM
Considering PPM,

channel becomes an equivalent memoryless AWGN

symbol. lognormal fading
channel with discrete-time binary input {0,I} and
continuous output™ in cach slot of the; th PPM
symbol.

Consequently,y, = I, tn,.y, =n, (k#d, 1<
E<M,1<d< M). The received soft output signal
vy, from the k& th slot of the; th PPM symbol is
given by additive Gaussian noise alone. The
conditional distribution P (y, | 2, = 0) follows
Gaussian distribution with zero mean, variance

N,/2, and p. d. {.

2

exp [ *]{]O] (3)

The received soft output signal y, from the d
th slot of the j th PPM symbol is given by additive

Gaussian noise and instantaneous intensity gain.

P(ylz=0)=

N,

The conditional distribution P(y, |z, =1) follows
Gaussian distribution with mean I,, variance N,/

2, and p. d. {.
Plylz=1)=

i 2
1 _(y 1)} 1)

-

v/ 7N, Ny
Assume that each slot is “0” or “1” in
identical probability, then the posterior probability

is characterized as

p(z,=0|y)= 21yI - (5a)
1+ ’ 41 [I
exp N
pC=1]y) = - (1<I<M) (5b)
11_23}111
1+exp ‘7\77
4N 0

We assume P(c; T) = P (the [ th slot of the j
th PPM symbol is ¢|Y). Consequently®™

P(c;TH= > PX]Y) c€{0,1} (6
X=Capayesayde =c
In Eq. (6), we need to compute the

probability that a given M-PPM symbol X = (x,,

Xys...s xp ) was transmitted, given its
corresponding set of M soft counts, Y= (y,,y,,
-, yu). Assuming p (.) denotes the pdf of a
continuous random variable or vector, and P (.)

denotes the probability mass function of a discrete

random variable or vector™®™). We acquire

Px|y) =Y IX0OPCO . p(Y|XOPX)

PV S XoPxy D

Owing to P(X,-):ﬁ for all i, consequently,
pY[X)
2L p(Y X))
where in Eq. (7), we have summed over all
possible A- bit symbols, i.e. , X, =(0,...,0), X,
=(0,...,0,1), and so on. Each of these symbols

PXIY)== (€D)

is a priori equiprobable.

Each M-PPM symbol brings about one optical
intensity slot and M—1 non-optical intensity slots.
Considering independence of each soft output™,
we may separate p(Y|X) as the product of M—1
non-optical pdfs and one optical pdf.

N Ps(ya) 1
PYIX)=ps(y) Il p,(y)="=ST11p,(y) (9
i=1liAd p”(yd i=1
where the pdf of the soft output of each slot is
expressed as ps(.) or p,(.), according to whether
it is a optical slot or non-optical slot, respectively.
The corresponding pulse location of the; th PPM
symbol is d, and where we have used X as either
an A-bit vector or as an index equal to the number

it represents in binary.

Consequently, p, (y,) = fw}

1
N, N
1 i
/N, N
likelihood function for the i th slot of the ; th PPM

exp ‘— Assuming the

b Cyi) =

symbol are denoted by L/ :%(Where, the soft
counts y; are from the ; th PPM symbol ). By
( r
above channel model, we acquire L =exp ‘ 23}’11\’771’
0
and plugging Eq. (9) into Eq. (8), it follows that
M
U 1:[ Pn (y: ) Li
PX|IY) =54 = (10)
SLP,(yo] XL
i=1 i=1 =1
So acquire a posterior probability
> L
X:(,x'1 STy attaTy ),1'[:4
P(c;TH= i (1D

L
(=1

i
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2 Probability domain BP decoding

We present BP decoding of LDPC codes for
weak atmosphere turbulenc optical M-PPM channel
with the known CSI. A binary (N,K) LDPC code
is a linear block code described by a sparse W X N
parity-check H. Let W(n) denote the set of check
nodes connected to symbol node n., i. e., the
positions of 1s in the n th column of the parity-
check matrix H, and let N (w) denote the set of
symbol nodes that participate in the w th parity-
check equation, i. e. , the positions of 1s in the w
th row of H. Moreover, N (w)\n represents the
set N (w), excluding the nth symbol node, and
similarly, W () \ w represents the set W (n),
excluding the wth check nodet'?.

Additionally, ¢&,,» x € {0, 1}, denotes the
message that symbol node n sends to check node w
indicating the probability of symbol n being 0 or 1,
based on all the checks involving n except w.
Similarly, 7%, ,2€ {0,1}, denotes the message that
the w th check node sends to the n th symbol node
indicating the probability of symbol n being 0 or 1,
based on all the symbols checked by w except n.
Finally, Y = [ y;,
codeword corresponding to the
codeword X=[a,,+,ay |I'¥.

The probability-domain BP decoding process is

, yn ] denotes the received

transmitted

as follows.

1) Initialization: For every n, use a posterior
probability in Eq. (11) as the a priori probability
under the case of using M-PPM, this is done by

initializing ¢, and gL, for all w, n for which H,, =1.

