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Fig. 1. The absorption coefficients of light of different

wavelengths in seawater!®l,
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Fig. 2. Schematic diagram of the long-range UWOC system with blue VECSEL: (a) Physical diagram of VECSEL; (b) optical path

reflector; (c) water tank; (d) receiver device.
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Fig. 3. Structure of straight cavity of VECSEL.

Br 980 nm
490 nm

w 20

h=t

g

3

S 15+

—

S

~

>

Z

Z 10}

o

g

o

=
st /J
0

475 500 525 975 1000
Wavelength /nm

Kl 4 VECSEL 850065 M5O 61 1#
Fig. 4. Spectrogram of fundamental frequency light and fre-
quency-doubled light of VECSEL.

ZIE R C R B DR T T I, iR
B VTR VECSEL 7EA R E N a e 1y
TARIRES. fe, 1R 12 °C BRI VECSEL
(G- CHE B BOR T 12.5%, ot s I 4 30 19 6O
i B DR 5.05 W, XS HOT TR EOEAY
(R RE 7RI REJEAR BB AY. T 7E SEE % RS
FOKFEAEHRE 2 BRIAS 1) RAUE | HOLHRThFELL
KMERFR R, RAERET 100 mW 0T
RRATR R LSBT AR TERE, R RER)
ARG RRRE BT T A A, A SCEX DG VECSEL
(Ao B A T i, SRR A 5 R I T g, FE K

ST ) AR B ) B ARAS Y M2 AR SR 1.08, B
A M2 TS VECSEL %o i -t AR -

8
600 Temperature: 12 °C
] . 5
E MZ2=1.08
68 . o M7 =1.08
| ., . 5.05 W
= < 400 . . *]
S |2 ° . e’
L]
a4-m 3001 ®ee00 o
45 , . . . 9/0/
o 0 40 80 120 160  200Qy
g Position/mm /Q/
m 2 “
%9
-
°/° @ Blue output
ol @ 9 9’9 — — -Linear fit blue
b
0 10 20 30 40

Absorbed pump power/W

Bl 5 VECSEL f#y M2 Pl & & K 2 % fh £&
Fig. 5. M2 factor measurement plot and power curve of
VECSEL.

2.2 HFRFEIE

1E UWOC RGEHEREH, T v B AR 72
FB, AN RS B E R, PRI 2 AR AR B Y
PPM il ORI 5 | 1 B 4% 545808 OOK
PRI, OOK & HIA 1T BRI ERfife ] 88 1o 122K
PR 5 S BEE A B ELEA T HORE, Rl S Ry L
R 002 1. XM EIER AR T A e i 5 %
SRRH UK. 1T PPM H o A A ik v il 1 JE
2, BTSRRI B R — ke, i AT LA
SR BRI DR i it A B4R AL BERE R (R 2E A7 AL
ASRAEME, Xk TR B 2K, SEERHBALL, #
F P figp i HAT SEAF B PERE. B AE fl FH BL IR pR KL
WL LA B S5 AR, R RO LA B3~ 5
X H

dEuclidean (a, b)

= \/(ao —bo)* 4 (a1 — b1)* 4 -+ (an_1— bp_1)?,
(1)
o, d 2 R i M EAH LB A AR 5, )
Rz e A AT REHIRAE o = (a0, a1, -+, an—1) Fl
FIPEZHHZWIME b = (bo, by, -+, by1) , 1T (1) 2
TR BAAUE O, SR S A RROL B4 BE 2 B,
Py e S
TEFRHN A% o, X TR T8 r, fh
SRR A P(r) S RALBIME. X

174202-4


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 73, No. 17 (2024) 174202

A4 S R O B AL SR A TS (MLLD). X T H
A XA HIER L Ny /2 19 AWGN {5, 1
2 P(r) N

1 - 2
P(r)WeXP{Z[msi] }a (2)

