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Abstract Due to the absorption and scattering effects of light in water, propagation characteristics of lasers
underwater become complicated. In particular, the backscatter causes the target contrast to decrease, which makes
the use of lasers in underwater detection face a great challenge. Carrier modulation technique can be used to suppress
the backscatter for underwater lidar. Computer simulation based on Monte Carlo method is used to establish an
underwater detection model for photons of Gaussian pulse lasers modulated by cosine signal. The effects of
parameters such as pulse width, modulation frequency, and modulation depth on detection results are discussed.
The results show that, compared with traditional pulse lidar simulation results, carrier modulation technique with
correlation detection can effectively improve the underwater target contrast. The pulse width has the optimum
range. The modulation frequency has effect on the signal-to-noise ratio and ranging accuracy of the target echo
signal. The greater the modulation depth, the higher the signal-to-noise ratio of the target echo signal.
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Fig. 1 Schematic of carrier modulated lidar system

AR 1) A S I v B T T R ) — A
I 3 I ] L5951 4 368 3 8 L ik 28 48 A SR, 7 IR Je
F 3 A % R - P TR R R DX 23 H B [l i 55 2% 0O L T
FE AU, e ) R I AR S R R D4y B bR T S
FHWOG . Z UG BEAAR I A5 1 0135 %0 % 5k Jik o
T 355 PR A R T 80 0k el R 38 PN 1 R T 80 A
BEAE AT AR Y T A B & A RS R
LA Z RS et . 5 AR H b B IS
AR S A 2 I R 5, AT L) 58 4 O B i A0
T 2 s R BRI T LA R R S 1) RO A
UE AT LLSE i ] 3 45 [ R 0 2 2 (5 S AT A s
SAT B R D32 TR A W (i X iz B ) B B DA B2 H b 1)
iERN PSS

T K 14 i T BICSR TT LA AR R R A S e I DR
PSRRI R £ AR R Mullen 50 B B 35 15 A1
AL

fe=c/Q2mn), 9

A e KBS R v/ ROCTE IR K A% i
B, EHENOLT . BE/NT 100 MHz, 24 3 il
SN RN | NNV S & SRR €
P w5 X R,

3.2 FKEFIHAEEEIHNIHN

5545 48 1 ok o IO B A AR L 280 R RO B
IR FEA 2 ST D) &SGR 2 5 I By bk
G 52) RGEXFEMUE 5 AT TS A A, P,
TESE R R O UL O R ik RGN0 B ¥
Hh R R 3G i 2 A T A B AT A L 2 I 9 0O R A
Y.

XTI A 58 BT T A AU R 7, 4B RO T I8 &R
295 {6l T 1 2 oA o 78 ) g oo s ik ol T 28 3 9 1 O
IR AR 8 ) 2 T 4 0T S B AR O 14 4% 5 R I 1 v 3T bk
N

(t —o)*

f(z‘,)=exp|:— 2m 5
T

} {1+ mecos 2nf.(t —)]},

10)
A G SR A sk A v 5 bk e 4 S, ¢ g ],
S AV o S VR IE S 20 0 K vh 5 JEE
Xt F IR 5 B R A B ORI K T H
FRAG XS HERE L AR TH S HLAL AL L R A AR G as 35K
B HARSC R BN

Ry s (o :Ji FoO fit+o)dt =

Jf folt—ofiwde,  AD

Kp foORIBWAFT S, £ (O R ASF B A X i &
kb, f0(OR fL@OMEILTE, AHKIZHEMNE
FRIZ 3 Z [ A7 A — A o] SR B e &L Bl

Ry, =fo(—=t)* f1), a2)

4 i EER o

EAEE 2 1R A BT R S PR AR D 3R B S 80
FIH Visual CIEF gL TR P rikn
67K A i B 008 R O K R AR A R, ik
BAREAEL ST AEBOEFECh 200 J7 LK
W K25 m, HARIEE R 20 m, K 29 R ECH
0.1514 m ', IFAKWIL REL « o 0.114 m ', HEIKHE
SEREOH0.0374 m L AEX KSR g N 0.924, H
P 2% ] B 28 0.03 5 ¥ IS B A 228 0,02, 32 il %
050 mrad, WAL A 0.01 m®, FFEIHLLE
FELL L i 208 2040 L B Ak A5 R O K R A% i R
B AR bR R I — A TR X R
1.1 SHEASKSPEEERBABINER

