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Abstract: Underwater wireless optical communication (UWOC) has the characteristics of high bandwidth and
low latency, and have become a viable alternative for underwater communication. The transmitter and receiver
arrays of this system are composed of six green light emitting diode (LED) and three photomultiplier tube (PMT),
respectively, and forming a 6x3 multiple input multiple output (MIMO) transmission mode. This system achieved
a 1 Mbps data transmission rate over a distance of 10 m water tank underwater channel. MATLAB was adopted to
simulate this underwater channel model and predict the received optical power distribution on the receiving plane
and the maximum value is —35.8 dBm. Moreover, the PMT anode output voltage and the cathode current
waveform were tested. Derivation and calculation show that the signal-to-noise ratio (SNR) is 19.4 dB, and the bit
error rate (BER) is approximately 1.1x107°. The theoretical minimum received power of the this PMT module can

be as low as 1.5x10”° W, which reflects its extremely high sensitivity. Finally, through Monte Carlo channel
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simulation, the performance of MIMO is further verified, and the channel capacity of 35 bit's'-Hz" can be

reached at a SNR of 25 dB.

Key words: underwater wireless optical communication;
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VLA, 7% i o Bt 5 T2 i 2 IR 55 i 8 B
B A A BT IR H 4 SR 0K, Ve RO X A 1Y el 9
FRETAE4R T 0 2K, BB E R R E K
(2 B0 S ART (5 4B 24 3 kHz~300 GHz, Ifi Fi
U 3% PP B AT IO (375~780 nm) H 43T o 4 B A T
400~800 THz, K £ Aty 58 1) 1 J7 4% o vl WLOGad
{5 (Visible light communication, VLC) ELIOGCIEVE NS
LA IR AT BHE AL i 1Y JC 4R 6 {5 (Optical wireless
communication, OWC) £ K, HA Gt Ak . =5 %
PORGR . St i i M 5 5 IR GRS R R R
AR B, SRR BT L I TH AR N 25% FEF
T 4% Pii b OGS R THBEE . 1880 AF<HLE
Z A ”Alexander Graham Bell 3231 T 7] 55 213 m )
Jt HL & (Photophone), #& iz 5 (14 TG 26 Gl R R 4t .
VLC 53U A 6] 9 25 6] 1 il L DR3BS, B R 1Y
iR TR A5 AL 1 S K I A, T b e IS B3 A IR 55
PR, AT LG AF H AR Iz N TR N AR
IR SR DL R, A TR ESS S, B
JCHIPTHLRE T PR, ZEARZ ALl . O A L G U
SWATIZN .

UL S 3 7 B AR TE 7E 1) T 25 R0 D ) € o
Y TR FR 24 o7 b R 3R TR0 71%, P 357K TR 2 3795 m,
HZHCE F R 8 AEWBIR . SR, 84 95% HY
TR NV AR T o Bl & N SR A
WHR R SR BALY & R, 7K T oLk {5 ke 21 ok
HEERMEH] . LA, — MR K T E4o0t

1815 (underwater wireless optical communication, UWOC)

[l

MIMO;  green LED;  PMT arrays

BRC FIE M FRHE . B A4S R Iz B %
B, KR ICLOGIE AR AT BN VLC BOR N FHAE T/
K IREE T, XFRZK T Al WG (F (underwater visible
light communication, UVLC). &4t 17K 75 i {5 H A7 8
{RHRAL, AR EAFA R o K NS {F Tk
Xk S5 A I B ) 1 R R U, A B PR R — BN A2 10 m,
HARTE 30~300 Hz 1 IKAS (super low frequency, SLF)
Pe BT o R THEE IR, (B M R 441
RGBT 1M UWOC R HIDGIAE (5 B4, itk
FA R BRI S | T L A D AR N R A P A
A BB K TR Jo it A5 i Al ik el B A 5
B2, ¥ K 6% B 20 (3.5~5 dB/m) H X 7 ik A 5%
1 (0.1~4 dB/km) J"H 1Y 2, ffiff UWOC F 5t 2 i i
JCIRAE TS, IS T I B B A, LR BN
It 100 mo 5350, MK A A AL FRBE | VR i I
S5 LG AT ATV 7K A 1 AR AR A B0 I R e Pk
ko R, Wl BRI G 5s BOGERAR S MK TR
TERE T UWOC RS8N AT [l ik Y B AR [ 31
L A Z i i (Multiple in multiple out, MIMO) J&
TEIAF R G Z 1A K 2 A 54T B S AR 3 1 R
KRG, ERH SRR RUGE R R, &5 T
15 RGeS AT AR 1 F T8 P I, MIMO
B2 4G/5G B il {5 %O R Z —, MIMO £ AR °]
P R GRS A v oy B4 A AN s [A) A DG 4, OF LA 4
ARG R W AR T SR L IR E 1 R AR AR
B, ITAEsk, MIMO £ R B 32 # 1 I 2K T o2k
JGIE AF U . R 1 NI AR K T B fF MIMO
(UWOC-MIMO) RS A TAE . 2% 30k [9] 44

