ETREL=E2ERKTREABIERS
R RIS = % R HIE R
TR FHEY IR gEED S0 BHY IFE "

) (H7EERZE R SEE TR, b 611731)

2) ChEETREERAAR S =TT, EREOCH, HM 541004)
KT TREOEEAE BA RSB A E EE RS S . SR, K P RTECH A 2
PEULRFRIG R _ETFCL AR RE R TR AT 7K T RLOLIRE RS T, i
B HAE S BAMAE R P85 T B EVERE. JGIEDY 450 nm B SARE0E
&, HUEIE RSy 50 Mbfs, RHIANEZEIFSCEE EHITT %, MEREHT NK T
WOLHRIERGRBIK T BAR =4 il e . ASCR IO R S mloe Rk ok
Bk REREAT TR B o AR PR AR S A B ) AT A AN FA B i 2 A T R 2 1)
IR T, EUIEaL B, ASCHIE 7R Ry 100 Mbit/s (1 XU 8 [] 4 5] O
a5y 53 HI 2 Gt FMSC (K P AP A 1) 5 B 56 P 7 7 o A S U R 18.94m !
I, T, SSANSEAEERSN KA T IR EERr R Ig % 43 750y 8.7X 10, 1.0X10°
1.5X107%,
KA K NELOtEE, WItR, sz, Z20EM
PACS: 42.60.-v, 42.65.Tg, 42.79.Sz, 42.81.Dp

Tl {E/E#. wangzhen3@cetc. com. cn
#H—1E#. wangzhen3@cetc. com. cn

1 5 &
B 7K T [E 7R R B B K, K B4 E (Underwater Optical Wireless

Communication, UWOC) K &7 58 A AR 1 N Ry, - 2RO EE U

BRI DA K KR B4 i IR 45 37 b B SR B SR 0. R BT KR A A A

(Underwater Acoustic Communication, UAC) 1445 (Radio Frequency, RF)
A5, UWOC fEKE 2 f B Sk e W S it th — DR A% ik R B R
AR A i B i I 28 B, SR, A e 52 BRI S BUR SERIME A BR &1, [RII
2 b/ e =R e B S8t AL LT S5 i 2 WA 2 L @2 B S N T S D
F HRrAg 3 (Bit Error Rate, BER) b, ATk g 5% i 1 v] & AT 7 fig

PR Rk R



AN UWOC R4iZ RHENDEIR (Gaussian Beam, GB) fER1E 53k
B7, fEiEROK AT, GB A RAFMIRER TS . SRV MUK IS, H R0k AL
51 R IR 2 AR RSN A 9 e o (35 S, IR FE AR B P E) T BRI RIS 5 K

ATIRAL, X EPR R IL[R] BR ) 7 A BE 2 A B i A e 1 B,

M2 T, #EariiEfshE (Orbital Angular Momentum, OAM) HIiRIEG

A IR 550 A MR AR A7 2544, £ B3O T 5 A9 3A 550 SR I 5 A v B

AFEF AR, O A SRR B i O AR VE MUK AR T T DRI OL T GB HiE 1

B, UbAh, ANE OAM AR FRAE A T A IEAC M, Al fE iy 2= Al {5 i 42

(5 2 018, Ren S5idEid 5 H VYR OAM Jt, 7E 1.2 m /K FAZ1E 14 SE I

1 4 Gbit/s 11 40 Gbit/s [y fEHE A, Flicin R 25 8D I f 8 AT S, JF

K T ORIV | KA R S Pl , e AV P SRR 11 D't R A e o W R

(121, Zhang S5 [ o¢ BB B OUATE OAM /K FIB{EEA 54, FIH Q-plate

SERRSUR S E R AR E T, E 6 m /K FIAEE sl 7 Al 625 Mbit/s [FiE4E

AL,

Bl SRR A Ab, SI Aok N TR et AR M i i 5 () 90 e

M5 A% . Zhan S5 HY 17 T AT SR 8 e 8 [ 4 1Y i I D' 2 1%, AR SR R AR 1Y

M 2 6 588 5 A S5 P i AT 7 B2, A FH SR AR 7 08 o e SR AT #b e, M TTT

R A T A R A R0 Fan 25904 Gerchberg—Saxton AHA7 1K Bk 5 M

MM zg s, KM 16 Bl LG #EAE 1 256 SRS IR v dim i 5 LA 3]

