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AMP: amplifier; FPGA: field programmable gate array; DAC: digital-to-analog conversion; LED: light emitting diode;
ADC: analog-to-digital conversion; APD: avalanche photodiode
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Fig. 1 Architecture of UWOC system based on LED or LED array and FPGA

2.1 NRZ-OOK Bk &

S 38 15 Hh a5 A A EL R R ) 2 OOK R il
BRI AE f 5 5 00 f R 3K 3 LED G IR A9 FF e, =
B SR IIRE /N BT R RE 150 . 2SR OOK I8 il H 4%
EA IR S /N R LED SRR, 1 3K 3 = 8 i il 1Y oK ) %
LED SBIEAERME " . £ RIELED EHE UWOC &
grr, T B AR T R R o et LR TE R 5 R
iz BOR A K FPGA A B 5 3 OOK /MG 5 6
1 b T R KA 5, - 1 bias-tee #8428 I A BV I B
P 2 K )R LED B8 B #k o sbAh, RIi=
LED SEIEK o6 &SP LED G IR A & 195 58 A &
bias-tee #if 1/ A4 B I EE | HIT 20 0K i 22 1) B 4T DG i 25 %
AE oK LMY, T AR R G L I e T I B8 55 2 N
DA DR o EAS SCUE T L % 3R G0 v © ik e it ) A

638 15 R R BR MR R K 2 AR AR T R M
OOK 55, B TTL Z I8, BE AR UEAF 5 ot & [F] i) oy
FHE R 9. 0 T8 LED By 96 BR i 51 & 0 45
SIE TP (ISD) 3% HL ST A9 0R 5 AN 132 & 26 A0 B XU
P OOK {5 %, 1 /& & % JE 1% (NRZ)-OOK Jik vh ¥

30 MHz bit stream
30 MHz carrier

2ASK signal

basolute value of
2ASK

NRZ-OOK pulse
shaping signal

G5 fEfE S A B MR 5% B &% (RRC) , 8%
FHAE e 553 S 14 Jik v 268 B 0l 20 o 0 42 WA i 14 DS JC 98
v, A2 BCRAT T AR BRI B KR A S . HLL () S
THA 52 DR WA B9 A R N HL () B9 F 7 f B HL.() =

H,.()-H..(f) JJWAHIH. (N=JH.(f).
TEARSCBETT b, 38 % 7% 2 8 5T Altera FIR 1 38 9%
P S B . W& 2 b Modelsim {5 H & TR,
30 MHz J5 4 L 7 i 28 o B ik 9 #% (NCO) B2 A4 i
30 MHz i 3% 5 5 7 S B 2 )5, A2 5 30 MHz 1Y TR %
A (2ASK)E 5, Zead 47 BR vl 17 (FIR ) g % #% 4E
% 30 Mbps 1% i 3 () NRZ-OOK Jik s # (5 5 . HH
X T 0 3 AT AU P OOK {5 5, NRZ-OOK Jik ih 4 1
E5 A UFEIE S S 2 M ar 4R T 4 /Ms 5 1 &
T 90, DT 26 A [R] 9 98 0 VR A% o 2 i BldE o
BEAN AR T % VR R 8 U A EL AT S T Y 3 A RN
K A Bt T e 6E J1, 6 AT 280 B AR IR A5 R T+ 4t fig
o REWREESN R 2 AN TLLGEN RS T

AR B VR W DR B A T LA G i 3 AN [ A £ O BR L OF:
P R RIPERESE Ir

K2 NRZ-OOK ik i 8 ¥ {5 5 i) Modelsim ij ¥ €]
Fig. 2 Modelsim simulation diagram of NRZ-OOK pulse shaping signal

TE W0 , NRZ-OOK Jik wh 3 A5 5 78 1 & 1) o
Jei W T B RS B R 2D o AR SO R R A R

B[] A, AT LA Bl A8 SR A I A ) 430 25 R R 2 R 52 BLAL
(] 25 A5 5 (0 VR 8  [R] BF 466 (EL530 3 P ARR 0 SR A L B

0606002-2



B AR 1 A SR B B 2 S AR 255 5, AR B
FERFEAE .
2.2 ETFPGAMSMAHFEERDE

J T HEUWOC Z G A7 BR A 18 47 58 9 3 R
W E PR QAM A5 B R A O 2 (H QAM I
BT LR B R A A R RN T R TG TR & S
TR KN B HOR F = B §i A UWOC R4 K
A% f B R AT, 7E R K R A% i R — S i
20 m. DRI, SEEE EOR KR UWOC [ 6t 2 —,
SR SR FH AT g 3 R 1 14 K ) 3R G T i