R 1 KTELLERERE MIMO R
Tab.1 UWOC-MIMO system

Source/PD MIMO Scheme Ref. Year
LED/PD 1x5 SIMO [9] 2015
LED/PD 6x1 MISO [10] 2016
LED/PIN 1x4 SIMO [11] 2019
LED/APD 6x1 MISO [12] 2020
LED/PMT 6x3 MIMO This work 2021
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Tl 5 FOCH AT BB e, JE T TS
Hh g P TR] R[] R LA KK R i i RGNS . S
2 3CHR [10] 338 T 25 A S (multiple input single
output, MISO) X 7K T 55 ¥ Uit 19 9 1l BE 3 S 1k g ek
o ZHICHR (111318 T LL 22 9 PIN 531 A 21l
KT RS, B30k [12] Bt T RL APD J9451L
i 6x1 MISO R4t 734h, 27 3CHk [8] X UWOC-
MIMO # 4 15 38 R . PERE RAESF 6 TR AW
T o

SCHR Y, AR DA OGO HL A% 3 % (Photomultiplier
tube, PMT) [4 %] ) UWOC-MIMO % 4t i1 #F 5% i 38 .
PMT (X A #8 B AT WL 705 18 R 458, S P ARG DU Al 355 0l
G AR RIS R . A EE T O L
(Avalanche photon diode, APD), H: H. 7 # & (1) & 0%
AR P S5 A, BE Al A O ORI 882, AR

PMT HARBUK . M55 . X el SOk B st 5 25
A, 2 PMT 5 MIMO $ AR B2 4, nTMHIK FE
T VA LG I S K T I 55 e I B B A8, X
JE M SCH RIS 3 SURTHE

SCHR T T3 T RO A (light emitting
diode, LED) [ %1 Al PMT [ %1 ) 6x3 UWOC-MIMO
40, F S RG SRR & PMT 5 MIMO (367K
JE LS R GHAT T A

1 RGHER

G045 KR R LR, K3 o R 4ok
LED B 5], # 0i 3i 5% H PMT 5 41, JE Bl T 6x3 Y
UWOC-MIMO % 4t, Jf i E WK K 10 m (7K F 4
KR IHEE

LED array and transmitter

STM32
DAC [ DC-DC
Ethernet RS P © o
erne . ower
transceiver | | encoder R amplifier TR o o
o O
FPGA board
STM32 | Current
ADC detector
Underwater channel
AGC Bias
voltage
Ethernet RS Demodula- Compara- Signal
K - . - .
transceiver decoder tion tor processing
FPGA board
Filter  |e— TIA

PMT array and receiver

1 KT REOLEE MIMO REe45H &
Fig.1 The structure of the proposed UWOC-MIMO system

L1 RiXuER &K LED &3

AR S e i ot Ay 9 85040 . 1 (L 31 )22
fit, PV 9mAR[ M43 (Field programmable gate array,
FPGA) 52 # RS (Reed-solomon) {55 1 4 fith . S5 14 il ,

