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A Study on LDPC-Coded Turbo Equalization

for Underwater Laser Communication

Lee, A Hyun

Department of Radio Communication Engineering

Graduate School of Korea Maritime and Ocean University

Abstract

In UWOC (Underwater Wireless Optical Communication) systems, scattering
and absorption occur due to water molecules and suspended particles,
resulting in weak signals at the receiver end. In this thesis, a LDPC
(Low-Density Parity-Check) code, which is a kind of error-correcting code,
was employed 1n order to compensate for performance loss, and 1its
per formance was improved only when the input values of the decoder were soft

decision types.

However, no algorithm has yet been reported that applies a soft decision
technique for the M-ary PPM (Pulse Position Modulation) and QAM (Quadrature
Amplitude Modulation) schemes in the case of UNOC. Therefore, we developed a
SVG (Soft Value Generator) algorithm in order to use a turbo equalizer,
which improves the performance over all of the iterations in the case of the

M-ary PPM and QAM schemes.

Through simulations, 1t was confirmed that the proposed method performs

_Vi_
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better than the conventional hard decision algorithm. Also 1t evaluated
that the performance of the proposed method through four water tank
experiments, 1n which M-ary PPM and QAM data were employed to perform
experiments by varying the turbidity and transmission rates in a water tank.
In addition, the experiment was conducted to compare performance with
changes 1n water temperature, and to compare green laser with red laser. And
an experiment was done to compare when the water was mixed with when 1t was
unmixed. This again showed that the performance of the proposed algorithm 1s
superior to that of the conventional algorithm.

KEY WORDS: Underwater Wireless Optical Communication; LDPC; M-ary PPM;
M-ary QAM; Soft Value Generator; Turbo Equalizer;
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Table 2.1 Characteristics of the soft decision coding technique

Coding Decoding i i .
i Performance Encoding bit | Complexity
technique speed
Turbo Good ~ 20 Mbps ~ 3000 bits Decoder
LDPC Good ~ 1 Gbps ~ 64800 bits Encoder
SOVA Good ~ 100 Mbps Unlimited Decoder
Table 2.1¢] SA= Hlgo=z HE 7tede AHEA, =5 o)A T4
s £% A4S FEIY A5 FAAAC It A} FolHe m%z
Jd EAS 1Y HF £5 3 HY &4 WA LDPC #3383 7|H Y
Hgol AP AL & & Utk WA B =EoIAE LDPC 55 7Pe

LDPC ¥33 7|HE& N HE =9 (N—K)Me A3 =7 AdA5 0
e A= ME-Y 2 He 7|¥kste] FAHE T H WEY20A BE &
AT == f3 dofl JBET, P 4o g4+ AE AFEY RE
AGstazt st AH HE =E¢ 3jg|E BE =EE FAHI, AE
H WEZ 2o EX o] o3 Az =2 AZAw13,14]. LDPC =

& A A, LLR (Log Likelihood Ratio)= 2 (4)9} Zo] Aozt

Plc, =+1
(Ck ) )

L(z,)= logm
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Al 47 ANEGA 2 A4F s 4

4.1 NEF A A £
Al 3N Ade daElEe vg o= Table 419 2
sto AlEFolde T3l Aee E4AT FFoA ds

Aot F5 AT & 24 AT k(k=k,+k)e #S EE FHE 0.028

>

DAY, AZZE= A 724 A wet LIA, IB ILIIE 5702 & 432

A =T024,25], & =&odA= e 2 I #3832 83t

Table 4.1 Simulation parameters

Amount of total data 10
Channel coding LDPC (1944,972)
Coding rate 1/2

Number of total iterations

for turbo equalization
Number of samples (NV,) 24

M-ary PPM (M= 2,4,8)
M-ary QAM (M=16,32,64)

