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Abstract A simulated oceanic weak turbulence channel in Log-normal distribution and an equal-gain combining
receiver were adopted in this paper. Various link parameters were taken into account, including avalanche
photodiode ( APD) shot noise, channel fading, geometrical loss, Log-normal turbulence, and aperture-averaging
factor. On this basis, expressions for the average bit error rate and the upper bound of the average channel capacity
of the multiple-input multiple-output (MIMO) underwater wireless optical communication (UWOC) system were
theoretically derived. Simultaneously, the influences of the aforementioned parameters on the average bit error rate
and average channel capacity of the system were discussed quantitatively. Simulation results show that quadrature
amplitude modulation with a proper modulation index, more antennas configured, larger receiving aperture, and
higher transmitting power all contribute to better system performance.
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Fig. 1 Underwater turbulent QAM channel system structure
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Table 1 System simulation parameters

Parameter Value Parameter Value
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Fig. 2 R, curves with the change of ASNR. (a) Four rectangular mQAM modulation schemes;

(b) five antenna configuration schemes
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Fig. 3 R e curves with the change of A (P,=50 mW, L =45 m). (a) Four rectangular mQAM modulation schemes;

(b) five antenna configuration schemes
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P PSSR IFR 4 FoR, AT B, RGCR A
£ 8QAM Wil R G LS I P Fe/N TAEAR
[FE G % h & D, A5 mm 3% 20 mm, k&
IR P e BEZWN, FIELE 45T PO
10 dBm Z5f£ %] 20 dBm A} 8 F AR R A & T
ABER 724k £k, it 7T & th R A TE 8QAM 4
#.D,, =20 mm B 3X4 MIMO RS VERERAL .

XFiEAEK.D, =5 mm i) 3X4 MIMO &%
T SQAM.16QAM . 32QAM #il 64QAM ¥ i

10° g
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2 Ermmm s g s - D SIS FEC
o E
o<1
= 10-4 [ —=— 34 MIMO-8QAM, D,.=5 mm
) E —+— 3X4 MIMO-8QAM, D,,=10 mm
s [ —4— 3X4 MIMO-8QAM, D,,=15 mm
o 3X 4 MIMO-8QAM, D,,=20 mm
< 10-6 [0 3X4 MIMO-32QAM, D,,=5 mm

* - 3X4 MIMO-32QAM, D,,=10 mm
3X4 MIMO-32QAM, D,,=15 mm
3X4 MIMO-32QAM, D,,=20 mm

1080 . . P—
10 11 12 13 14 15 16 17 18 19 20
Transmitter power P, /dBm

ANFEEEBALAE T R aue B & 5 D08 A8 1k i 42
GER/K,L=50 m, 3X4 MIMO &%)

& 4

Fig. 4 R Ay versus transmitter power with different aperture

diameters (coastal water, L =50 m, 3X4 MIMO system)

£ 4 REBRILAET 3X4 MIMO 2 ER/NEFIR P

Table 4 Minimum transmit power P ..

in 3 X4 MIMO system for different aperture diameters

Modulation D, =5 mm D, =10 mm D, =15 mm D., =20 mm
mode Pown/dBm R, /10° P ow/dBm R /10°  Pow/dBm Ry /10° P /dBm R, /107
SQAM 27 2.3 21 2.2 17 3.7 15 2.2
16QAM 28 2.0 22 2.0 18 3.3 16 1.9
32QAM 31 2.1 25 2.1 21 3.4 19 2.0
64QAM 35 3.4 29 3.3 26 1.9 23 3.2
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PEES L. S50 5 Wi, mubnl & 4 A 98 ) 43 m I, RGCFEIRIG AR R BEA B9ZIEIZ .
FA TP, A 16 dBm MRS L., K, M7 AR & Kl 5 K 5 ¥ A F . P, 2 16 dBm B, R ]
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Table 5 Maximum effective link distance L ., under different transmitter powers P

Modulation P.,=10 dBm P.,=13 dBm P.,=16 dBm
mode L e /m R g /107 L, /m R g /107 L e /m Rape /107
8QAM 36.0 2.0 37.5 1.9 39.0 1.9
16QAM 35.5 1.7 37.0 1.6 38.5 1.6
32QAM 34.0 1.9 35.5 1.8 37.0 1.8
64QAM 33.5 2.3 35.0 2.3 36.5 2.3
10° 10°
X S — 5= ) E
5 102
-2k ¢
10 2 pX_ o & gl FEC
g 2 10+
S0 e &
= 2 00k —*— 3X4 MIMO-8QAM, P,=10 dBm
= —— 3X4 MIMO-8QAM, P,=10 dBm 2 —4— 34 MIMO-8QAM, P,=13 dBm
o0 10-°F —6— 3X4 MIMO-8QAM, P,=13 dBm o0 E 3X4 MIMO-8QAM, P,=16 dBm
5] 3X4 MIMO-8QAM, P,=16 dBm 5 108 F *- 3X4 MIMO-32QAM, P,=10 dBm
Z % 3X4 MIMO-32QAM, P,=10 dBm Z O 3X4 MIMO-32QAM, P,=13 dBm
10-8F ¢ 3X4 MIMO-32QAM, P.=13 dBm N 3% 4 MIMO-32QAM, P,=16 dBm
3% 4 MIMO-32QAM, P,=16 dBm 1 3
@) Em
-10 1 1 1 1 -12
36 37 38 39 40 41 42 43 44 45 0 01 02 03 04 05 06 07 08 09 1.0
Link distance /m Aperture average factor A