2) Parity node updates'®; Assume 8¢., =
Gen — Qe and acquire
BVu” = rou“ - rl"” = H BQRW' ( 12 )
n € N(w)\n
Consequently, updating
3 1+ ( — 1 )J wn
,,%:—87’, z€{0,1} (13)

2
3) Variable node updates: Updating
Giw =awpy | 1l i, x€{0.1} (1D

w € Wi \w
where the constants a., are chosen to ensure ¢%, +

¢ =1. p) and p, are posterior probabilities under
the case of variable node 0 and 1, respectively.
4)Posterior probabilies: For every n, compute
the a posterior probability
g=a,pr 1l ri, x€{0,1} (15)
we Wn)
where the constants q, are chosen to ensure ¢, +q, =1.
5) Tentative estimate:
7J 1 ¢.>0.5
o ¢'<0.5

For every n, set

/\‘
x,

. A . L
If the condition H » ¥ = 0(mod2) is satisfied or
the maximum number of iterations is reached, the
decoding algorithm is terminated. Otherwise, the

algorithm goes back to step 2).

3 Performance theoretical analysis

We carried out plenty of simulations according
to the link model described in section 1 to test the
BER performance using BP decoding of LDPC
coded M-PPM versus E,/N,. For performance
comparison of BP decoding of LDPC coded M-PPM
with different parameters, we considered the two
different codeword lengths (n = 96 and n = 504
bits) and the two different code rates (R=0.5 and
R = 1/3)
turbulence intensities (¢, = 0. 1 and ¢, = 0. 2) and
three different slots (M=2,M =8 and M =64).

Fig. 1 shows the simulation results.

under two different atmosphere

From Fig. 1, we can get five conclusions as
follows.

Firstly, for a given codeword length, the
performance of LDPC code increases as code rate
decreases. Given some redundancies are added into

kinds of

interference arising in the transmission process and

the information bits to resist all

the ability of anti-interruption increases with increasing
0

9 —o—0,=0.1 uncoded
\ -&—0,=0.2 uncoded
E -—-0,=0.196 (R=1/3)
--=-3,=0.296 (R=1/3)
) \\*\\ ——0=0.196 (R=0.5)
o b\i\ e ——0.=0.296 (R=0.5)
Q N X \ ——0,=0.1504 (R=0.5)
= AR \ —o—0,=0.2504 (R=0.5)
® A
- \% N
NN\ \ \
N3
g 8 12 16 20
E/N/dB
(a) For 2-PPM
0
s\' N L\A\A
[\ ) N A
~ AN
o —o—0,=0.1 uncoded \\
[Q —a—0,=0.2 uncoded S \ b
S | —5=0.196 (R=1/3) \i\ N =
@ -0,70296 (R=173) NN \s\
= T —020.196 (R=0.5) N ™
— 6,=0.296 (R=0.5) MR \\
—o—0,=0.1504 (R=0.5) X\ \
—o—.=0.2504 (R=0.5) ]
6

04 3 2 1
£ b/’NO/ aB

(b) For 8-PPM
Fig.1 BER versus E,/N, for 2-PPM, 8-PPM, and 64-PPM
of redundancy degree. In addition, under a given

codeword length, the rate of LDPC code decreases
with the number of the check bits of the codeword.,



408 o F o 38 &

0%
lb\! T
N RN
a2 N L\Hk\
é —e—afO.luhcoded \\% . N \A\
22) —=—0,=0.2 uncoded \\\( x
= - —-6,=0.196 (R=1/3) N \ \
& 4 |--ra=029 1=173) S, ‘\‘
——.=0.196 (R=0.5) :
—5.=0296 (R=0.5) \\\\ »
——.=0.1504 (R=0.5) AR
e 0.=0.2504 (R=0.5) N
10 12 14 16 18
E/N,/dB
(c) For 64-PPM
namely redundancy degree increases.

Consequently, the performance of LDPC code
increases as the rate of LDPC code decreases.
Secondly, for a given code rate, the
performance of LDPC code increases as codeword
length increases. In the tanner graph of LDPC
code, the minimum circle length degrades the
performance of LDPC code. The longer the
minimum circle is, the better the performance of
LDPC code is.

codeword length, we can increase the length of the

Therefore by increasing the

minimum circle and consequently improve the
performance of LDPC code.

Thirdly, as the
increased, greater coding gain is achieved. Such as
at the BER=10"" and using 2-PPM, the coding
gain of LDPC code with codeword length 504 bits
over the uncoded system is 3. 6 dB when ¢, =0. 1

turbulence intensity is

and 7.1 dB when ¢, =0. 2, respectively.

Moreover, the negative impact of scintillation
is considerably evident in the uncoded system.
Such as at 5,=0. 1 and using 8-PPM, the uncoded
system has BER=2. 8 X 10 * and LDPC code with
codeword length 504 bits has BER=12, 2 X 10°°
when E,/N,=12 dB. Consequently, LDPC code is
necessary to improve transmission quality of
communication system.

Finally, the BER performance of system
increases as slot M increases. Such as at ¢, =0. 1,
BER=10 "’ and using LDPC code with codeword
length 504 bits , the coding gain of LDPC coded 2-
PPM over LDPC coded 8-PPM and LDPC coded
64-PPM is 1. 2 dB and 3. 6 dB, respectively. Given
right demodulation probability of each PPM
symbol is 1/M.
demodulation probability of each PPM symbol

Consequently, wrong

increases as slot M increases.

4 Conclusions

In this paper, BP decoding of LDPC code for

weak atmosphere turbulence optical M-PPM

channel is researched. The BER performance of
the system is simulated and analyzed for different
slot M and different atmosphere turbulence,
respectively. Simulation results show that LDPC
code acquires more coding gain in more strong
turbulent channel, and the BER performance of
system increases as slot M increases. Therefore,
using of LDPC code can obtain very high coding
gain and good transmission performance in
atmosphere turbulence optical channel. And we
should choose appropriate slot M according to
practical channel condition.
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