T PA 16QAM S 5 K A 27 52 B m-QAM Y 5 31
R FEC K B, 16QAM A il {5 5 7E FPGA JF &
M 1S B, 2-1 bit Oy BEALECHE 3 e 2EAT H /R R i
A Y 4 bit AR E 5 91T RS 15 18 20 154 R 465, Bt
Jo HEAT 25 0 G R 1R S YR, 28 5t R DR WS O R 4 ik
55 42 B RS-16QAM W il 5 5 o A= i i B0 7 {7 5 8
B/ B (DAC) J5 B R A8 0K , 7138 4 bias-tee
T B A% A B3 (DC) U3, — &2 98 il 2] K T % LED
FEGI G 40 iR TR 065 S 4

4435 6 H1/2024 &£ 3 B/HEEIR

TG4 s, X 16QAM 15 5 JE 47 7™ 4% 7Y 2 % [7]
A A TR 28 T, SRS T, Q M % {5 5 o AR St ok
JH ) e B 2R 024G I &% (DD) 55 325 2800k [ 25 2k
B A5 o AR A e O D U A ke B B BT A AR AR JRE AR
B SRR R R, B B RO S R (DDS)
Az ORI, T8 I M AR A R S i Il A S I S 15
PR R P ML S HR . 2 16QAM {5 5 5 H T
UG , 280 PR T Q P B AT (5 5
7 [) A5 R P B 470 (B 50056 A () 20 o A L IXC )
PEAR G B, O B A B T Farrow 45 44 19 4 i %
Pt , IR IS T B0 SR 5, IR E B (5
f14 5 A ) ple 1F 18] o 37 (L (8] B G 2 S A B 5t 2E AT 94
Bl 2R T Gardner 533K A9 15 22 46 T 45 1 3F 1 0 %
wEAT IR BB S R Y & LT R P 7 vk
JEL S PR I 5 i 2 ) e T R T Q T g% A6 ] 2P i
(45 5 HEAT A2 0 0 W S o R e R AT 0 25 O3 R A
RS {518 F 05 | /JF A8 e, 38 iU m O BEHL 51 —
il e RF i 3 . & T FPGA SE L R G HE &, an 5] 3
IR

DE1-SOC FPGA signal processing at transmitter

up- shaping

conversion [*]  filter

3 artial
erial/parallel RS N : <
conversion >| i |¢ dg\fg;er.mzl constellation

burning

up- N shaping
conversion filter

m-sequence
generation

K3 UWOC RS-16QAM ¥ il {55 ) 7 Gefig [l
Fig. 3 System diagram of UWOC RS-16QAM modulation signal

T ff P OE 32 A B8 8 2 (QPSK) | 16QAM.,
64QAM A5 A [m] I il 4% =X A A7 = 78 AH A I8 B o 9 Y
AE AL BB 0] B, 22 53 G B F AR AR N vl AT B R R 7 R 2
— B TR M 225 g AR T LA AR
TRAR A BORT BE G HJE i T 22 40 S i g T e 42 I8
23| R IGFE WS INAE 18 g i AT /MR A W6

2253 G A 4 Ik g i ek

1,=
[( Ak@B/e )'(Ak@lk 1)}@[(Ak@Bk)'(Ak@Qk 1)},
(D
Q.=
[( Ak@Bk )'(Aﬁean—l)}@[(A&@B&)‘(Ak@lk—l ):|o
(2)

ZE 03 AR 4 3% 2 A R 1k 0

0606002-3



A=[(LBQ)(LBQ. ) |B[(1&Q-(1LEL )],
(3)

B,=
(1B )]B[(LE)(QBQ )] (4)
s DFRE IS 5 AR B4 3 2 43 S i A
5 FRY S0 51T QU530 22 43 40 5 TS 50

@
A, I,
—P
differential
encoding
B k Qk
S — 16QAM
/2 rotation
invariant
C constellation
L mapping
Dk

a4 % F 6 H1/2024 £ 3 B/HEER

FEARSCE AT T /2 18 AN AE QAM BB AL
JE 7 i, B 43 22 43 g 65 AT QAM A I B A
16QAM = Hii M5 L RF #EAT 22 40 S A, J5 1> 16QAM
45 LR B o/ 2 T8 3 N 78 QAML e S B2 e T ) 12k ke
B, E 4 PR . XA H B2 1I6QAM 745 L RR i 17
FE5r G AN DR TR 57 BORA [R) T LA A5 b R A
T 257 i AT BEAFAE B IR A I A