CZ=10"K?m?P i, ZI7 iAol TAE, Ik QR #Erf 2 i 0.75 32 5 %% 0.93,

% BER P& % 6.53x10731201,

SR, BIA ) OAM-UWOC 7t sk36 75t 2 R IR T Bl Ay, k-1 ot
5 I FE 4 N iR ZEN L e B R G VEPEE RN E . 4k, 5K
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A5 S A OV BENL 32 #1751 (Pseudo-Random Binary Sequence, PRBS) ,
H G R 5 S b b S A e = 5 P, Biltn, /K ROBTEE L (Light Detection
And Ranging, LIDAR) ZE ) =4k 5 = Bt B S5/ i, TS L sh Al
BOCSEINEURR . SRT, A 1 = X0 = 4 A B R AN R K B3 i 38 i e i ] 5
P R .

00 7]V B 2 Y o L i B S O SN L VA5 . = DS =W i d M =

SET IS 7R . 5B R A% e B L 8 TE B R R AL SR B A A

[F, AN g 25 58 2 K T 5 38 o e A 28 98 1 S PR S P eI B . £E

ATy 450 nm. AEHER B 0.7 m 15— seie T & b, JE BCE 2N U 3

Bl R 2 e AR i 9 5, ARG R I DR (GB) i e A AE A [k

S & A ARG A (BER) TEE.

FESHEAE b, AR ORI T OB IEE N 50 Mbit/s.  SEEHE A 100 Mbit/s

(KOO IE s OGBS R 48, It T — A It A RFLI RO B, ARYE HOE AR

M A3 EAE 22 R SR (A« i 3IROTT R TC UK S OAM Dt AR IR e AH

7, AR AL 28 25, B Ak a1 B SEBLRSOARARAN 1550 53 % AR Ao

Wt ot o O AU 5 i S (R4 S e JEIE P LK% LIDAR =4 o

mE#RE, SRS IR et K T IE{E 5 4t 00 i AV e R0 B

ST LSRR, 7E 0.7 m LSRR ORI MUN TR RO 18.04 mt L7 2L

RS A AT T, P RS RS 1.5x103 [ iRAS R . EIREE R n] & 9%

KL T OAM /K R4 i E (OAM-UWOC) A% Mttt 5t

%, IR G D i B RS % 4 555 R e B 8 A A7 SR s 0

IR ARG
2 WEAKTHRERER




FEAEAK A2 BB B RIS R, 2 AR, 1 a 1 b 4
FORWS R BRI 2R3 AT A KIRE, 2 alid v a(2) Mb(a) » Bl
[FIANED A ZEIR A2 (1), B0 c(1) =a(l)+b(A) -

ARSCR K PO B 1220 ) e 5 S AR VTG PO AROM B AR o SR AE A BT D AN
USRS M ) DB AE T SR AR A O Y A T RO BT, BT D0E T S R L
C(A) MIHLES R Eb(A) o BRI S 2041, 0 T4 g G, AR AR 1
KLU p UL SRORLEAT v, JUAH N ) SR BT oR 9

c=pQ,ar’
1)
b = pQ.nr?