B 5 ARIEZFET 3X4 MIMO RS R B0, (OBEEGEEMER L 2 g (W) RILEFH T A 281k ih 2k
Fig. 5 R curve of 3X4 MIMO system under different transmitter powers. (a) R yu: versus link distance L ;

(b) R \pr versus aperture average factor A

£ P.=50 mW.,D, =5 mm Y 3X4 MIMO % ARG KAMBEGEWERE L., 45 Rk e iR,

Girb FEVE IS 1K T R K T RO K = R K 2 AT A5 L VRO K 9 R GE L, 38 KT V8 s 1

RUF, 40 3R H L E 8QAML16QAM. 32QAM F1 JKHLE R KM R4 L ms/\qjﬁFﬂ(EF?kﬁH%Eﬁ/

64QAM Tl EAE 43 AT AR A5 2 FEC B ERAY  SQAM JHHIAY RG] SEEMY L., B0 K. M 39.8 m.
26 NI AK FR B R R A OB (S B L

Table 6 Maximum effective link distance L, in different water types

Modulation Turbid harbor Coastal ocean Clear ocean
mode L /m Rape /107° Ly /m Rage /107° Ly /m Rape /107°
8QAM 8.6 2.0 39.8 3.4 93.8 3.9
16QAM 8.6 4.9 39.4 3.7 92.6 3.8
32QAM 8.2 1.4 37.8 3.3 88. 6 3.9
64QAM 7.8 1.9 35.6 3.7 82.6 3.5

FEFEK,L=50 m,D, =5 mm # 3X2 R/ 8QAM Pl mf &S L. B I BPSK 3 i if K
MIMO R4 H, R0 5% QAM JEHI A BPSK 2 m, WX Bifl REEM 7., ¥H 9 dB. K 6() %
Tl BB ASNR RN 15 BE K B L A8 16 4 7 ASNR 7E 0 dB | 15 dB J5[E P &4 ABER 78
BN 2R Ge 0 58 1Y B2, T 45 335 3] FEC 5 {5 22Kk 1 Ra5 3 B 6 (b) 2 il 1 {5 BB B L 7E 35~50 m
RGN EEEWR L 7, MARRRAZCEGEEM GRS ABER 2846455, ol 1L,k 3 X2 MIMO
PR L. &R 7 PR, AT, MIMO R 484 #4t ABER TERET 7 . 8QAM i T BPSK.
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Table 7 Comparison of 7, and L ., between QAM R (34) 2075
modulation and BPSK modulation (3 X2 MIMO) o N, { 9 | {1 N (MN MY 7} N
- mn max % 5 n A AINT
Modulation mode Y win Lo In2(3 MN,
8QAM 9 dB 38 1 (MN)HMN _ ]
o —In [lJri)/exp(ﬁau) +
16QAM 11 dB 38 m 6 ]\4]\]p i
32QAM 15 dB 36 m 1 (MNHMY _ l
—In |1+ ———7exp(—+/305,) . (35)
BPSK 9 dB 36 m 6 [ - MN, vexp(—+/3 ]
10° 10°
102 k 10 FEC
g T T § 000 g
[« LSRN
o = 10,
= L =
/A 10 —— 3X2 MIMO-8QAM ) —— 3X2 MIMO-8QAM
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g 3X 2 MIMO-32QAM g 3% 2 MIMO-32QAM
= ek —e— 3X2 MIMO-BPSK z —6— 3X2 MIMO-BPSK
108
@ (b)
1078 1 1 10710 n 1
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ASNR /dB Link distance /m

6 QAM il 5 BPSK P REMEREXS L. (a) Rape B ASNR ZRFE LR s (b) R e BfGE (5 55 B B L A5k il 28
Fig. 6 Performance comparison of QAM and BPSK modulation systems. (a) R 5z versus ASNR;

(b) R e versus link distance L
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SISO, 1X3,2X2.,3X2 MIMO 4 77 R0}, 8 4 FC B R 2B 3G IR 42 55 (C L) s o

35 10?
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() (C) e HEALE PR 7 A A0 2K
Fig. 7 Curves of channel average capacity upper bound under different antenna number of system configuration.

(a) (C,, ) mxversus ASNR; (b) (C,, ) ,..xversus aperture average factor A

XL K .3 X2 MIMO &4 P I fLiE B B L #F 45~60 m {EHE N AFIE (C,, ) e FIAELL
%D, AREE SR 5.10.15,20 mm. EE IR P4y gERANE 8 i, i & L Bl 22 WFL AR A 38 R &
%% 10 dBm .12 dBm.14 dBm Fl 16 dBm HY, i {5 4 B DR AT IE (C ) e TE—EFEEE A BIFEEIN,
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Fig. 8 Curves of channel average capacity upper bound versus link distance L in 3 X2 MIMO system.

(a) (C,, ) m in different transmitter power P_; (b) (C,., ) .. in different aperture diameter D,
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Fig. 9 Curves of channel average capacity upper bound versus aperture average factor A. (a) Four transmitter power P, schemes;

(b) four QAM modulation schemes; (c¢) four link distance L schemes; (d) four transmission rate R, schemes
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