=1

Ho R A AR WS r 5 %15 75
s Z A YRR ICHE B 07. n & — N H, SoREmt il LA
fiift MLD By3H5E. FFIEe PPM fifht B2 2210k
FNRRS 75 B A AT BERTS A T L g, IR
Fe/INOL LA IR B T ) 7 BROR VR B <17 4y
PC 25 RAF (A I R BT B, oAb B A5 <07

e 6, BRI R G AR 4 PPM RSN
“01007, FELRIK T F B L i 0T 52 B mUs , #2108
A PR RRETE. TR L S )RR e
ERR MWW, 79 K HSAM, T TFESEL
W%, anIEl 6(a) BN, ST ) R S — o i BRI
VA7, AT AR B R T, (HX A5 &
FORAL AE 6(b) BT, A PR A RAE B 1]
W HESE 4 A BRI RBE(E 6 A ORI e, Horp
4 PPM VR T4 0] i 4 B0 A4 R SI(EL 4331 R (0001,
0010, 0100, 1000), i i3 SRAEAE 53 53 35505 VU Fl s
65 R AR RO LB AR B 5, Herb 0100 X 1z A BR [ IR
B E DN, BRI P Bk (55 1 <1 WA 25
KABL “0.817, HAE AR A “0”, Ml 24 ikt e
T PPM Il i BEBR IR AR AR R FF 5 N
At B A X R B A/ N i e 28 G FE ) (R
P R 08 B 5K T JCO6E £ X ke i 2k
BN RS,

/‘0 1 0 0 ‘ @)

[ I | »:Fq——:w%—fGate
1100

\‘ ‘ \—>Sampled/

k—» Sample

Y

Bl 6 (a) P IIE; (b) B P 3 A
Fig. 6. (a) Hard judgment schematic; (b) soft judgment

schematic.

3 AT 5tk
7E UWOC G0, B T 7265 5 b

TF-Bt, Ot R 2 i SR O N R 2
—, MKAER UWOC RGN T, A et
TR T A R E B AR . K R AR T,
PR D A5 K A IR SCRIEICR, SG A 7K (5
Ji, BT PR K | Sk 2R T B T A ) I
iy — BB Ty SR B VR ORI A SR A HOR-T
A AR KT PREE P G R IR A Ky

P=P,-e (3)
Hrpr P, Rk A KB TE Z i & S a0 & 6 2,
TR, U lEE . L 96 m iy UWOC
EAE A 3 R S TR A RSO T R R
FOGR IR E 7 BTN, BERE 12 m B
HAH, SRR 8 MR AL S TR 2,
fii F— B R BRI G-I (8. ARIEILG R, 456
(3) X, AlEsd 48 A1 96 m HEES EREOEIIRR T
T AECHN ¢ = 0.0591 m!, (4) X M EEF, B
Je ) S0 T [ SRk oK R,

1 P48m —1
- 1 ~0.0591 m~". 4
“T96—48 " Pog m (4)

20

@ Measured value

15 ¢ Fitted curve

10

Optical power/dBm

Y
—10F . —0.0591 m-1

_15 L \ \ \ \ \ \ \ \
0 12 24 36 48 60 72 84 96
Distance/m

7 A 96 m AbTIHSE R B
Fig. 7. Curve fitting power attenuation coefficient at 96 m.
FEXTET R LY LA TIN5, 5 B A )
P BN P AT RAIE. 7ERIERT, BT T E
KeAfiE PPM PGB R (HH 16, 64, 256 =FpAS
[ PPM 8 il B &5 e 39745 08 T 27 5205 23 14 %
. Gl 8 s, B PPM (ORI s, &
GEAEAR M LR AR R SRR, 5 5 AT 9
K, FEHCRREAC. A LA AL s R MR
ROIESLE IR T 64 PPM ARG E.
W R W R, T A D BE AL I 1
PPM J5 20 2R A [A] ) e 5 =X 0 1% B 1 g, 38
I R A M L HEAT T 05 IR UE, S5 SR AnE 9 fr

174202-5


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 73, No. 17 (2024)

174202

R D5 R e A A | 5 A R i R R
20 MHz, PPM 8l fr$h 64 PPM, {5 M L [l
=10 B 0, S RHE R AF 5 2R T R H e A K]
P, IF A RS RS R SRR
oA e L AR, 00 DR R 55 Bl A R
A B E R EREE

100
o] ’——O——Fw\'\\
102 F

10-3f

BER

107"F _g— 256 PPM
64 PPM

st
107°F % 16 PPM

10-6 . . . . . . .
09 12 15 1.8 21 24 27 30

SNR/dB

P8 A [ 3 ) B Ay e R )

Fig. 8. BER simulation of different modulation orders.

10 E

—#— HDD

BER

T — =5 - =3 0
SNR/dB
B9 B e 5 B PR i Ry
Fig. 9. BER simulation of hard and soft decision.