Fort Qu AT Qy, 43 3 7R TH G BCR K 1 UM R R 7, BT 7 NI
L5 M0L 2 1) AT SO ELAE SR o 2 NS AN 2 P THI,  T70 2 BL A R v e T A =
gt Cnm R GB MIRL i /K-l LGB I, RO 1~ K HExT B 48k
SR AT . 72T LB ZE-KIRFEIL (Generalized Lorenz—Mie Theory;

GLMT) {4 R0, ] LA it sk 7755 BT R b AT O B 2 29,

CSCE{ =

A& 2n+1 (n+|m)!
23 -

== nn+1 (n —|m|)! grTTE| ) (2)

X (|an |2 ng,TM ‘2 + |bn |2

A° 2 2n+1 (n+ | m)! ) )
C..=—Re a, g, +b, |9, 3
ext 1 |:;mz_n n(n +1) (n—l m |)! ( n I gn,TM | n | gn,TE | ) ( )

Horb Re R HUSEHE, a, M by KU R4 18I El i 5 e R 8z
A9 28, AT PATHSRCRIUR 203 A 7 A SRR IR 1 RCR Al M A SR
RIEAR, B DAZEAR [ O BORL G vH 40 Cp e AT %56) T, LGB 5 GB 1)
B RO A BT AT, B bgp #bgg~ Clgp #Cog o Ore M Gryy 23 AR IRAH ] L

W (TE) AR (TMD BRI, H RGBT



Bm=§—:”§J§"{§;ZZ§[;§;;§§ﬁo}xp(-im@dq) @
Horf, n RSEHAESRAS BRI ORI KL m R AR, S ERAER R 7 £
fin g M, T4 A R 7 6 160 10 6 A . B P =100 5
m=-n,..,+n. E FH, H3HNEREIZHEH0ER SR E, FIH, 558
Hh 7 AT (R 0

Lk T 2R UWOC (I, F AL 5 (K TR U 27
SHI LR R o WEPINAH S AR e, LUS A R
TR BEHLIE BT 5| R OB E o,

a=a,ta, (5)
a, = k-gigy% (6)

BEAE k EBHL, s=¢, +ig REKINBEEE X TR, HREL o, FTLLH

ST S R D AR R B 19

a, = 47tzk2.[02k @, (x)xdx

(7)
Forr, Mg R Zeilk b R U 4.
@n (K) = i A? ﬂZT gKfl/s Ptk
dn
1+d
x| 9(x7, PrT)+d_rzg(K77’ Prs)_( o) g(xn, PrTS)}
v @

A = RFIFER S BINR, n &K TR Kolmogorov K&, y, /&l
JETTEFERR, o RImTANRERERUR, o WA o £ AR B 8 1)~ 5 2
B, Pr R Prg 4y 3 R onoi B OE OB R B MO E O % K
¥, Pr =2PrPry (Pr +Pr) " o SREENEL, A RHRIKAL, d e
MRS iz s SRR SRR SRS fae iz, g R RN i
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BRI Il IR 1 i RORE O A0 37 4 5 B B LS AR XS ' R A% 1 ) 5, (RN PR 3

ARk T A i it D 44 1% 1 A e ELPRAS 21385 R 480 BER. N | #  OUAL RIS /R L %

7 Ge it AN U iR B 1 RE 2 8] (¥ E Sk &8, A (S % EMC Ml FSEMC J5i%,

R K67 R 53 gty g AR A7 45 B DG 760, ARYE Mie HIUH HR IR B SR

TORERTT 1A B ARG, JEE R4 A RARROE TR RERE . ANF

DI 1) A ' R P T A S A5 o i I, A T[] 45 4 BR AL 4% $ A R o AT

G 1 RS IR I e R 025200, 2 i s ek, AR G BRI B B B R

I BB AL . T SO OE T A T O e A, A 28I 7 T B0 T BRI iR 2

{}i & BER.

1E 50 Mbit/s A IJHEFF K445 (Non-Return-to-Zero On-Off Keying, NRZ-O0K)

AT, HERRFF SRR DY 20 ns. fEZE T BDGH FHCEE T, RSO T

HR MR 904 -

N, ~ Poisson(x, ) (©)

el A ] 5 S50 B A0 3 — S0 B 78 T BR AT ) o

o _[r Nk (10
k7o, N,, <K.

