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Abstract The long distance transmission of underwater laser pulse is simulated based on Monte Carlo method.
According to the underwater broadening of laser pulse and the variation of pulse energy, the system uses a solid-
state laser with the wavelength of 532 nm and the single pulse energy of 1 m] as the emission source, and uses a
telescope with the aperture of 100 mm and the field angle of 15° as the receiver. Low-density parity check codes
(LDPC) and pulse-position modulation (PPM) are accomplished based on a field-programmable gate array
(FPGA). The received signal after photoelectric conversion and sampling is transmitted to the host computer for
post-processing. Finally, a pool experiment is used to verify the system performance based on the developed
experimental system. The theoretical and experimental results demonstrate that the designed system with LDPC and
PPM can obtain 2. 34 dB coding gain at the same bit error rate (BER) under the condition of Jerlov Il water quality.
Experiment shows that the system can achieve reliable underwater communication with BER of 107° and distance of
130 m.
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Table 1  Typical water quality parameters of Jerlov

Parameter Jerlov 1B Jerlov I Jerlov [l
¢ /m! 0.144 0.303 0.556
w 0.58 0.75 0.81
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Fig. 1 Variation of received power and pulse broadening with transmission distance under three different water quality

parameters. (a) Received power versus transmission distance; (b) pulse broadening versus transmission distance
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Table 2 Parameters of experimental system

Parameter Value

Wavelength A /nm 532

Initial pulse width /ns 10
Single pulse energy /m] 1
Initial divergence angle 0,/mrad 2
Pulse initial radius r,/mm 2
Emission efficiency 7, 0.8
Frequency /kHz 1.5

Aperture radius /mm 100
Field of view /(°) 15
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Table 3 Measured SNR and BER at different transmission distances
BER
Distance /m SNR /dB PPM LDPC(1/2)+ LDPC(2/3)+ LDPC(3/4)+ LDPC(5/6)+
PPM PPM PPM PPM
90 17.3034 <10° <10°° <10°° <10° <10°
100 14.6350 <10° <10 ° <10’ <10° <10°
110 11.2464 <10°° <10°° <10°° <106 <1076
120 8.1350 7.14X107" 8§X10°° 3.899X10° 6.2391 10" 6.5104 10"
130 5.7854 0.00249 9.2X10°° 7.735X107" 0.0010 0.0015

WA 3 2l M fE et SRR i & & 6

AN

FPET 6 Ca) AT 0 il 25 A5 f I 2 348 A A6 401 52 58
HR PRI 45 2 AT B 14 BE A 0L S A RO L AR A (1D 3

1006002-5



th i

i ot

HEAREWERE L~ 0.1337 m ', ZHX] Jerlov
AR B BT 00 52 55 R 2 05 B 45 SR a0, 55 56 I B
fR 7K JBAE BLRE AT Terlov 11 28K . FH 3256 45 1 5 0
FL R BT B A AT AT AR AS [ B 2R G B 1) 1R A R 2
(i) 25 £k A7 0 K BOM [ (L6 A [ 45 M8 L 2% 04 T 5 B
SEREN T LRGSR e N E . —TF
T BT 5 B2 76 AR Y = 0T M5 08 T X R 48 S
K e W R G TR o € B T~ N1 S
1R BEAT Y L K B IE A S BEARRS D0 R K s 5 —
J7 18« FR T 3B A 2R G0 B R A R 1 sg L
o A S 56 BF A7 AE 1 Ol % 0k v n) S0, 432 A s ] fE 5

X HEFOE G R Y e AL, XS R S i R —
MREEIFE . AL WA R G50 w4 R AAE—E
M0 25 . R 3 STt 45 R AR, 7R AR M T AR 1R A
FIE R AEFE /N T 110 m B2 PPM 4 R % 65 &
G2 A] AR A5 550 1 38 15 AR . (H 2 A% B BB R 1Y

(@)

90 100 110 120 130
Distance /m

K AG W L BRI » R 4 5% 19 PPM R 4t 1% 15 5 1
T, ARG MR T BE, AE120 mAb K GRS R B ik
% Ry 7.14 X 1071, {5 M b 24 8.1350 dB, 7F
130 mAbil A% 4 2/3 ) LDPC 4% 5 PPM
BEMAFIEMEN 7735 X 10 [FHLIL N
5.7854 dB, BPAEAH [A] iR 5 % 45 1 7 &R 423 25 ] ik
2.34 dB, fE/K FHEH B 130 m 4, £33 LDPC
%5 PPM J5 &R GRS %/ F 107, X% A 3K
U 2 BT 45 B AE Jerlov 11 28K i F & 48 10 fi it
i 5 IE AT 3k 139.8 m.,

& 6 (b) Sy A [l 1 2248 B R 3R 48 iR 15 3 5 I
P YOG Z Hh 2] AN T Bt 32 R i i 32 AR A 0L 5 1
ERAP QINTESSE TEITE SEE 8 SN/ R TR 35 % (3
ARG RIS RBAT . 7EA % R el e 1Y) 3 2 B AIK I)
R HTHE R, R HC 1/2 #2349 LDPC 4% 5 PPM
S5 4 AT IAS 30 5 45 (0 M e

3.0r(b)