5

Modulation

Channel attenuation coefficient
(k =k, + ks)
Distance (R) 10 m

0.02

Mol =71+ MZ PPMRI! A% 2, 4, 82 FiaI, Mzl QAMSI A% 16, 32, 64
|
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= A7 el AA oA toleEE
S Ao vlFEZF = 450 nm HA o]
¢ = (Thorlabs PL450B)= &z ~7] Wzt7] (TEC, Thermoelectric Cooler)
5 & (Thorlabs LDM56/M)oll &t 2% A7 2 oF A 2&&
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= FAZY AEE 2A4stE o AREEHAGT A o)A fgoles W& 3 -
570¢] 221 WFALA (Thorlabs BB211-E02)C.2 o] W 4 HYEH o= 2 m
Hdol2 A x99 =7 A HAF AZE S7HA717] Aol A &
o A 2%1%] Fresnel #= (Thorlabs FRP251)E AF&-3}a] APD (Avalanche Photo
Diode, Hamamatsu C5658)o ®-& HAFA AT F49 AEE gay Z2 7
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Fig. 4.4 Diagram of the water tank experiment
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(b) Structure of laser transceiver

Fig. 4.5 Experimental equipment and water tank
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Table 4.2 Experimental parameters

Channel coding LDPC (1944,972)
Data rate 50, 100 Mbps
. M-ary PPM (M=2,4)
Modulation M-ary OAM (M= 16)
Interleaver Random Interleaver
Turbidity 0.8, 1.4 NTU
Distance (R) 8, 12 m

Ne| Z7|7} 194421 LDPC R33} 7|H& AH&stia A <AEYHE AL
3ttt A4 £+ 50 Mbpset 100 Mbps ¥ 7HAE =AHHJ1 =&
0.8 NTU2} 1.4 NTUR 7}e9 7122 &3 zd3gon, 37] == 579 AL

2 Agd WEE Fo s vl F45 AT
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Table 4.3 Results of the 2-ary PPM experiment in 12 m tap water

Water type Tap water, 12 m
M-ary PPM 2-ary PPM
Data rate 50 Mbps 100 Mbps
Attenuator
) -25 -30 -35 -25 -30 -35
gain (dB)
Received
-19.19 | -24.178 | -29.178 | -19.19 | -24.178 | -29.178
power (dBm)
Uncoded BER 0 2.3%107 % | 5.56%10 2 0 3.3¥107 % |2.37%10 !
Hard decision 0 0 0 0 0 2.1¥107 !
Soft decision 0 0 0 0 0 1.7%10 ¢
Turbo equalizer
0 0 0 0 0 1.7%10~*

(1=5)

Table 4.4 Results of the 2-ary PPM experiment in 8 m 0.8 NTU

Water type 0.8 NTU, 8 m
M-ary PPM 2-ary PPM
Data rate 50 Mbps 100 Mbps
Attenuator
. -8 -10 -13 -8 -10 -13
gain (dB)
Received
-11.812 | -13.606 | -16.567 | -11.812 | -13.606 | -16.567
power (dBm)
Uncoded BER 0 0 0 0 0 0
Hard decision 0 0 0 0 0 0
Soft decision 0 0 0 0 0 0
Turbo equalizer
0 0 0 0 0 0
(=5
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Table 4.5 Results of the 2-ary PPM experiment in 12 m 0.8 NTU

Water type 0.8 NTU, 12 m
M-ary PPM 2-ary PPM
Data rate 50 Mbps 100 Mbps
Attenuator
. -8 -10 -13 -8 -10 -13
gain (dB)
Received
-19.434 | -21.227 | -24.189 | -19.434 | -21.227 | -24.189
power (dBm)
Uncoded BER 0 0 0 0 0 2.17%107 6
Hard decision 0 0 0 0 0 0
Soft decision 0 0 0 0 0 0
Turbo equalizer
0 0 0 0 0 0
(I=5)
Table 4.6 Results of the 2-ary PPM experiment in 8 m 1.4 NTU
Water type 1.4 NTU, 8 m
M-ary PPM 2-ary PPM
Data rate 50 Mbps 100 Mbps
Attenuator
. -10 -13 -15 -10 -13 -15
gain (dB)
Uncoded BER 0 0 5.6%10° 0 3.01¥10"*| 6.7%10
Hard decision 0 0 0 0 0 0
Soft decision 0 0 0 0 0 0
Turbo equalizer
(1=5) 0 0 0 0 0 0

Table 4.3 - 4.6= Tap water %

4] 50 Mbps¢} 100 Mbps¥
olt}y. Tap wate 12 molA+= o
o] =o]
Zx). 109 g
ATt (Table 4.4 - 4.6 Fx).