®) 1901 1,Q,(00)
o o @ o
0 10 01 00

@ ® O

o1 11 1 10
C.D,(01)

o ® ® ®

10 11 1 o

® @ ® o

0 01 10 00
1Q,(1) ,,(10)

K4 16QAM B4 22 73 i R o (a) 22 23 G T U ik 52 5 (b) o/ 2 M@ e A A48 W S5 B2 [

Fig. 4

16QAM partial differential encoding modulation. (a) Differential coding modulation process; (b) x/2 rotation invariant mapping
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Fig. 5 Performance parameters of optical transmitter. (a) Volt-ampere characteristics curve; (b) spectrum measurement using optical

transmitter sphere integration method
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Fig. 6 Physical photo of miniaturized optical transmitter based on FPGA and high-power LED array. (a) Picture of optical transmitter

circuit; (b) picture of optical transmitter working after waterproof packaging
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Fig. 10 Physical photo of optical receiver. (a) OOK signal and its eye diagram on oscilloscope received by optical receiver; (b) picture

of optical receiver circuit
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Fig. 11 Printed circuit board+assembly (PCBA) of automatic

gain control optical communication receiver
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#1 UWOCSHLERES B 4 34 R 35 5] 30 Mbps B, OOK ik i # JE {5 5 # BER A

Table 1 Performance parameters of UWOC terminals 2.47X 107", 16QAM {5 2 ) BER & 3.47X10°, &

Parameter Vaue 45 BT F 3.8 10 fi 1 21 # (FEC) ) B 5 . (A

LED beam divergent half angle y /(*) 22.5 16QAM ) BER ¥ RE 4 T OOK il Jr o X2k

LED electric transmitting power P, /dBm 46.53 QAM I il %5 5 1Y 52 B[] 20 Bk ¢ v, H LED Ff 3]

LED optical transmitting power P, /dBm 42.88 149 16 o A8 T B K A I 1Y 22 A2 R0 3 TR 25 TR U
Transmission link off-axis angle ¢ /(*) 0 i

LED luminous flux ¢ /Im 2174.9 B2 70 AH 6] 09 1% B 32T, 16QAM 1Y 47 58 A1 JH

Photoelectric efficiency /% 35.8 RETF OOK P, MR &5 R An 1 14 fros , vl & 24 1%

APD receiving area of photodetector S, /mm® 2.25% i 3 % SR 30 Mbps B, OOK {55 5 75 % 30 MHz fJ 47 58,

Optical wavelength A /nm 517 M 16QAM 5 5 W) 4 %6 AL 7% 13. 5 MHz, i ik T- OOK

Transmitter aperture D, /mm 70 P . I 1I6QAM RGN EKR R BN a=0.8, /1
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Research and Implementation of Miniaturized Underwater Wireless
Optical Communication System Based on Field Programmable Gate Array
and High-Power LED Array Light Source

Huang An, Yin Hongxi', Ji Xiuyang, Liang Yanjun, Wen Hao, Wang Jianying,
Shen Zhongwei

School of Information and Communication Engineering, Dalian University of Technology, Dalian 116024,

Liaoning, China
Abstract

Objective  Underwater wireless optical communication (UWOC) featuring high speed, low delay, and high
confidentiality can form a medium and short distance local area network (LAN) with high speed and strong real-time
properties or can complement the advantages of underwater acoustic communication hybrid networking. It has become a
research hotspot in recent years. The deployment and application of UWOC require high-performance, low-cost, and
miniaturized practical optical transceivers. By employing a laser diode as a light source, the transmission distance is long
with high speed, but the alignment of the light receiver and light sender is demanding, which is difficult for communication
of non-fixed positions and orientations in the dynamic seawater environment. If the light-emitting diode (LED) is the light
source, the alignment requirements can be greatly reduced, while the LED array can be adopted to enhance the light
signals to extend the transmission distance. Meanwhile, the high-order modulation can be utilized to improve the problem
of insufficient bandwidths. The existing UWOC systems based on LED design have a large room for improvement in
transmission distance and transmission rate. Additionally, the system design can realize real-time high-order modulation,
coding and signal processing, and miniaturized system integration by leveraging field programmable gate array (FPGA) at
both receiving and transmitting ends, and further improve the system performance and practicality. Aiming at the
application requirements of underwater UWOC with high speed, long distance, low cost, and miniaturization, we design a
highly robust integrated miniaturized UWOC system based on high-power LED array and FPGA. The system can realize
on-off keying (OOK) modulation, and flexibly realize high-order modulation and channel coding. Meanwhile, it can
achieve a longer transmission distance and a higher transmission rate than the LED UWOC systems reported in previous