25}
) | —— ded
L 20 e
< ——LDPC(2/3)
7 15} —+—LDPC(3/4)
EE —+—LDPC(5/6)

1.0f

0.5F

4 6 8 10 12

SNR /dB

F6 (FMES5IREBME. (OfFME L S5K T ERERMER: (D RRERDRE R T IRG RS FE TR

Fig. 6 SNR and BER curves. (a) SNR versus underwater transmission distance; (b) measured BER versus

SNR by different ways of coding

45 i

T SRR B R KT Wk O K B A% Ry
PEVEAT U5 B AR O B AS BT A Y RS 8 IR
T FPGA 3 LDPC 4wf 5 PPM AHEZS G K T K
PR WOEE R . LK SE 3 1 UE . % R 4l LA
SCELK R B A i O 130 m RS SRAK T 1070
Pl FEEfE ., B2 Km0 PPM R 4 il 3k 15
2.34 dBZmAS NG 45 . 38 AT P Ak g 5 A 56 R I 1Y) A 3
fifp VRIS £ 32 A L U/ TR L B ) R P B R e 4 i
PLAL S A 0 4% %5 0 XL mT DLk — 4 3 T+ R Ge bk R
g5 iR X T R B e R 3R Y K T SO I AF T
5% LDPC %t 5 PPM A& & nl LA v IR K 5 2
A5 AR T AT R {5 B PR L BT B
o7 FH i 5%

& % x Mt

[1] Kaushal H,
wireless communication[J]. IEEE Access, 2016, 4:
1518-1547.

[2] Hu S Q, Mi L, Zhou T H,

equalization for long-distance, high-speed underwater

Kaddoum G. Underwater optical

et al. Viterbi

laser communication[J]. Optical Engineering, 2017,
56(7): 076101.

[3] Hu X H, Zhou T H, He Y, et al. Design and

analysis of underwater optical communication
transceiver system based on digital signal processor
[J]. Chinese Journal of Lasers, 2013, 40 (3):
0305003.
WIRIE, M4, BE, & ATHRFES AN
KR AE I & R G W R dr (0], o E ok,
2013, 40(3): 0305003.

[4] LiJW, BiWH, RenY H. A method for simulating

time-domain broadening of laser pulse in the

1006002-6



th i

#

G

(6]

[7]

(8]

underwater laser communication [ J ]. Optical
Technique, 2012, 38(5): 569-572.

AU, BETAL, RSO . KR BOGEAR bk el i dak
JEFEMBIT SO B [T S HOR, 2012, 38(5):
569-572.

Gabriel C, Khalighi M A, Bourennane S, et al.
Investigation of suitable modulation techniques for
underwater wireless optical communication[C] // 2012
Workshop on  Optical Wireless
Communications, October 22, 2012,
New York: IEEE, 2012: 13116994.

Liang B, Chen W B. Error correction for optical

International

Pisa, Italy.

PPM communication using combination of RS and
trellis code modulation techniques[]J]. Acta Photonica
Sinica, 2008, 37(7): 1361-1364.

P, BRTAR. KT RS 4065 K M kg g 9 98 ) 09 o
PPM @ {5 A 5 H AR [J]. J6F =4, 2008, 37(7):
1361-1364.

Han Z, Feng G Z, Bian Y B.
comparison of short LDPC and RS codes based on BP
algorithm [J]. Journal of Chongqing University of

Performance

Posts and Telecommunications ( Natural Science
Edition), 2009, 21(1): 61-65.

whot, BEUHE, RS, 4 LDPC 0 RS i35 T BP
LM TERR LR (1] . DR i R 2% 2 i CH AR Bl 2
fiR), 2009, 21(1): 61-65.
Richardson T J, Urbanke R L.

low-density

Efficient encoding of
L11]. IEEE

Transactions on Information Theory, 2001, 47 (2):

parity-check  codes

(9]

[10]

[11]

[12]

[13]

[14]

1006002-7

638-656.
Liu M. Research on the transmission performance of
LDPC and PPM in wireless laser communication
system[D]. Xi'an: Xidian university, 2013.

XAg . TLBOLE(E RS LDPC A1 PPM 114 i
PERERF Y (D] . P9 PUZ i FRHE KA, 2013,
Gabriel C, Khalighi M A, Bourennane S,
Monte-Carlo-based

et al.
channel characterization for

underwater optical communication systems [ ] ].
Journal of Optical Communications and Networking,
2012, 5(1): 1-12.

Cochenour B, Mullen L., Muth J. Temporal response
of the underwater optical channel for high-bandwidth
wireless laser communications []J]. IEEE Journal of
Oceanic Engineering, 2013, 38(4): 730-742.

Cox Jr W C. Simulation, modeling, and design of

underwater optical communication systems [ M.

North Carolina State: North Carolina State
University, 2012.

Jerlov. N G. Marine optics [ M]. Amsterdam:
Elsevier, 1976.

Hu X H, Hu S Q, Zhou T H, et al. Rapid

estimation of the maximum communication distance
for an underwater laser communication system []J].
Chinese Journal of Lasers, 2015, 42(8): 0805007.
W, B A, M, L ORKTHOLEFE R &
B BE B R P AT (0D T EOE, 2015, 42
(8): 0805007.