100 Mbpsel A
(Table 4.3
ALE &

o]

H] -5 3}

r[r

o=
=TT

Collection @ kmou

o 7&4

€& (Uncoded BER)o] A3t

% 0.8, 1.4 NTUA Az

8 m 5
o]Eo] wWE 27 PPM2] A& B3 3

nEo AL oRE 99 88N,
-35 dBY A 2F/FE FAHNA X¥E & 7 AH
=7} 0.8 NTUS 1.4 NTUY A5 &R/FE ¢33 A



Table 4.3%14 ™ ©lo]E] %% 50 Mbps?l 7%, 74l o]5o] -35 dBY
Bl &8t e 7ol o 6%/t HuTE ¥353 2FE&S QFF 992 WIS
¢ 4 e, veolH £=71 100 Mbpsl -, &4 o150l -35 dBY

=]
n

53} Q/FEo] OF 23%7F HW H353} /&L MNAHA FS & dth

=8 (Coded BER)® QEF (Quassi Error Free) 99< wZ3dS &4 4 Quh
o]
]_

Table 4.7 Results of the 4-ary PPM experiment in 12 m tap water

Water type Tap water, 12 m
M-ary PPM 4-ary PPM
Data rate 50 Mbps 100 Mbps
Attenuator
) -25 -30 -35 -25 -30 -35
gain (dB)
Received

-19.19 | -24.178 | -29.178 | -19.19 | -24.178 | -29.178
power (dBm)

Uncoded BER 0 7.88%107 %] 7.77%107 2 0 3.9%1072 [2.09%10 !

Hard decision 0 0 0 0 0 2.32¥10° !
Soft decision 0 0 0 0 0 2.47%10 1

Turbo equalizer
0 0 0 0 0 2.47%107 !

(1=5)

Table 4.8 Results of the 4-ary PPM experiment in 8 m 0.8 NTU

Water type 0.8 NTU, 8 m
M-ary PPM 4-ary PPM
Data rate 50 Mbps 100 Mbps
Attenuator
) -8 -10 -13 -8 -10 -13
gain (dB)
Received

-11.812 | -13.606 | -16.567 | -11.812 | -13.606 | -16.567
power (dBm)

Uncoded BER
Hard decision
Soft decision
Turbo equalizer

(1=5)

(@) OIO|O
(@) OO O
(@) OO O
(@) OIO|O
(@) OIO|O
(@) OIO|O
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Table 4.9 Results of the 4-ary PPM experiment in 12 m 0.8 NTU

Water type 0.8 NTU, 12 m
M-ary PPM 4-ary PPM
Data rate 50 Mbps 100 Mbps
Attenuator
. -8 -10 -13 -8 -10 -13
gain (dB)
Received
-19.434 | -21.227 | -24.189 | -19.434 | -21.227 | -24.189
power (dBm)
Uncoded BER 0 0 0 0 0 2.65%107F
Hard decision 0 0 0 0 0 0
Soft decision 0 0 0 0 0 0
Turbo equalizer
(1=5) 0 0 0 0 0 0

Table 4.10 Results of the 4-ary PPM experiment in 8§ m 1.4 NTU

Water type 1.4 NTU, 8 m
M-ary PPM 4-ary PPM
Data rate 50 Mbps 100 Mbps
Attenuator
) -10 -13 -15 -10 -13 -15
gain (dB)
Uncoded BER 0 0 9.2¥10 ° 0 2.43%10*|8.66*%10 2
Hard decision 0 0 0 0 0 0
Soft decision 0 0 0 0 0 0
Turbo equalizer
(1=5) 0 0 0 0 0 0

Table 4.7 - 4.10= Tap water ¥ &% 0.8 NTU, 1.4 NTUNA AHg 8 m
12 moll 4] 50 Mbps, 100 Mbps¥ W 74 o]5o wWE 4% PPMY AHess &4
gk Folt}. Tap water 12 molA= tHFEe 49 2/FE 983 AR oH,
100 Mbpsell Al o] =e<] -35 dBY 4% 2% PPMY v A2 /& A5
At} (Table 4.7 #=x). 1 ¢ %7} 0.8 NTU¢} 14
l AALE & (Table 4.8 - 4.10 =)
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Table 4.11 Results of the 16-ary QAM experiment