references, with miniaturized integration of optical receivers and transmitters.

Methods The optical transmitter employs 45X 1 W high-power LED array as the light source and takes total internal
reflection (TIR) lens and parabolic reflector tube structure as the optical antenna to realize high-order modulation and
coding by FPGA. In terms of optical receivers, an avalanche photodiode-automatic gain amplifier circuit (APD-AGC)
optical receiver based on FPGA is designed. After being converted into the current signal by APD, the optical signal is
converted into a voltage signal by transresistance amplifier module, then amplified into a voltage signal with fixed peak
amplitude by automatic gain amplifier module, and finally input to the analog-to-digital conversion (ADC) module. The
receiving FPGA can synchronously demodulate and decode the received signal in real time. In real-time synchronous signal
transmission, the receiving and sending ends of the system adopt FPGA to process signals, which can support the real-
time synchronous underwater transmission of commonly applied OOK signals and high-order modulation signals by taking
16QAM encoded by Reed Solomon (RS) channel as an example, which can meet the application requirements under
different underwater scenarios. Finally, the optical communication receiver and transmitter are miniaturized and integrated

with strict waterproof packaging and practical significance.

Results and Discussions Under a 12 m underwater channel, the UWOC system employs OOK and 16QAM modulation
for data transmission. Within the error threshold, the transmission rate of the optical terminal can reach 30 Mbps. The
16QAM bit error rate is always higher than that of the OOK system. This is because QAM modulation requires high real-
time synchronization of the signal, and the wide beam of the LED array makes underwater channel synchronization difficult
due to the multi-path effect. However, at the same transmission rate, 16QAM has a higher bandwidth utilization than
OOK modulation, which is because the system is limited by ADC sampling rate and synchronization algorithm, the
bandwidth advantage of 16QAM high-order modulation signal is not fully utilized, and there is still great potential in rate
improvement. In terms of robustness, the receiver can achieve effective reception of the deviation degree from the main
optical axis within 40° at a distance of 12 m, reducing the difficulty of alignment and possessing strong robustness. To test

the limit transmission distance of the system, we successfully build a cross-media link communication system with a
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distance of 12 m water+30 m air (a total of 42 m) and transmit 22 Mbps nonreturn to zero (NRZ)-OOK shaper signal
within the error decision threshold. In practical applications, the system can be applied to underwater scenarios. For
example, it can be carried on the submarine to achieve underwater link deployment, and underwater node information
collection or signal transmission. Additionally, its high-power LED array also supports the deployment of air-water link
wireless optical communication links, such as the deployment of end machines on ships and underwater frogman or

underwater robot community information interaction.

Conclusions We design and develop a high-robustness miniaturized UWOC system based on FPGA and high-power
LED array light source, which supports traditional OOK modulation and m-QAM modulation. The system is tested
experimentally by taking 16QAM modulation as an example, and the results show that under the real-time transmission of
a 12 m water channel, the bit error rates for OOK modulation and 16QAM modulation are 2.467X 10 * and 3.467X 10 *
respectively at 30 Mbps. The 22 Mbps NRZ-OOK shaping signal 12 m water + 30 m air is transmitted across media links
with a bit error rate of 3.619X10"*. Additionally, the light source transmitter of a high-power LED array with optical
collimation antenna and the optical receiver based on 3 mm large aperture APD automatic gain control can receive signals
within 40° of the main optical axis in the 12 m underwater channel. Finally, the stringent requirements for UWOC system
alignment and focusing are greatly reduced, and the system robustness for applications in the underwater environment is

improved.

Key words underwater wireless optical communication; field programmable gate array; LED array; high-order

modulation; miniaturized optical transceiver
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