IS5 LED B3 o 3, A K VR0 1 2Ol il B
W R X /0N R KSR R R D U A AR AR 7 .
Kl 2(a) B, el 6 HAREI Y200t LED #4 i 51,
AT 38, H BRI K R 53 i L 38K Kk
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I T 2R I AR K 1 it X 9 SR U, &l 2(b)
7N, N80t LED 1Y HL 3 A& O (electroluminescent, EL)
i, PO KR 524 nm A 47 . 54k, A LED Wit 4
N S 4t 1% 5% (total internal reflection, TIR), F T/ &
SR EE, IR BIE MK M EILAE A H Y. &
SR AR ) R /N A S, A A A S RO 37 A% i
X & MIMO AR FEARZIR . oK FFIEM TR B
53 H71 LED fLAZ AR o L7 i 2 )

d> VAL ~0.23 cm (1)
o 2 MK (524 nm); L WEEFEIEES (10 m),

® A —— 200 mA

2400 [ | m
i)
e
22000 |
5
=
7 1 600 |
Q
g

1200 |

1 1 1 1 : 1 — Jv.
400 450 500 550 600 650 700

Wavelength/nm
2 406 LED. (2) LED FEFIZEH; (b) B

Fig.2 Green LED. (a) structure of LED array; (b) EL spectra
1.2 EEEE PMT 5

JEHL T4 (photo-diode, PD) J& 4155 545
S S OB ER . PIN RS A il 8 (ava-
lanche photodiode, APD) i fie ' WL HL A . &
g8 ok ) H AW RO | AR R R R o B e [R]
(9 PMT AR OGR4, 23 - 2 4 7] T4
B o 55 6 BRI, B A 7K T 8 R O 3 (B EE B A
PERE AR TR 7 o H A S e 8 0 [
AR T 7 A G H ORI ) LA, PR R AR
PO BN RIS RGeS tOR A B A0 & S — ki
3 3 A i o

wE 3(a) Fron, & 483 HIEM G (Hamamatsu

Photonics) 23 #7524 H10493-003 () i, 4 Hi 4 PMT
B, HL 1 0 197 3 B R 300~650 m, 45 5 ik 8 MHz,
BOCTHFREAR ¢22 mm. HLEHRFAR R ECN 0.1 V/pA,
HME RSE 35120 mm. B ficsm i 3 SCAH R 285 1Y
PMT 4 LB 51, W&l 3(b) s .

T Ak B A% AR Y A T VR R AR
PMT [HIHE d R F /K N EA TR ED:

p= {44.2K(27”)2L} 2)

Ao K K MR B, BUE R 107°~107 m ™", 551
TOR BE A B 1072~107 m P L R4 BR HE B (10 m); A
HIGHA (445 nm), ZHEL, TR 10 m 85 m WA 1F R
AT KE p BUEZ 0.1~1.7 em, SZBREY PMT [A]#E25 5
T JE e AR,

(2)

H10493-003
$35%120 mm

3 Hall PMT,  (a) PMT AME; (b) PMT [FRAIZ5Hy

Fig.3 PMT of receiver. (a) Appearance of PMT; (b) Structure of PMTs

array
1.3 BahEsmm KR

Ry Y3 N PR B B A T R O AE T R A 55 AR
b, it 1 P RS E B3 55 45 6 (automatic gain
control, AGC) 117, BV i % i 34 25 F sh Hu Bl 5 5
9 B2 T R A, TR BRSO IR 4R AR S R B H
UNTET 4 Ffv 7, i OR A i 1 P T A 5 28 R4 R 4%
(voltage-controlled amplifier, VCA) VCAS81 &b #f, Fi i
ik AIB T AD828 55— 2 At — i F 47 e 8 308 I 4
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e |
o | HT687 |

Voltage

ADS28 I I
33V 1 L

5
Vcee
STC

GND

P 4 [l il r B AR
Fig.4 Circuit configuration of AGC

o AD828 % "M U IR i, R4 VCAS810
iyt AE S IR B, B STC By ML il B0 H AL 2% (digi-
tal potentiometer) X9C103 18 1 #fy 4 25 4 il 981 5 1 FH
PR LR 0~—2 V, $E 1] VCAS10 3 45 -40~40 dB.