S RE R % BER KR 741 5 IR 46 Fe A& A7 EE 845 21

PIEZHG R A RT3 BTy 450 nm, K MEHEEE Y 0.7 m, 3

Wk A E RN 8.66. 9.69. 10.57 A1 11.15 m?, JRiEeIRIbGT A 8. FikiFH K15

BN 3 um, KAIRUR T 2R 5 1.33 F1.57,

ATCRIGE (BER) & SONEWOm U7 (5 5 A B, RS AR e R b
Frf e, HEARON:

BER = e (11)

total



/ﬁ\: E':' Nerror j‘j‘ﬁlhl% Hﬁq%:éﬁ » Niotal yg’fgiﬁjlé Hﬁq%:ii o
Y e B R N I R ZE VAL, s Oy BRSO B R s AR S R AR

H b5 i 2 ARAR R BB B 22, BT

g =\/(Xil =%+ (Y - +(z - 7)) (12)
Hobt (%, 5, ) NIRRT, (%, Y, 2) W@ AR REDE A TH5 RE (5

BERA AR AT SENE,  EE R U B S i = 4 i Bl (A e TR
N P b W g i i X o R ' AT D' S AAR A7 3 A A B2, B 1 45 Tk

g P i T S R O A4 A 2 AR BE AR R T AR B R A R FEE

Ve, SR T FR s T 5 | AR AR A Al 56 e oA, AME AL 0.7

m /K TS SR E R H, HAZE A 4 For BER iR, Zons it HANE

Er BERLIT I B A BRI E, ARSI\ B RO W SORT SR 456, R K

EEWABA B T Z i 5 ASE ST 21 Beer—Lambert ZE0k, JHAEH

EERIVNI I IRIEFE L exp(-cL), A2 B8 & 1 B i) 0 — ol s AR 7 7

&, WAREZRETE P REZRAR. HTP2H0N: HOLEIKE 450nm, ¢, /&

10°m%s®,  y, /& 10°K%/s, n A 10°m, Pr, &7, Pr, H700, FEWIEEE R 25m,

HEAL BERIRE /2 5m, $h M BUE-3. b e L i B AN 30 i & Ay 17 Al Ui 51 S B9

3 i AR U — A B R AT W,  AMRERAS S8 FoR A 0.7 m A4 i 25 F 2k

BBH

B 1SR H, BENLT A S AR S A T e SR A A i 98 50 A7 AT T AT 7 45

1, A 9 A Ry BRI P AR AT A M AR o A R A AR A 3R B OAM AR (1)

B AR G, X S AR A e 5] e PO S i 8 AR AR . 2R, B 1Y

FH i ) IR e AR, ANBESE b FLA9 B D 46 | JHIE B PLel BER; JX 43

(EFEARIEHUR TR RS Pl L AR PRI 2% e A S FAR A )5 3
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Fig. 1. Hlustrative normalized intensity and phase distributions of a vortex beam
distorted by oceanic turbulence.

3ZHERTEELA LR

AL AR e AR Az B (SPP) A= i iRt iR (Vortex beams) o — AR & iy
e (GB) NS EIRIMGECH 11 SPP I, Mifir=4:l i LGB.

TR PO T SR 2 B bl F K R OB (5 A BiE . o Tk Al
AR RN K T I IRE b, &l 2(2) s RS SO EAEBR R ST E 1 6
KEKF . KRR ¢ N 1.07m S B 2(b) SR T EOETE AR A S
YEAE 7K T I A4 2 A AR

(b) 640
638
650
645 ‘ ) A\ b
ésm‘ y N N“h.' i
| l . o~
a5 'r ' ' A » '-100 632
" N v " '-30-20
20 -50.40 Y (cm) %

X (cm)

(PP ) 2. KT H bk A AR i =4t fi = Buig iz X
(a) ZLCAEP R HFR: (b) AHETARE =48 5 = AR AR EE O R T B 2
Fig. 2. Underwater target and 3D point cloud Imaging before transmission. (a) The
detected target is marked within the red circle;
(b) Surface reconstruction of the 3D point cloud coordinate data.