M-ary QAM 16-ary QAM
0.8 NTU, | 1.4 NTU,
Water type Tap water, 12 m
12 m 8 m
Data rate 50 Mbps 800 Mbps | 100 Mbps
Attenuator
) -20 -25 -30 -13 -15
gain (dB)
Received
-14.19 -19.19 -24.178 -24.189 X
power (dBm)
Uncoded BER 0 5.1¥10°* | 2.2¥1072 | 1.51*10°' | 9.5%10 2
Hard decision 0 0 0 1.5%10°' | 8.3*10°®
Turbo equalizer
0 0 0 1.29%10* 0
(=5
Table 4.11+= 163 QAM WHX=E 7|HH9 HolfH £& 4 EBZo & A5 &
A5k o]t} Tap water 12 mel A& dFE /7 93 AAsHoH
0.8 NTU 800 Mbps?l Afole= 2LF7FE HASA EIF= & 4+ o 1.4 NTU
8 mollA 100 Mbps¥ W= HIFEE3l L /&o| oF 9.5%Y ) FHA G Fol
e 022 AASIA 9oy A4 7ute] HR 53 7| gy o)A
T oFE ¢ AAYS ¢ F Jo

4.2.3 20183 10€ 43 AH &4

2018 10€ =z AFPdAes £ g9 AF
J

TR AFAM AR vt el Table 4.129F 24

Collection @ kmou



Table 4.12 Experimental parameters

Channel coding LDPC (1944,972)
. -35, -38 dB
Attenuator gain
-15 dB
Data rate 50, 100 Mbps
. M-ary PPM (M=2,4)
Modulation M-ary QAM (M= 16, 32, 64)
Interleaver Random Interleaver
Turbidity 0.8, 1.4 NTU
Distance (R) 8, 12 m

N9 =7]7} 1944%] LDPC #3333} 7|HE&
st om, a7 = MZ PPMSQl 4% -35
M7 QAM?] 4% -15 dBE ZAHANFHY. AF &%

ALE5lR T WY QJAEHEHE ARE
dBe} -38 dBE 1 AHA 7|1

= 50 Mbps<e} 100 Mbps
MR 2 SAHAOH, g5 A= 2018 8ol 333t Ay e A S
AL-&-3 AT

Table 4.13 Results of the M-ary PPM experiment

Water type 0.8 NTU, 12 m
Data rate 100 Mbps

Attenuator 35 28

gain (dB)
Received 37 10

power (dBm)

M-ary PPM 2-ary PPM 4-ary PPM 2-ary PPM 4-ary PPM
Uncoded BER 0.1*¥10 0.36%10 2 1.15%10 1 1.21¥10~*
Hard decision 0 0 0.2¥10 0.8¥10 !

Turbo equalizer
0 0 0 0
(=5

Table 4.13+= g% 0.8 NTU, A&l 12 molA A% &£=E 100 MbpsZ A A
7S o 22 PPM3 42 PPMe AAA 71WHy A#A 71Hke] X 53 7

T

]
S Mg Folth 4] o]5o] -38 dBY W 27 PPM3 4% PPM 4zt
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Table 4.14 Results of the M-ary QAM experiment

Attenuator gain

-15
(dB)
Water type 1.4 NTU, 8 m 0.8 NTU, 12 m
Received power _19.9 26.9
(dBm) : '
Data rate 50 Mbps 100 Mbps 100 Mbps
16-ar 32-ar 64-ar 16-ar 32-ar 64-ar 16-ar 32-ar 64-ar
M-ary QAM y y y y y y y y y
QAM QAM QAM QAM QAM QAM QAM QAM QAM
Uncoded BER 2.3%1072 | 7.25%1072 | 6.68*10 2 | 1.03*10° " | 1.33*10° ' | 1.4*10°' | 9.77*10° 2 | 3.49%10° % | 6.4*10 2
Hard decision 0 6.68¥10°% | 5.86%10° % | 9.8¥10°2 | 1.24*¥10°' | 1.3*107 ! 0 0 2.9%10 2
Turbo equalizer
0 0 0 0 0 0 0 0 0
((=5)