TEHE KWL R B o 0.114 m ' FIECS R % 0
9 0.0374 m™ I BT S ALABLAL GE Ik e A% 5% 9
e 35T K o A KR I B A [ A5 S 0 — ko B A AR
R B A e, BT 2 i s G v 0 o s 4 K e

0401003-4



2,
¥

ot

i

2
¥

R T 0.5 GHz, ik ol 58 BE R 10 ns, 38 i
BEA 1. B 2 T, 240 K R R B K L R 4
Jik o i) B bR AR 5 04 15 M ARG, 55 4 v W A M
e 3 AR U PR X S ab B % 5% R S S K b A LA B
Jok b mT LA HARE M L (29 8 dB),

1.0

absorption coefficient a=0.114 m!
scattering coefficient 5=0.0374 m™*

4
®

—— unmodulated signal
—— modulated signal

Relative light intensity /arb. units
[=]
1=
T

0.4
underwater target
0.2
sea bottom
0 1 1 1 [\K I
5 10 15 20 25 30 35

Underwater distance /m

P 2 A [ i K o T AR KO A 8 ok s A
SR 5R VR g 30 Ak e 4 130 £

A AR AT DU R KR I H BR A
Wk L, Ay T B AIE 5 2 O B R 45 S B0 R
S5 S 10 5 ) e R ) AR ) S 43 ) A ik o B
B 20 JABIARE £ TRHIEREE m o, SRR [R] 2 500w
VAT 5 W AT S A B, I % 45 SR A7 20 HT
4.2 BHEEXERNE RN

214 28R 0 A ) B AR 1 8 AT R T K T AL A
2R 100 MHz B AT LAAT R0 61 5 i 605 S PR AE 43 A
ik o i X6 KR TR I AR 5 1 5 e B R A ARDR 2 D
NIRRT 100 MHz,, 8 357 Bk o 5 B2 12k 5% 9] i A 52
852 T AN 2 37 08 7 R AR s D) Jk o 5
JE2 N s 11 R A 3 QR P & i ]
W 1T AR W B AR 558 0.1,0.5,
1.0 GHz W& &0 F » gl 28 ik b 98 B 27 15 31 1 {5
JANE 3 TR . T K TR A3 9 [k Bl K ol gE
JEE B4 380 A T A ] i e A7 B S B I IS 3 3L
XAE R REA 24 1) Bl 58 5 2) 76 2417 U I

=
2
I

Fig. 2 Echo signals of traditional pulse and Gaussian IF 55 A SRR 0 4 B2 38 4 i 0T Tk b R AT A e 1 B
Is dulated b sine signal with Sy .- a2y .
pulse modutated by cosine stgnat wit B oK o S BE RO, R R R, R OC T 5 TR R B
different attenuation coefficients of sea N NI .
R PR s 3 Jok o £ W 1) 5 RS . H RT3 TR,
1.0 1.0
2 @ %
2 pulse width B pulse width
3 =]
. 0.8+ —10ns 508 2ns
'% ——20ns o ——10ns
< ——30ns E 20 ns
B ——40ns > ——30ns
Z 06 ——50ms g 06
Z04F . =04
2 18 20 22 Eo
£ underwater target g _underwater target
502 - o2t
& P sea bottom E Pz sea bottom
0 1 1 | ! Al 0 I 1 [ \-ﬂa\ I
5 10 15 20 25 30 35 5 10 15 20 25 30 35
Underwater distance /m Underwater distance /m
1.0
I
2 pulse width
= 1ns
2 0.8 ——10ns
20 ns
g
= 0.6
I
g
k=
En 04 20 22
E, underwater target
2
g 0.2 | /sea bottom
0 1 1 | . nd:\ 1
5 10 15 20 25 30 35
Underwater distance /m
3 PAHIE R 450 () 0.1 GHz.(b) 0.5 GHz F(c) 1.0 GHz B AR [ bk vh 58 B 4% 14 F 09 120 % 15 55