2 KTHREERE

2.1 KTRFHFE

KR IR, 25 B AR (F T Y, DGR AR K T % i
2201 52 2= W) H 4k (Physio-chemical) L4, 43 #7161k
FEAK R AR M, A B FoK R {58 8 R g i
it KR EA G2A%EYE (Inherent optical properties,
I0P) 7K T F W24 55 (Apparent optical properties,
AOP)P,

W R ER IR N

a(A) = a,,(A) + acpom(A) + Appy(A) + Age (D) (3)

o A A5 TR IR R 4l 7K (Seawater) . A7 €4 A ¥
46 HLW (Colored dissolved organic material, CDOM),
M PR ) i (Yellow substance)., 7 i A5 4 (Phyto-
plankton) H1 A4t Z (Chlorophyll), JF {6 238 & 17k 1,
MFRIE T (Detritus) B U R 5. WL R B S BEKA
5K, I K ) S5 IR 7 2 400~500 nm 4RI B

M 57K R HA B TR A E R, B % T
I, FEATHFERE I, B REER R A

b(A) = b, () + bepua(A) + by (A) + ber (D) )

Ao &I 5 A (3) ZL, S AH R Y BB R AL
WH bepma(d) AT ZBEATE . Ji8b, BN RBUE 5 &7
W5 AR B A DG, T A i R AR BOK BB

PR HL Bt PR 2L (Volume scattering function, VSF),iE

B0 A1 AR B IR G, RIS 5 1) B FC AR
BAREST AR A P I R R SR ER B e A TR
BEZ . B AL PR%Y (Scattering phase function, SPF)
AL 7 ] LRI, 7 SOR:

= B0,
PON =8 ©)

K B0, 1) HARHS pREL () REU R B A
7 2R SR MEM &, % A (Henyey-Greenstein, HG) B %X
R

~ 1 1-g2
B(0.2) = Puc(6.g) = — &

: 6)
4m (1+ g2 —2gcosh)” (

A g IR W) 5 05 R AR RN, g B
FI 1 DG TE AR AT RE ) R, g ST -1 WS A
FIRE I 5 AU o g BUME 55 T 28U M AR ik 111
. SCHREK W, g L 0.924 X T R ZHUKRHRA LLAL
GF A, HR, HG eRECAE BN 5 BRI A
Fl ) R BN B 4, PRLIHG B 1 B AR 10 1) Bk HG pRi %K
(Two-Term Henyey-Greenstein, TTHG) P&%X:

B.cv.g1.8) = aP@.8)) + (1 -a)p(6.~g,) (7
A o NI HG R EUINMAUE; g 1 gg, 730 A i 1] |
J5 7 HG pRELA F-
HI{A-H /R 2 A (Lambert’s law) iR YE7EA b
ARG IR, A% ke 1 HOE T B a0
Pr(cd) = Prexp[— (1 —nwy) cd],wy = b/c ®)
o Pr o R SHEIIA Pr HRWOEIIR: d JyHE i
B M HUS R F (Scattering factor), FLHUE K 0~1,
IR T H N ) 22 S HURDGRT & H A, O TR Ot
PR R RS | SLER R ARG IR S 1Y 5 A
PR oo MBI BRBE (Scattering albedo). L3 TR
U R 5 F K B (Attenuation length) cd FIHCST
FIE] Y RO R
KR B 25 R

(m+1DApp
2nd?

Som S BB TBIRM B A pp B2 ORI AT AT
Bl o B A B AR ST 405 ga) h R i
2

MR RF R

Hlos(o) =

-cos(@)-cos"(B)-gla)  (9)
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Pr(d) = Prexp[—(1 —nw) cd] Hs(0) (10)
A7 S5 5 S 1 7K i 3t 2 K T 84 AN AT [l 3k Y
)R, KA I EE | R BE | U A5 SR 5 M i O )
ESJE SO b e SRS €PN B i VNP IR AL E2E
22 KTELAEBEE MIMO AR
MIMO H WSk Wi 22 RECSBL T 2k 20, 7]
ARAT I ] 24 | 23 ] o3 B UM o 4 1Y O3 4R 3 4
(Diversity gain), 5371, 7T 3843 F| FH 23 [B] 4 57 {5 18 A1
FIH R Ak AN [ £ BT, ) 2R A 243 1) 52 P B SR T
%3 (Multiplexing gain). 4 & 3% T 32 F1 47 98 A 742 1
MIMO {55 18 75 H B WA 2K 149 g e /) 2R 4 00 140 48 o v
ZeMERT AN, T MISO/SIMO %5 8 A AE o T R E K 4f
O XTORT AR, — Mk S A Holom 2 Mg
(5 TR H, A E SO I 75 m A p s i i
PR A R T2 5 ) R AT A R, R Oh