R X, A5 e () (75 FL S0, B IS B W Vi
TR KA TR AT T SE . o3 %2 A DY
PRI 25 WA B 045 -5 AT T R R R 29 e 7
fif R AL 3. Fe 2R FHAS [ ] e fidt o 1 45 SR 4 5] 10
7, AT LATE W 5 3], FE A [R) B8 S 61 7 i
P, SR FHACHIR ARG B B DRI R IR 2 T
BEFRREAR , X — RS ZHRI ) &

A P i ) 308 o TR B v SR A (R 1) R s
RER & N i AN 1 Toche B 7 e RIS, 3RS S N R
JQUA B TR (R, DA T i 2 b B IG T iR 8.
FAE AR AT E R A A RSO, B
e ] B i B S AN BRI i . 5 0 A [R] Y
&, BE S5 DR TG TR g, P
TEBRAGVERE b 1Y 22 FE M4 /. X R, 7EARAE e

FLE IR, B DA BT B S A . e
e R L ERE B PR A A o ] LA — b ] ik
73 Xk HCRE A PR AN A PR R P TRAT R S5 IR
7, FESSVCAAE T, SR AP A P A 5 T A ke
fiFJRTETERERE £ B AT KYY 2 dB HUSETE. X—%L
PEam I8 T A DA A 1 B v AR R SR BT T Y
ARNE.

—m— HDD BER
0= —® SDD BER
10-1F

g

2 105f
10-0F
10-7F

—20 “16 “12 Y 4

Received optical power/dBm

Bl 10 5T 64 PPM (9 BE A P 5 808 e S B DT 5 LU
Fig. 10. BER plot of 64 PPM based hard and soft judg-

ment experiments.

Z R ARG R 5, il PPM
{E5 3%, W92 T 64 PPM 7EKN R4 58 K 038 (5
PERE. SRR RO 2, [FIR XA [R] 42
WOETIT (E S TIE %, AR R IR IC R 1
e, AR T B PPM {5 SRR, & 11
FRT 64 PPM FERS BUITR43-90 k 10, 20 , 50 Al
100 MHz B iR 24 O

102 FEC limit

10-3

104

BER

10-5
—4—64-PPM 10 MHz

;| —A—64-PPM 20 MHz
107°F _m— 64-PPM 50 MHz
—®— 64-PPM 100 MHz

_7 L L
10 —-20 —-16 —12 -8 —4 0 4

Received optical power/dBm

Bl 11 64 PPM 7EAS[H]AF SEA0 3T B R 5 R 5 80k T 5%
B
Fig. 11. BER of 64 PPM at different bandwidth frequencies.
{557 10 5 20 MHz 3% T R05 R R 5 10T
T U B T 2 R B 2R AR, i 50 5 100 MHz

174202-6


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y 32 % 3R Acta Phys. Sin. Vol. 73, No. 17 (2024)

174202

R SEEL T R ARE N, 3O i T SRR
WS, (5 S EME TR, SER R T HfIK-20 dBm
LA RO TR, ek 50 MHz 1E o 050
R IR PR R A LU AGH R R R A BT T, H
XA PPM A9 15 A 2R 1A 38 A5 42 30T T 1) 24 45 2 1)
PR X B R L) PPM I i e
M R IE K VECSEL UWOC R4 L e 5.
FESERRI R, BT K RSN, RAELE
Sl T 96 m AL RS, (H Bk B R H e Th
RAIRIRA 7.6 dBm, LB FRATIARRIGHN 1.9 x
1075, M4 PPM I 53, bk 107 A4t 1 i ke
FH 4.69 Mb/s. X 2 B T 8K ke PPM 3 6l 1)
VECSEL /K T GHlifR RGLiE [FIERER I .

4 # #

AR T —FEEF VECSEL () UWOC £
4%, MR T VECSEL iy A TAE R B 54705 4R
J&, A HPEEAL T PPM RS, RS
LT IERe ), REWHA LT WHEGHERE. £ Hk
FKAGIET, MR8 A A AL PR B )5 1 Dy AR
TRIENL, 15 BZO0C AT B R KAF B M =W R ECh
0.0591 m . HTXE UWOC RE T T /K Fidfs
PERERIINR, 5290 77 96 m FEES R, Hik 50 MHz
BRI ST BRAR, FEDUAFXT R RIS 1.9 x
105. PPM | 5 VECSEL YGIRAIZE &, Lk
TOGHEE RGERME T H TR AR T 5.