Collection @ kmou




zZ AgoA MX QAMS] BER de< HoF+ 3xolt. 74
o5& -15 dBE TAAZ oM gxE ztzt 0.8 NTUSH 1.4 NTU, dHlolE @4
&2 50 Mbpset 100 MbpsE A&t B=rb 14 NTUolZ 8 m¥ w 50
Mbpsell Al 1671 QAMRF /{5 A AR o, A A4 7vre] HE 53}
7IM< AHEsie W 327 QAM 6471 QAM E3F e R/RE BT AATS &
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(c) Scatter plot after 5th iteration
Fig. 4.7 Scatter plot of 16-ary QAM signal
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Table 4.15 Experimental parameters

Channel coding LDPC (1944,972)
Attenuator gain -35, 38 dB
Data rate 100 Mbps
Modulation M-ary PPM (M=2,4)
Temperature 18, 25, 30°C
Interleaver Random Interleaver
Distance (R) 12 m
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Table 4.16 Results of the M-ary PPM experiment with water temperature

M-ary PPM 2-ary PPM 4-ary PPM
Attenuator 95 a3 95 23
gain (dB)
Temperature 18°c 25°C 30°C 18°c 25°C 30°C 18 25°C 30°C 18°c 25°C 30°C
Uncoded BER | 0.1%107 1 [0.46%10™ 2| 1.5%10 2 ]0.88*10 2/0.61*10 }|1.21*10 }0.36*10 2/ 0.9¥10" 2| 1.9%¥10™ 2|1.15*10" }/1.47%10" ! -
Hard decision 0 0 0 0 0.51*%10 !1.19%10 ¢ 0 0 0 0.72¥10 2/0.97%10 ! -
Soft decision 0 0 0 0 0 0.8%10 ¢ 0 0 0 0.2¥10210.77%10 ! -
Turbo
equalizer 0 0 0 0 0 0 0 0 0 0 o730t -
(1=5)
ection @ kmou
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(a) Uncoded BER graph with bubbles
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(b) Coded BER graph with bubbles
Fig. 4.8 BER graph of water tank with bubbles
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Table 4.17 Experimental parameters

Channel coding LDPC (1944,972)
Attenuator gain 0, 5, 10, 15, 20 dB
Data rate 100 Mbps
) M-ary PPM (M =2, 4)
Modulation
M-ary QAM (M= 16, 32, 64)
Turbidity 0.39, 0.78 NTU
Interleaver Random Interleaver
Distance (R) 12 m
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Table 4.18 Results of M-ary PPM experiment of green laser in unmixed water

Attenuator gain (dB) 0 5 10 15 20
Received power (dBm) -21.9 -26.9 -31.9 -36.9 -41.9

Uncoded BER 0 0 L.7%1077 | 0.62%10 2 | 0.99%10 *
2-ary | Hard decision 0 0 0 0 1.72%107 1
_ PPM Soft decision 0 0 0 0 0.45%10 !

Unmixed | Green Turbo equalizer 0 0 0 0 0
Uncoded BER 0 0 0 1.45%1072 | 1.5%10° !
4-ary | Hard decision 0 0 0 0 1.23%10° "
PPM Soft decision 0 0 0 0 1.4%¥107*
Turbo equalizer 0 0 0 0 1.47%107 !

Table 4.19 Results of M-ary PPM experiment of red laser in unmixed water

Attenuator gain (dB) 0 5 10 15 20

Received power (dBm) -20 -25 -30 -35 -40
Uncoded BER 0 0 4.85%107° | 3.38%107% | 2.99*107!
2-ary | Hard decision 0 0 0 0 1.99%10" !
_ PPM Soft decision 0 0 0 0 1.89%10 !
Unmixed | Red Turbo equalizer 0 0 0 0 1.86%10
Uncoded BER 0 0 1L.1*¥107% | 0.55%107 " | 2.08*%107!
4-ary | Hard decision 0 0 0 0 0.73%¥10 !
PPM Soft decision 0 0 0 0 1.14*%10° !
Turbo equalizer 0 0 0 0 1.08*10" !