C= max E[Wlog2 det[1,, +HRxHT]] )

Ry:Tr(Ry)=p
£, H=UZVH91§£H‘%EB¢E@%%@%%’%; U
MM, 55 B 5 V& MM, 56 B T R 5 B 5% 8 s 8
M, M, 53 SR B OR R R )RR IE
TE MM, X F AR s U A W R B0 2 v e, — i
18 L IE4HFF (unitary matrix); R, 415 8 f# A B9 P 7 22
HFE; WIAREW 5L Ly, =U'U. 4R, =p/M, 1,75
T, Hobp HfEMEL, 2050 (11) B ok fE .
23 ERKEEE
W s R, 2GR HZE N 10 m K REBK T
R, KT it 22 3 T X6 AT DL S R R A ot Bk
o MBHKPRNEAAS . SELERSY

(a) —35

Received optical power/dBm

Water
injection

Opticalfi=s
glass [

@ ®)
B s Pk, (2) KBS E 10 m, e BEE 542 300 mm; (b) 7K
MK
Fig.5 Indoor water tank. (a) Tank length 10 m, optical glass with a

diameter of 300 mm; (b) Water injection

(Maalox) By A AT ALLAE KK BT . /K EIE 4 1 21,
LA NERBEE R T8 o 68T % KA, Tl FH Kl
i AR AUAREE BN A 5 A S T

3 HFR5iITE

3.1 K T{5i& MATLAB {i &

& 6(a) Fif 7, 18 3 MATLAB % {4 {5 155 N
10 m K FAFIEIREE T, Bl - 1 i 6 T 3 40 A 1),
B REBOLTI R 358 dBm 8§, 0.26 pW. A 6(a),
LED BEFI ] B s 6l . aniEl 6(b) i, WESECR
TR, G A 22 SR RN B0, AT S A RS O R
PSR BE A . FEEATESEON: FRCTI R 5 W,
LED *f- T34 7.5°, K T 50k & %7 0.056 m™', PMT /&
6 TH L 4.84 em’, K I K BE 10 mx0.8 mx0.8 m.
LED [A] ¥ 2 cm, PMT [A] #5 3 cm, ¥4 /& A A0 1 18]

K 6 K FIEEBIREYIZE MATLAB 2. (a) TERUS R (b) JESGHIEE

Fig.6 Underwater channel received optical power distribution MATLAB simulation. (a) Formation of point lamp; (b) Non-point lamp
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AT KR, FCR OIS DL E S

3.2 PMT RN
W 7 BN, &3k S 4k LED [ 3 & 3% 6 o %

K7 S5 Sk T EIE

Fig.7 Optical signal through the underwater channel

(@

Anode voltage

800 r Cathode current

400

Amplitude/mV
yipuarn)

Time/ps

40 &l 8(a) T 7 A PMIT 42 Wi s FH AR FL T 5
I rh R R TR e R B 0.1 V/pA HE S BT A U
BT o

BRI FL O T e

PA
== (12)
hc

Ky METFRCE; e HHETHM; R AN
W T H G ¢ AL PO GRS IIR

Horr, i FRCRER N
h 1240

Nz l8 = 8 ¢ ~20.8% (13)
Ae A

P Se=88 mA/W, NHR S REUZ .
Al 8(b) Bz, FAH T AT 7R

P 8 PMT LU o () PR h L I SRR Hh LI (b) SR D14 5 B 1 L

Fig.8 PMT test waveform. (a) Anode output voltage and cathode output current ;(b) Radiation power and cathode output current

3.3 PMT ERELL S 4R
M 75 = ORI T 06 IR 1 5 e A1 5 5
BRI 7S PR E F 2R
F=1/a)-(1/6,+1/8,6,+---1/6,65---6,) (15)
b o MIREERCR; 9, 6, .0, WA BAT G H) —
WHLF R B R B % a=1. 6,=6,...0,=0, WA 3L (15)
Al ik

F~6/(6-1) (16)
W 75 FEL VAL T R
I, = u(2el,aBF)"? (17)