S7% 30k

[1] Heidemann J, Stojanovic M, Zorzi M 2012 Philos. Trans. R.
Soc. London, Ser. A 370 158

[2] Tian P, Liu X, Yi S, Huang Y, Zhang S, Zhou X, Hu L,
Zheng L, Liu R 2017 Opt. Express 25 1193

[3] Kaushal H, Kaddoum G 2016 IEEE Access 4 1518

(10]

(1]
(12]

(13]
(14]

15]
(16]
(17]
(18]
(19]

(20]
[21]

(22]
(23]

(24]

174202-7

Saeed N, Celik A, Al-Naffouri T Y, Alouini M S 2019 Ad Hoc
Networks 94 101935

Mobley C D, Gentili B, Gordon H R, Jin Z, Kattawar G W,
Morel A, Reinersman P, Stamnes K, Stavn R H 1993 Appl.
Opt. 32 7484

Bricaud A, Babin M, Morel A, Claustre H 1995 J. Geophys.
Res. Oceans 100 13321

Li J, Luo J H, Yuan X H 2021 Acta Opt. Sin. 41 0706005 (in
Chinese) [7E, B4, JuFEE 2021 H24244) 41 0706005
Wang B P, Yu J, Wang Y Z, Meng J J, Mo Ze Qiang, Wang
J D, Dai S J, He J G, Wang X D 2020 Laser Optoelectron. P.
57 230604 (in Chinese) [EE MY, X, TV, dadhl, SHiFER,
FE&A, RSP, M, FEER 2020 #OE S G 7200 57
230604]

Wu Z Y, Liu X Y, Wang J S, Wang J 2018 Opt. Lett. 43
4570

Ghassemlooy Z, Popoola W, Rajbhandari S 2019 Optical
Wireless Communications: System and Channel Modelling
with Matlab® (Boca Raton: CRC Press)

Fei C, Wang Y, Du J, Chen R, Lv N, Zhang G, Tian J, Hong
X, He S 2022 Opt. Express 30 2326

Qi Z, Wang L, Liu P, Bai M, Yu G, Wang Y 2023 Opt.
Express 31 9330

Wang J, Lu C, Li S, Xu Z 2019 Opt. Express 27 12171

Huang A, Yin H X, Ji X Y, Liang Y J, Wen H, Wang J Y,
Shen Z W 2024 Acta Opt. Sin. 44 0606002 (in Chinese) [# %,
BOE, EFHA, RERE, 0%, TER, AT 2024 S 4M
44 0606002)

Shen J, Wang J, Yu C, Chen X, Wu J, Zhao M, Qu F, Xu Z,
Han J, Xu J 2019 Opt. Commun. 438 78

Yan Q R, Wang M, Dai W H, Wang Y H 2021 Opt.
Commun. 495 127024

Han X T, Li P, Li G Y, Chang C, Jia S W, Xie Z, Liao P X,
Nie W C, Xie X P 2023 Photonics 10 451

Bossert M, Schulz R, Bitzer S 2022 IEEE Trans. Inf. Theory
68 7107

Zhang C, Zhang Y, Tong Z, Zou H, Zhang H, Zhang Z, Lin
G, Xu J 2022 Opt. Express 30 38663

Hu S, Mi L, Zhou T, Chen W 2018 Opt. Ezpress 26 21685
Guina M, Rantam#ki A, Hérkonen A 2017 J. Phys. D: Appl.
Phys. 50 383001

Rahimi-Iman A 2016 J. Opt. 18 093003

Rudin B, Rutz A, Hoffmann M, Maas D J, Bellancourt A R,
Gini E, Stidmeyer T, Keller U 2008 Opt. Lett. 33 2719

Heinen B, Wang T L, Sparenberg M, Weber A, Kunert B,
Hader J, Koch S W, Moloney J V, Koch M, Stolz W 2012
Electron. Lett. 48 11