Table 4.20 Results of M-ary PPM experiment of green laser in mixed water

Mixed

Green

Attenuator gain (dB) 0 5 10
received power (dBm) -26.02 -31.02 -36.02
Uncoded BER | 0.58*107% | 0.6¥107' | 2.52%107 "
2-ary | Hard decision 0 0 1.87%107 1
PPM Soft decision 0 0 1.31%10° !
Turbo equalizer 0 0 1.24%10°*
Uncoded BER | 0.77%107% | 0.55%107 "' | 3.34*107!
4-ary | Hard decision 0 0 -
PPM Soft decision 0 0 -
Turbo equalizer 0 0 -

Table 4.21 Results of M-ary PPM experiment of red laser in mixed water

Mixed Red

Attenuator gain (dB) 0 5 10
Received power (dBm) -26.78 -31.78 -36.78
Uncoded BER | 3.49%10°° | 5.63*107% | 3.13*107 !
2-ary | Hard decision 0 0 -
PPM Soft decision 0 0 -
Turbo equalizer 0 0 -
Uncoded BER 0 5.51%107% | 3.38*10"
4-ary | Hard decision 0 0 -
PPM Soft decision 0 0 -
Turbo equalizer 0 0 -




Table 4.22 Results of M-ary QAM experiment of green laser in unmixed water

Unmixed

Green

Attenuator gain (dB) 0 5 10 15 20
Received power (dBm) -21.9 -26.9 -31.9 -36.9 -41.9
Uncoded BER | 4.79%¥107* | 4.85%¥10°* | 1.2%10°° | 4.62%10 % | 2.41%10 !
Hard decision 0 0 0 0 -
100 Mbps
D Soft decision 0 0 0 0 -
16-ary Turbo equalizer 0 0 0 0 -
QAM Uncoded BER | 2.55%107° | 4.24%107 % | L.I7*10° ' | 2.96%10° ' | 4.38*10""
Qi x10— 1 - _
800 Mbps Hard decjls.lon 0 0 0.94*10
Soft decision 0 0 0.37%10 ! - -
Turbo equalizer 0 0 0 - -
Uncoded BER | 0.47%10° 2 | 0.57%10 2 | 1.19¥10 2 | 1.09%10 ' | 2.79*10 "
32-ary 100 Mbps Hard decision 0 0 0 0.66*10" " -
QAM Soft decision 0 0 0 0 -
Turbo equalizer 0 0 0 0 -
Uncoded BER | 1.12%107 2 | 1.26%10 %2 | 1.8¥10 2 | 1.05%10 ! | 2.65%10 !
Hard decision 0 0 0 0.82%107 ! -
100 Mbps
P Soft decision 0 0 0 0 -
64-ary Turbo equalizer 0 0 0 0 -
QAM Uncoded BER | 1.22%10° ' | 1.36%¥10° ' | 2.54*10° ' | 4.05%10" ' | 5*10 "
1200 Mbps Hard degis}on 1.2%10° 1 | 1.3%10 ! | 2.59%10 ! - -
Soft decision | 0.37%10 ' | 1.23*10 ' | 2.79%10" ! - -
Turbo equalizer 0 0 2.72%10 ¢ - -