A e R LG £ 5 e D HL T LA I O B PR O

hel,  0.02371
p= 28 2001141, (14)
Aen n
|(b) Radiation power 1 0
Cathode current
g
s
>
Time/us
B il R G 9
PMT ~F- 1 BH AR L 3 ] 3578
I, = Lau (18)
U] PMT {5 L2 A :
I, (] 1 2
SNR~ %= 2K .
1, 2eB 1+1/6,+1/6,6,+--1/8,05---6,
19)
AJAR TR -
I I, 1
SNR~ — = 4| —" 20
1, 2¢eB 6/(0—1) 20)

USRS 2 SR P AP 1o A o RO TR, 55—
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UCHL T AT ZR 80 =6, T (50 LU T R AL

L(uA)

SNR =~ (I,/2¢B)"* ~ 1.75x 10°
(Ix/2eB) X BOMH)

~19.4dB
20

W) 22 5 (1 R A R T A 5 -

1 / NR’
P, = Eerfc( ST ~1.1x107 (22)

Krherfe(x) = % Lm exp(—)dt H HAMREZE R EL, H
b PMT /N Ty 246 R -

e-u-F-B \/(e-,u-F-B)2+4e~Ik~/J-F
= +
Sk Sk

~1.5x107° W
(23)

P iSx=88 mA/W, B RALE; 1=10°, 1 AL R
58 L=1 pA, AR R F=5/6, M= 240, B=
8 MHz, RS 98, Uil T PMT HA M = R
3.4 KT MIMO 48 E

XFANTR] 5 e R 28 B i MIMO (1] (1 RE
XoF L A3 BT B, SR Ak v AN A8 Al o3 4R, FREESR ik
SR AR AT, SRS I AN A0 n] 34, B SR 4 A0 A
AU T AR AT X LR X LED R B 2R
PMT HYA &30 AR AF A7 40 B50™ A% 19 26 1Y, PRt
SE AT MIMO RYPE BRI 5 43 B A — e A IR

5 4F K ¥ (Monte Carlo) 15 By B2 ) 2 v HTE
H FR 28 () 5K A5 8 O FLh U, IR R ok 5 5L bR
SECAMSOIF BEE R SRR R TR &
LRI . AR R AR A o R R
BERY LA AE 2%, 2Bl A 25 DGR, 7K i A
Z K HXHEUE S (Lognormal), 171 48 %1 (Negative expon-
ential), K 731 (K-distribution), il & (Gamma), & 7ii /K
(Weibull), 75 %%-J8i 17 /KX (Exponentiated Weibull) 734 55
it e ABE A0 O e SR R R 8 X 500 2 0 A i T AR
U, Jii L V% 2 B0 (Fading coefficient) 278 K of, Hi
o ML AR5 i ek B R U,

Sola) =

P;

1 ox {_(ma—,,lx)z
@ +2no% P 20%
2t sy B o 5130 I B (07 2%, o Bt
W AE R . 4554 (10), ZIEW AT
OEEA G P /N WS
Py(d) = Prexp[—(1 —nwo) cd] H, (0)a®  (25)
mE 9 FroR, FEEIm I AEH T ¢=0.9, i Monte

},a>0 (24)

Carlo f/j LA (R IE A SRR L SC R i Wi
TR B AR T S R BB 3 N, MIMO 2 4t A
Xt SISO AJ i 35§ TH 1 28 4 o e 0l A6 £ I LR
(15 dB) DA_EIf, PERESRTI SO & . 1 HAR I MIMO
R, ATLEA I IOE A Kk TR 260 T, (R
D F T, (B4R MIMO 7EHI K i A1
RV s

_ 50 | [—=—1x1SISO
E’ —=— 6x5 MIMO
T 40 L[ 6x4 MIMO
< 6x3 MIMO
s 30l 5x3 MIMO
3 —s— 4x3 MIMO
=X —a— 3x3 MIMO
S 20 ¢t
°
g
£ 10
@]
O 1 1 1 1
0 5 10 15 20 25

SNR/dB
K9 REARSFEBRILRR

Fig.9 Relationship between channel capacity and SNR
4 & it

FRiR /K N IEEOtil1E RGN & 1% uh4k )6 LED Bf
51 5 4 Wi PMT FESIIE L T 6x3 MIMO 1% i J5 =X,
FEZE N 10 m KA 2 {4 T SEB T 1 Mbps ) 1% % 18
R HE X MIMO K T B4R R AL, & ik
Ui 4k LED [ 51 5 32 050t PMT [ 51 45 4 % pE 34 4
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