Fig. 3 Echo signals with different pulse widths and modulation frequencies of (a) 0.1 GHz, (b) 0.5 GHz, and (¢) 1.0 GHz

0401003-5



Es i

A 6] — PR T L BE 2 Ik vh 5 B2 38 KL H AR R
JES I R0 A5 5 8 56 A8 K, [l i 1 8 i ik o ki A
Z AR AR AR 23 08N TS 80 H AR R
(1 M L AR . LLTED 3 () Sy ], 4 B2 5K [ % 15 5
(1 RE B KT & 555 10 10 %0 A 6wl 8 0 21, 0] 78
JEHIA A 0.5 GHz BF . KT 50 ns (9 ik ob 7138 15
5 BB RN T R0 [ T S B kb e R 2,
10,20,30,40 ns B9 B bR B AE S AH X 50 ns B
fEME 2> B4R B T 3.72 dB, 2.74 dB, 1.89 dB,
1.03 dB.0.43 dB, fH J& 1 5 ik v 58 B K %5 . 8 il 2L
LS AW 0 BEORG B SRR AR, B R R H AT U
OB AR B 5T K-, 78 52 R R I Hh 3 6 bk o 5 BE Ry
10~40 ns,
4.3 ISR EREITERNE R

kT E 5 R AR 3T I 2 R ) B ) AR R
HITREE N 1 S, e85 ik wb 98 B R 40 ns, Bl 728 9 i
R £ AN 0.1,0.5,1.0 GHz, 18 8] [0 )% 5 5 K
HAR B AR S5 R 25 58 i 4 s, R 4 7]
T, F T K e S A TR BRIl 315 R A A
] I R 0 23 1 39 A, v S Ik ol P 30 Sk o
B 1N 8 P 0 Tk T RE AR A 00 B N
BE. SEFBIBER 0.1 GHz i H . 8 ] 451 R N
0.5,1.0 GHz B B8 BE 43 i 42 &5 83 % 1 91% ., {H
2 IR ) A0 3 1) 388 00 323 s/ b [0 38 A 5 10 4 X g
E ool I B N R RN TR = G L
K. SPEHIBERA 0.1 GHz BFHILE , JAHIBE N 0.5,
1.0 GHz B A9 15 M HE 43 9 %I 1.14 dB F11.32 dB.,
DAL I 7 2 o 4 00 7 7 00 B K R R i M L =2 ) 7 o
T T £ AR

1.0

——0.1GHz 020
——0.5 GHz

—— 1.0 GHz 0.15F
pulse width=40 ns

&=
o0

o
=)

N
'S

018 20 22
underwater target

/f\\ / sea bottom
0 1 vk 1

1 1 1
5 10 15 20 2 30 35
Underwater distance /m

P 4 O Ta] 98 B3R A5 1E T 1Y 1A 5

Fig. 4 Echo signals at different modulation frequencies

<
o

Relative light intensity /arb. units

4.4 iR B X R £ SR H R
i = R T A Ol 18 ) A RO O #F 2 A BTR

22 T 1) 2 M0 K S 30 % 8 R ) o A DL I U0 #%
rhv S R AR O T 23 8 RO AR AR [, 2
BRSO IR 4.2 A1 4.3 R4 SRR Ik v 9
B 278 40 ns FAGIIE £ 0.5 GHz A2, 2%
PAHIGEEE m 4394 0,0.3,0.5.,0.7 F1 1.0, 15 5] [1]
55 S H AR IS 5 AR S5 R i 5 BTk . M
P 5 RT2T, pl T Ik b i 008 o) AT 3 A T BT ok T
55 R L B A A [ . HL Tk b P R K e 5 A
). I A R UR B Y 38, B A OGRS Il A
(1 R R B B . 5 R IR S o B A L, 9
TRIEEN 0.3,0.5.0.7 F1 1.0 B (%) B bx 5] 9% 65 B 247 4%
B TAY S M 4 B 0,05 dB F0.14 dB.
W S R A N B o RS 48 A i R B L LA e H A Tl
I E RSN J=A