Yan R, Zhu R, Wu Y, Wang T, Jiang L, Lu H, Song Y,
Zhang P 2023 Appl. Phys. Lett. 123 011106


https://doi.org/10.1364/OE.25.001193
https://doi.org/10.1364/OE.25.001193
https://doi.org/10.1364/OE.25.001193
https://doi.org/10.1364/OE.25.001193
https://doi.org/10.1364/OE.25.001193
https://doi.org/10.1364/OE.25.001193
https://doi.org/10.1364/OE.25.001193
https://doi.org/10.1109/ACCESS.2016.2552538
https://doi.org/10.1109/ACCESS.2016.2552538
https://doi.org/10.1109/ACCESS.2016.2552538
https://doi.org/10.1109/ACCESS.2016.2552538
https://doi.org/10.1109/ACCESS.2016.2552538
https://doi.org/10.1109/ACCESS.2016.2552538
https://doi.org/10.1109/ACCESS.2016.2552538
https://doi.org/10.1016/j.adhoc.2019.101935
https://doi.org/10.1016/j.adhoc.2019.101935
https://doi.org/10.1016/j.adhoc.2019.101935
https://doi.org/10.1016/j.adhoc.2019.101935
https://doi.org/10.1016/j.adhoc.2019.101935
https://doi.org/10.1016/j.adhoc.2019.101935
https://doi.org/10.1016/j.adhoc.2019.101935
https://doi.org/10.1016/j.adhoc.2019.101935
https://doi.org/10.1364/AO.32.007484
https://doi.org/10.1364/AO.32.007484
https://doi.org/10.1364/AO.32.007484
https://doi.org/10.1364/AO.32.007484
https://doi.org/10.1364/AO.32.007484
https://doi.org/10.1364/AO.32.007484
https://doi.org/10.1364/AO.32.007484
https://doi.org/10.1364/AO.32.007484
https://doi.org/10.1029/95JC00463
https://doi.org/10.1029/95JC00463
https://doi.org/10.1029/95JC00463
https://doi.org/10.1029/95JC00463
https://doi.org/10.1029/95JC00463
https://doi.org/10.1029/95JC00463
https://doi.org/10.1029/95JC00463
https://doi.org/10.1029/95JC00463
https://doi.org/10.3788/AOS202141.0706005
https://doi.org/10.3788/AOS202141.0706005
https://doi.org/10.3788/AOS202141.0706005
https://doi.org/10.3788/AOS202141.0706005
https://doi.org/10.3788/AOS202141.0706005
https://doi.org/10.3788/AOS202141.0706005
https://doi.org/10.3788/AOS202141.0706005
https://doi.org/10.3788/AOS202141.0706005
https://doi.org/10.3788/AOS202141.0706005
https://doi.org/10.3788/AOS202141.0706005
https://doi.org/10.3788/AOS202141.0706005
https://doi.org/10.3788/AOS202141.0706005
https://doi.org/10.3788/AOS202141.0706005
https://doi.org/10.3788/AOS202141.0706005
https://doi.org/10.3788/AOS202141.0706005
https://doi.org/10.3788/LOP57.230604
https://doi.org/10.3788/LOP57.230604
https://doi.org/10.3788/LOP57.230604
https://doi.org/10.3788/LOP57.230604
https://doi.org/10.3788/LOP57.230604
https://doi.org/10.3788/LOP57.230604
https://doi.org/10.3788/LOP57.230604
https://doi.org/10.3788/LOP57.230604
https://doi.org/10.3788/LOP57.230604
https://doi.org/10.3788/LOP57.230604
https://doi.org/10.3788/LOP57.230604
https://doi.org/10.3788/LOP57.230604
https://doi.org/10.3788/LOP57.230604
https://doi.org/10.1364/OL.43.004570
https://doi.org/10.1364/OL.43.004570
https://doi.org/10.1364/OL.43.004570
https://doi.org/10.1364/OL.43.004570
https://doi.org/10.1364/OL.43.004570
https://doi.org/10.1364/OL.43.004570
https://doi.org/10.1364/OE.448448
https://doi.org/10.1364/OE.448448
https://doi.org/10.1364/OE.448448
https://doi.org/10.1364/OE.448448
https://doi.org/10.1364/OE.448448
https://doi.org/10.1364/OE.448448
https://doi.org/10.1364/OE.448448
https://doi.org/10.1364/OE.483966
https://doi.org/10.1364/OE.483966
https://doi.org/10.1364/OE.483966
https://doi.org/10.1364/OE.483966
https://doi.org/10.1364/OE.483966
https://doi.org/10.1364/OE.483966
https://doi.org/10.1364/OE.483966
https://doi.org/10.1364/OE.483966
https://doi.org/10.1364/OE.27.012171
https://doi.org/10.1364/OE.27.012171