FERIES, o 25 A e 22 R AR et RS T B A% e o — bl v 4, I

INEBFUT Z PRI R B2 (AWG, SDG6052X-E) #1, 4Rk 50 Mb/s ] NRZ-OOK
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RS @ n AR A ORI )5, ZHE S/ Bias-T HEH 5 EUWE
B, HITH5 450 nm ESAEBOLE . FiD)E BOCHIE TR AR R (SPP)

ERGRIEEHR (LGB, |1=28) , RJRREATHEE MUK T M. FEWIE, AR

iE GB 5 LGB {5 LS EBHY AT, SR90 R AT AT A SR8 I8 20 ) 8 9 I B O R

&, HRADEIIAR ARG B DT TN, (€ GB AT e G I A K T

VAT AR, 2009 10 mW

AAFEEZ— 0.7 m=05m <05 m P/KFH, L0, JORHUR RS

P AT P . S 1A KR i N SRR A B S R, DL SRR KA [ U T Uk

Rt o H TR SE BRI B 25 52 SR AR AR . UKL BORES . IR e SR AE I R R

i, AR SCAS USSR A B BN B R AR KA R 5 P, 1o £ A AR AR S A T B

DN BT Ul AR B, I DL S I R A D9 B 25 1) B bR o B i ZK A SR R

e, I A K b 5N FAOK A R A P AT S R BEALE AR, DR iE A Ui

A S KRR N 25 °CIR 3 SO T HAE U m it A s KA E T i 55 27 °C

A 29 °Ci}, Jp e O 55 RS i AN 5 IR S it 26 A 9By IESR I 25 v A, A

i T 20 dB YRR EIEE ) (NDR) , @ISR I SR EOU(E 5 B G H S

1 (PMT, R9880U-300) , HAkma W 2402 WA P i F M, 15 5 s as

(SDS5102X) K, HTE TS5 (DSP) MR (BER) 114,
FAIR 2 T K 3 FrosBSEIe &, GFEL T i e s A0 e G e AS [ i I 5
A B s AR iR S R, JEHEAT T SR et a5 E A (Space Division

Multiplexing, SDM) HJSEZI6GIIE



(a) [ Transmitter(Tx) for GB and LGB channels Water channel [Receiver(Rx) for GB and LGB channels]

—E
il A

I=+8
| OAM=0 Received
Transmitted #‘» signal
Signal

(b) [ Tx for two multiplexed LGB channels }

I=-8

- LD & SPP Expander E BS OLens Perforated mirror

PMT : Pinhole Mirror ~mes= Laser - Particle ( | Water tank

(ML) E 3. /K NI S 5236 245 (a) GB 5 LGB /K FilifE X} kb : (b)LGB
T E K N LG RS .

Fig. 3. UWOC experimental system: (a) Comparison of underwater communication
between GB and LGB; (b) SDM-UWOC system based on LGB.

WATE AT T WE 3@) ARl GB 5 LGB /K F 4@ S X H st
GB i — M AR IR 7> REF B AL Hrh—HOGIEE SPP (+8) A% LGB
(OAM 5 1=+8), F—HOUIRFF AN GB. B/, XNPAGHATY WEE, If
SPATHEN S BKAE R AR A% 2 AR B MR E LSS . R
IR e, AU S 1=38 {E N XGEE LGB #i, T BTS20 KRG A ARUR AT

B SR A LSO BidR (R 00 8 26 A, T AN R A Nt 4 B0 BT /K R EIES

N . Bit, BEEHAMTBOR R, SR AR R B S 2 . UK

e £ N ok 5 A N & B W 1 e M7 e T 3 D O b I N e O =

JR) A A I i [ 88 AT i)y, M T 8 o ) B B s A v B o e R AR FAT B K

A4, (H R 5 52 B BRYGA DAR T ALk R oM i ae & T B A RN .