Table 4.23 Results of M-ary QAM experiment of red laser in unmixed water

Unmixed

Red

Attenuator gain (dB) 0 5 10 15 20
Received power (dBm) -20 -25 -30 -35 -40
Uncoded BER | 0.89%10 % | 0.91*¥10°* | 3.2¥107° | 1.41*10" ' | 3.88*%10 *
100Mbps Hard decision 0 0 0 1.36%107 1 -
Soft decision 0 0 0 1.54%107 1 -
16-ary Turbo equalizer 0 0 0 1.16¥107* -
QAM Uncoded BER | 1.66*10 2 | 0.78%10" ' | 1.83*10 ' | 3.65%10" ' | 4.8¥10°*
800Mbps Hard decision 0 2.57%10° % | 1.73*10 ! - -
Soft decision 0 0 2.06%10 * - -
Turbo equalizer 0 0 1.79%10"* - -
. Uncoded BER | 4.1%10° % | 0.74¥10° % | 0.51*¥10" ' | 2.76*10" " | 3.75%10 *
—ary Hard decision 0 0 0 - -
oam | LOOMPPS g e Gecision 0 0 0 - -
Turbo equalizer 0 0 0 - -
Uncoded BER | 0.79%10 2 | 2.11*¥10 % | 3.28%10 % | 3.07*10 ' | 3.48*%10 *
100Mbps Hard degis}on 0 0 0 - -
Soft decision 0 0 0 - -
64-ary Turbo equalizer 0 0 0 - -
QAM Uncoded BER | 0.98%10 ' | 1.86%10 ' | 2.89*10" ' | 4.34*10" ' | 4.83%10 *
1200 Mbps Hard degis}on 0.86%10 ' | 1.97*10 ! - - -
Soft decision | 2.46%10 % | 2.06%¥10 ! - - -
Turbo equalizer 0 2.33%10* - - -




Table 4.24 Results of M-ary QAM experiment of green laser

in mixed water

Mixed

Green

Attenuator gain (dB) 0 5 10
Received power (dBm) -26.02 -31.02 -36.02
Uncoded BER | 2.55%10°* | 1.02¥10 ' | 3.38*10" '
- - -
100 Mbps Hard deC.IS.IOIl 0 0.62*10
Soft decision 0 0 -
16-ary Turbo equalizer 0 0 -
QAM Uncoded BER | 2.78*%107 ' | 3.37*%10 ! | 4.86%¥10 !
Hard decision - - -
800 Mbps
PS ™ soft decision = - -
Turbo equalizer - - -
Uncoded BER | 0.83%10 ' | 1.57*10 ' | 3.41*10 !
32_ar ‘o1 *x10— 2 * —1 _
y 100 Mbps Hard deC.IS.IOIl 0.41*10 1.73 107
QAM Soft decision 0 2.03%10 " -
Turbo equalizer 0 1.46*%10 ! -
Uncoded BER | 0.65%10 ' | 1.19%10" ' | 3.08*10 !
Hard decision 64*%10 2 | 1.15%10* -
100 Mbps = 1.64™10 1.15*10
Soft decision 0 0.92%10 2 -
64-ary Turbo equalizer 0 0 -
QAM Uncoded BER | 4.53¥107 ' | 4.89%107 ' | 4.97%10~*
1 - B B -
1200 Mbps ard deC.IS.IOIl
Soft decision - - -
Turbo equalizer - - -
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Table 4.25 Results of M-ary QAM experiment of red laser in mixed water

Mixed

Red

Attenuator gain (dB) 0 5 10
Received power (dBm) -26.78 -31.78 -36.78
Uncoded BER 2¥107° | 1.08*10" ' | 3.17*10 "
- > -
100 Mbps Hard deC.IS.IOIl 0 4.62*10
Soft decision 0 0 -
16-ary Turbo equalizer 0 0 -
QAM Uncoded BER | 1.77%107 ' | 3.99%10" ' | 4.55%10"*
Hard decision | 1.75%10 " - -
800 Mbps
P Soft decision | 2.05%10 ! - -
Turbo equalizer | 1.93%10 ! - -
Uncoded BER | 2.15%10°2 | 1.46*10" ' | 3.17*10" !
32-ary Hard decision 0 1.51%10"* -
100 Mb -
QAM PS 1™ Soft decision 0 1.47%107* -
Turbo equalizer 0 1.01*¥10~* -
Uncoded BER | 2.84*1072 | 1.14*10" ' | 3.5%10 "
100 Mbps Hard dec.is.ion 0 0.55%10 -
Soft decision 0 0 -
64-ary Turbo equalizer 0 0 -
QAM Uncoded BER | 3.05%107 "' | 4.12%¥107! | 4.78%10 !
Hard decision - - -
1200 Mbps
P Soft decision - - -
Turbo equalizer - - -




Table 4.26 Value required in QEF area

Decision Hard decision Soft decision Turbo equalizer
Number of
107 - 112 196 - 199 237 - 244
Uncoded error
Error rate 9.9% 10% 12.2%
BER 10~ 120 1071 10~ %9
Received power
> =25 > -28 > =29
(dBm)
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