https://doi.org/10.1364/OE.27.012171
https://doi.org/10.1364/OE.27.012171
https://doi.org/10.1364/OE.27.012171
https://doi.org/10.1364/OE.27.012171
https://doi.org/10.1364/OE.27.012171
https://doi.org/10.3788/AOS230966
https://doi.org/10.3788/AOS230966
https://doi.org/10.3788/AOS230966
https://doi.org/10.3788/AOS230966
https://doi.org/10.3788/AOS230966
https://doi.org/10.3788/AOS230966
https://doi.org/10.3788/AOS230966
https://doi.org/10.3788/AOS230966
https://doi.org/10.3788/AOS230966
https://doi.org/10.3788/AOS230966
https://doi.org/10.3788/AOS230966
https://doi.org/10.3788/AOS230966
https://doi.org/10.3788/AOS230966
https://doi.org/10.3788/AOS230966
https://doi.org/10.1016/j.optcom.2019.01.031
https://doi.org/10.1016/j.optcom.2019.01.031
https://doi.org/10.1016/j.optcom.2019.01.031
https://doi.org/10.1016/j.optcom.2019.01.031
https://doi.org/10.1016/j.optcom.2019.01.031
https://doi.org/10.1016/j.optcom.2019.01.031
https://doi.org/10.1016/j.optcom.2019.01.031
https://doi.org/10.1016/j.optcom.2021.127024
https://doi.org/10.1016/j.optcom.2021.127024
https://doi.org/10.1016/j.optcom.2021.127024
https://doi.org/10.1016/j.optcom.2021.127024
https://doi.org/10.1016/j.optcom.2021.127024
https://doi.org/10.1016/j.optcom.2021.127024
https://doi.org/10.1016/j.optcom.2021.127024
https://doi.org/10.1016/j.optcom.2021.127024
https://doi.org/10.3390/photonics10040451
https://doi.org/10.3390/photonics10040451
https://doi.org/10.3390/photonics10040451
https://doi.org/10.3390/photonics10040451
https://doi.org/10.3390/photonics10040451
https://doi.org/10.3390/photonics10040451
https://doi.org/10.3390/photonics10040451
https://doi.org/10.1109/TIT.2022.3184168
https://doi.org/10.1109/TIT.2022.3184168
https://doi.org/10.1109/TIT.2022.3184168
https://doi.org/10.1109/TIT.2022.3184168
https://doi.org/10.1109/TIT.2022.3184168
https://doi.org/10.1109/TIT.2022.3184168
https://doi.org/10.1364/OE.470063
https://doi.org/10.1364/OE.470063
https://doi.org/10.1364/OE.470063
https://doi.org/10.1364/OE.470063
https://doi.org/10.1364/OE.470063
https://doi.org/10.1364/OE.470063
https://doi.org/10.1364/OE.470063
https://doi.org/10.1364/OE.26.021685
https://doi.org/10.1364/OE.26.021685
https://doi.org/10.1364/OE.26.021685
https://doi.org/10.1364/OE.26.021685
https://doi.org/10.1364/OE.26.021685
https://doi.org/10.1364/OE.26.021685
https://doi.org/10.1364/OE.26.021685
https://doi.org/10.1088/2040-8978/18/9/093003
https://doi.org/10.1088/2040-8978/18/9/093003
https://doi.org/10.1088/2040-8978/18/9/093003
https://doi.org/10.1088/2040-8978/18/9/093003
https://doi.org/10.1088/2040-8978/18/9/093003
https://doi.org/10.1088/2040-8978/18/9/093003
https://doi.org/10.1088/2040-8978/18/9/093003
https://doi.org/10.1364/OL.33.002719
https://doi.org/10.1364/OL.33.002719
https://doi.org/10.1364/OL.33.002719
https://doi.org/10.1364/OL.33.002719
https://doi.org/10.1364/OL.33.002719
https://doi.org/10.1364/OL.33.002719
https://doi.org/10.1364/OL.33.002719
https://doi.org/10.1049/el.2011.3271
https://doi.org/10.1049/el.2011.3271
https://doi.org/10.1049/el.2011.3271
https://doi.org/10.1049/el.2011.3271
https://doi.org/10.1049/el.2011.3271
https://doi.org/10.1049/el.2011.3271
https://doi.org/10.1063/5.0154291
https://doi.org/10.1063/5.0154291
https://doi.org/10.1063/5.0154291
https://doi.org/10.1063/5.0154291
https://doi.org/10.1063/5.0154291
https://doi.org/10.1063/5.0154291
https://doi.org/10.1063/5.0154291
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 73, No. 17 (2024) 174202