AR SCPR F P e BB B ZE A RS 142, 0.7 m AL RR IR B NSO 5 4544

FEIRAT 53 B BE, DAL i #5326 ' AR 0 ) BB B 4
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B 4 45 A [ R 5 i 3 9 P 2% 1 R A R IR S B 5 15 FUIR A R

(BER) MxfEb&E R, Hrp, B 4(a)y GB st S5 E 45 %, K 4(b) AN LGB [

SE S EGER ., R ERY, MEKEERABHE K, GB A1 LGB /] BER 1

2 FTa%, HEMEZMS T, LGB K BER #A%{KT GB. 7£ GB 5 LGB XLt

SEE PR AR A AR S AR AL R ] B ARORIE B ERS , R AT

Bk AN 8 5 T RTIE TR R T 229 10 mW., tR3E Beer—Lambert 524, X T4%

FERJE 0.7 m, HIUETHA 10 mW Bk SE6 i i B IO S D AR OB L, 545 RIS

184 HH h R 21 23.3~4.08 uW 128 i R B S KA R i St R MGESe . LA

BT SR S ARE, R SE[F T PMT SeBIMR A A SE bR A Th3e . S8 B F 20

R K BAR TSN E I RLN 1y W, mE ek T e B NOLH S 19 0h K T

HIE TR, 1 PMT 3] i nl HEHRIPEE R . Kk, AR DL Beer—Lambert

A B ASE R PMT ASFTh4, R %4 BER Fifi SSINOE D2 AR AL Y il 22,

LA3RE o K 44 SCASE A Y 2h R 1R\ A 28 i 58 BE RO S b o ) ) S BRI 6

T GB 1 LGB, {1 B4 BRI T BER FE/KAA IR R BRI ®

FESE b ) e AR A . R AR R HOH A 26 F T, LGB [0 5L BER ¥

WK T GB, HE5LIS R AR 8t FRGRRMY, AT E R

AU 5 im v AL FEAE K T EES, LGB AL+ GB His{E R

() Gaussian beam (GB) (b) Laguerre Gauss1an beam, LGB (I= 8)
o +Th ory - no turb. DEpnmtwektb
Ps OEpnmt o turb. - Theory - strong turb.
I:| -Theory - weak turb. & Experiment - strong turb.
o v
107 F _ 32"/6 3 10°F 3
2 = 2 <
52} [Sa)
& g,
Q Q
- g 4
5 10 5 10
5 5
] —e—Theory - no turb. O Experiment - weak turb. x
as] O Experiment - no turb. -4 Theory - strong turb. M
- ® -Theory - weak turb. & Experiment - strong turb.
107 10
8.66 9.69 10.58 11.15 8.66 9.69 10.58 11.15
Attenuation coefficient ¢ (m'l) Attenuation coefficient ¢ (m'l)
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(TR ) ] 4. e B A e 618 A A 38 R B i it o5 A - S R BER
55256 BER fXttk. (a) GB; (b) LGB. HiZEF/RNTHAFRIRLGER, BHUSFIR
LHER,

Fig. 4 Comparison of Monte Carlo BER and experimental BER for Gaussian

beam (GB) and vortex beam with topological charge |1=8 under different attenuation

coefficients and turbulence conditions. (a) GB; (b) LGB. The solid curves denote

Monte Carlo simulation results, and discrete scatter points represent experimental

measurements.

Kl 5 @R T 1RSI H SR EU 5 c=11.15m?, LGB Ml GB =4k~
AR A EEIRE, R QX LGB, (b)XTR GB. HaiR % E NI
M AR 5 RGBS AR T ZEME s B — R S A R A, D iR
LN 0. EARFRIRIMEER Z (em), BEEHFIH /> 5IZE R XY Cem).

MEFATLEH, £ EREIET, GB Amaii KL T W ¥R 15 2 1)
“SOELG, XM T GB [ BER &1 LGB s, Kth, Bl AHE T 5
BRI Z TR, SECEZ B il A & A WA B0 K o

(@)

650
645
% 640
635
630

Z(cm)

640

638

636

634

632

630

Y(cm) 40 -20 X(cm)

(M) E 5. imieot 5 mlotK N =4k m = Bt e i g R, 2 25
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i 2 1, AR A R s B R AT, AR c=11.15m Y (a) Wi
ot (b mt.