Long-range underwater wireless optical communication
system based on 490 nm vertical-external-cavity
surface-emitting laser”

Wang Tao')  Wang Zhang-Xing!  Shen Xiao-Yu!’  Zhu Ren-Jiang!
Jiang Li-Dan'  Lu Huan-Yu? Lu Yong-Le?
Song Yan-Rong?  Zhang Peng®f
1) (College of Physics and Electronic Engineering, Chongging Normal University, Chongging 401331, China)
2) (Changchun Institute of Optics, Fine Mechanics and Physics, Chinese Academy of Sciences, Changchun 130033, China)
3) (Chongging University of Posts and Telecommunications, Chongqing 400065, China)
4) (School of Physics and Optoelectronic Engineering, Beijing University of Technology, Beijing 100124, China)

5) (National Center for Applied Mathematics in Chongqing, Chongging Normal University, Chongging 401331, China)

( Received 21 June 2024; revised manuscript received 31 July 2024 )

Abstract

The exploration and utilization of marine resources has promoted the rapid development of marine science
and technology, and has put forward higher requirements for underwater communication technology. Long
distance underwater wireless optical communication (UWOC) requires the selection of light source on the
transmitter side. Laser diodes (LDs) have excellent portability and maneuverability, and have been widely used
in the UWOC systems. However, their beam quality is not so good and it is difficult to modulate under high
power. In recent years, vertical-external-cavity surface-emitting laser (VECSEL) has received much attention
due to its high output power and good beam quality. This work is to explore the advantages of using a 490-nm
blue VECSEL as a light source in UWOC, and to improve the performance of the UWOC system by the soft-
decision pulse-position modulation (PPM). First, the optical power attenuation coefficient of the channel is
obtained, and the measured c is about 0.0591 m! in a 96-m-long tap channel. Subsequently, soft-decision and
hard-decision are simulated and experimentally verified. Both simulations and measurements show that the bit
error rate (BER) can be significantly reduced with soft-decision. Afterwards, we improve the system by using
the soft-decision algorithm and investigate the communication performance of 64 PPMs at different bandwidths
by adjusting the PPM signal rate. Finally, 50 MHz is chosen as a signal rate in the experiment. Then a UWOC
system is demonstrated in this work. The transmitter side consists of a 490-nm VECSEL light source with an
acousto-optic modulator (AOM). The pseudo-random binary sequence (PRBS) is loaded into the arbitrary
waveform generator (AWG) for digital-to-analog conversion after PPM modulation, and the analog signal is

sent to the driver of the AOM for acousto-optic modulation of the incident beam. The laser is focused before

* Project supported by the Natural Science Foundation of Chongging, China (Grant No. CSTB2024NSCQ-MSXO0833), the
National Natural Science Foundation of China (Grant Nos. 61975003, 61790584, 62025506), the Scientific and Technological
Research Program of Chongqing Municipal Education Commission, China (Grant Nos. KJQN202200557, KJQN202300525),
the Cooperation Project between Chongqing Local Universities and Institutions of Chinese Academy of Sciences, China
(Grant No. HZ2021007), and the Chongging Normal University Foundation (Talent Introduction/Doctoral Program), China
(Grant No. 23XLB003).
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entering the AOM and then collimated after having exited to reduce its divergence. The modulated laser beam
passes through a distance of 96 m in the tank by using multiple mirrors on both sides of the tank. Then, the
beam is focused by a lens to the avalanche photodiode (APD) for photoelectric conversion in the end, and the
signal is processed by a mixed signal oscilloscope (MSO) after data acquisition. A soft-decision algorithm is
introduced to further optimize the performance of the PPM modulation. When the optical signal passes through
a relatively long distance of 96 m, the measured BER is as low as 1.9 x 10°°. This indicates that the soft-decision
PPM-based 490 nm blue VECSEL UWOC system performs very well.

Keywords: vertical external-cavity surface-emitting lasers, pulse-position modulation, soft decision algorithms,

underwater wireless optical communications

PACS: 42.55.f, 42.55.Px, 42.62.-b DOI: 10.7498/aps.73.20240860
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