Fig. 5. Experimental results of underwater 3D point cloud data transmission using
LGB and GB: the left side shows the reconstructed surface after transmission, and the
right side presents the error distribution of transmitted point cloud data, with
attenuation coefficient c=11.15 m™*. (a) LGB; (b) GB.

fERR LGB 5 GB Xftbsegeittkat b, JefiIfd i v —FiHET LGB 0 85

HIHEEFER R4, a1k 3(b) P, %4 LGB /E N XUHIE S S 3A, 2K

NP 4 PR BOEIE S R, AT IR R B . FRIELAR . ORI U AN

SR LA T, PR K et BAT R T3 m O 1) BER. PRI, e e fE

A 2 G0 T L ERAHIE S B R, i B A T X O PRAMETE Y B B T

M58 53 A B 4% 7 B

P 5 450 nm O 2% o ] AT ) B IE 1E Chl A1 Ch2, JfiEid SPP 4=

WIMTHOY8 B LGB, P s 3 0 i £ AR S 358 SCAI B YR 9 B AT

[ 903 TR BBIR S, 111 AN A e WA S 42 o I 14 {5 16 4 1) A e o 0B A () (Y 4 0

P H, wT USROG AE AR A AT AR U . PEARAR (] )l 9 45 44 AR R

RFAE, A if 3 G AR FH AN [ 90 1 i i SIS (X 5B 0 57

Ch1 #1 Ch2 7 AR 2 {5 A1 5 f53 iR, LA ST 7 P A e ot (1 B 1] R

JE, AERCT B BCEEA RN . ShEG I . BIHOBZE 7 Fas [F) 45 A5 36

[FIFEAARAE . e R, 7 LR B A7 T B FLARVE N B A A AGEST, IF

ReSM AR I 2 55— T5 1] PGS = B JE 20 9l 28 2 il 3R 28 AN (A ) ' HRL A 1

i

i A A, A R P AR B 5 ARTE] B A O o, JEU Tt R] DLIE

a2 £ S S B S IR [F] 4% (A0 A5 1] 50 B8 o 3X 35 OAM MR e AH 7 A A2 = i il 5=

JH 435 ¥ BT I i 2% o (EL2 , S AT 3 A5 A 1 e 33 PR A AN [ ] 8«

4 WSEESE RRH, AR SCRAN LGB AHXS T GB £ Bl sk i Al A it 26 £
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T HEAERAE BER, PG B XGEIE 5 48 4k 28 R i et V915 5 8k

(a) (b)

(TR ) & 6. Al 2 AL S 28 TR B AN R RO s 0 A () iR H]
AL (b) A1) 73 B AN R AR 00 5 7 A1
Fig. 6. Intensity pattern of two LGBs after spatially separated and Perforated mirror.
(a) Perforated mirror ;(b) Intensity pattern of two LGBs after spatially separated

TR AR WE 7 B, POEESLHL T 100Mbit/s R EES . Hik
BEAT T ARSI 98 P R RS R, RS (BER) 45 RWE 7(a) Fin: BiE
FIMFRE c B, BER HiA EFb. ETIRARTE LT, 2% c<15m™ B, BER f&
AR AR HABUK. SR, BEA AR 3G, BER MR 7. BAAME,
Y c=18.94m* W, LRI EM FH BER N 8.7x10% ; 3% N, BER N
1.0x10%; Saim N, BER 4 1.5%10% .

Kl 7(b) EoR ARSI T H c=16m™ I =4k i s g g R, K 7(c)

JEoR 1A B R 7 o P T RE A s 2 (B A b 2 A A S R RS, AR

bR o 2B i VR 48 R e 3 Bt I AR b (RS s L, e 7 PR R RO 2 i R

(oA by 22, TR A7 EUARF AR R 51 S F) i 22 A B /e DRLIE, 25 P (R 5 o AT

FAR bR R AN S B BER A7 9¢, ARSI LS A7 B iR A5 IS (Y B

iop

ACLL BER {E il {EHE A RER) T PPN 4R AR, M SR FEA T

W1i% BER JK°F T Z St E 75 56 B Sk b — 4E Bl (AL dn 5 R, 1 AR s = 45 RAE

14



SR T LIDAR AR 5 Bl iR 1 BEVE D o

A 1=48 [IRGHEIE RETHEAT [ SCIe 90U, 7T H R4 T PP [ E e i

JEBT R, [E]C AR [ 2 8] 5P 454 A IO A A 3 o A R B AT AT, T AN

75 VA0 D e Sl 1540 T TS = L G O L 11 e ot 2 R 1

R AR AR A U RS v] B AR A, It D i N A 3E

[A] L, HIE £ PEAN BER. PRI, Aok X iE B AT B I 45 18 A8 F T Bl

LN 0T N 7 e SN L W o0 1 N PR N A = e B = Y LR (A E AN

(a) © No Turb.

10-3 | & Weak Turb.
% Strong Turb.

BER

10*-

ey
¢ o

12 13 14 15 16 17 18 19

c/m?
640
(b) (®) 10
8
650 638 10
645 | 6
~ ; 5 4
S0 | 1636 T
N 635 | ™ " ‘ “‘. KO 2
{634 0
630 :',‘ r‘ - 1 B 2
-20 " Yl i
-10O A T e | 632 0 4
0 S\ w5 -20 20 -6
20 ¥ 630 -40 0
X(cm) Y(cm) Y(cm) -20 X(cm)

(MR & 775 73 ST SRS S5 2R (@) AN At o B AU R 30T 1RG4 i 2k ;
(b FffE =4 m AR EE R GER AT c=16mD; (c) HFIRE
Fig. 7. SDM communication experiment results. (a) BER curve; 3D point cloud
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reconstruction error.
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Abstract

Underwater wireless optical communication (UWOC) offers high

bandwidth and low latency for underwater data transmission, but its

practical implementation is severely challenged by particle scattering and

turbulence, which can cause beam distortion, signal fading, and increased

bit error rates (BERs). In this work, we experimentally investigate the

transmission performance of Gaussian beams (GBs) and vortex beams

carrying orbital angular momentum (OAM) in UWOC systems under

combined scattering and turbulence. A 450 nm semiconductor laser with

50 Mbit/s single-channel NRZ-OOK modulation is employed, and

comparative experiments are conducted under different water attenuation

coefficients and three turbulence conditions. The results show that the

BER of both beam types increases with increasing attenuation and

turbulence strength, while vortex beams consistently exhibit lower BERS

and superior tolerance to the combined interference. A Monte Carlo

19



photon-statistical model incorporating Mie scattering theory is further

developed to reproduce the beam transmission characteristics and

guantitatively elucidate the relationships among water scattering,

turbulence, received photon number, and system BER.

To increase the transmission capacity while maintaining low system

complexity, we further propose and experimentally demonstrate a

dual-channel coaxial concentric-ring space-division multiplexing (SDM)

system using vortex beams with topological charges of (I=38). By

employing different beam expansion ratios, the two vortex beams form

spatially separated inner and outer concentric-ring channels at the receiver,

enabling passive channel demultiplexing with a perforated mirror without

complex phase demodulation or algorithmic compensation. The system

achieves a total transmission rate of 100 Mbit/s and successfully transmits

underwater LIDAR 3D point-cloud data. Even under severe scattering

(18.94 m") and strong thermal turbulence, a BER of (1.5x1073) is

maintained. Crosstalk measurements further reveal that scattering and

turbulence enhance inter-channel crosstalk and produce an asymmetric

crosstalk characteristic, with stronger coupling. from the inner-ring

channel to the outer-ring channel due to radial beam broadening and

outward energy migration.

These results demonstrate the potential of vortex beams for robust

UWOC in complex underwater environments and validate the feasibility

of low-complexity OAM-based spatial multiplexing for practical
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underwater sensing-data transmission. The findings provide experimental

and theoretical insights into the performance limits and system design of

SDM-UWOC links operating in turbid and turbulent waters.
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