1.0

0.12
0.10

[[]]]
SSSSS
HOooo
(=2 [V §VV]

0.08

20 22
underwater target

Relative light intensity /arb. units

/ sea bottom

0 ' /\ '

1 1 L 1
5 10 15 20 25 30 35
Underwater distance /m

B 5 RN 0.5 GHz Mfkih 58 A 40 ns Bt
N T8 I R B T B [l 9 A 5
Fig. 5 Echo signals at different modulation depths with

modulation frequency of 0.5 GHz and pulse width of 40 ns

25 b s ) OL B K BOR h S 80 U X
[ P A5 5 B3 A R0 5 LA B AR AU SR 0 S 56 4R I A
BHIEFE L, SEENEOCE IS RS, 8k
PAHIHOL TR Ik R gl KLU 3R FARE MR LE . 7RI
1l A% SR R A ) A3 R — R RS BT K e i S H
P 1] 3 5 B8 TE R HLAR M U R AR . 4545 S PRl o0
AR R AR B K b SE BE L O 10~ 40 ns. £ 38 i TR
JE R K o 9 B — R BB BT R A B, H AR
IERENUE AT 92 R (R S A (A S ]
ISR P R L a1 VT Sl v € S ¢ B N B S 1
g B — i B B0 R R B B I, A R AR
A I R

5 4% 1w

A EE TS5 R P OB m i SO0 BER
LT A s ) e DK O K T AR AR T By

0401003-6



e ES

2
¥

i

HESL A RERL LT A% G2 Ik b 2 5208 1 i 30 bk o
WOLTE IR MK T 2R A5 . Oy HAS R AR, Bl
6 T 7K ORI ISR 28 00 388 O L A% 4t ok b 9 H s 1]
P AT 5 115 W LU R ARG, 5 2 2 W S AE MR 75 v i 28 8¢
P B A T LU B v F A Bl A5 i X . [
PRI T 485 1R i T 4% 2 B0 I 45 R B S 0 L o3
Il A 8 28 I R ) O T R 8 R R bk o i R L 3R 7
WA A ) TR HEAT R IF AT A R . AR AR
WY i A oK e i JBE A 84 T [0 90 5 5 i AR R £ MR
FURE AR e A Bk b S BE VIR O 10~40 ns. 754 Bk
PR b 58 BE I S B o A0 AR L e R JEE
1o o LA IR LU AT AT 0 S B % 00 5 B8 A A TR L 5
0 RS 2 22 18] 1 rp 2k 5 9 R L AL L R A TR
[ NNISE AN CIR A EREAOR L EHIF SR TS | AR1I Eek 2 /o
15 o ASHIFFE Y AR 0 485 2R AT Ay S B ) ik A 7
WOLTE AT BRI IS5 X4 m A i B A [l 3
HT e R EE AR R

s & X #t

[1] Duntley S Q. Light in the sea[J]. Journal of the
Optical Society of America, 1963, 53(2): 214-233.

[2] Mullen L J, Contarino V M. Hybrid LIDAR-radar:
seeing through the scatter[J]. IEEE Microwave
Magazine, 2000, 1(3): 42-48.

[3] Pellen F, Olivard P, Guern Y, et al. Radiofrequency
modulation on optical carrier for target detection
enhancement in seawater[C]. SPIE, 2001, 4488:
13-24.

[4] Mullen L J, Vieira A J C, Herezfeld P R, et al.
Application of RADAR technology to aerial LIDAR
systems for enhancement of shallow underwater target
detection[J]. TEEE Transactions on Microwave Theory
and Techniques, 1995, 43(9): 2370-2377.

[5] Mullen L, Herczfeld P R, Contarino V M. Modulated
pulse LIDAR system for shallow underwater target
detection[C]. Proceedings of Oceans Engineering for
Today's Technology and Tomorrow's Preservation,
1994 : 4851419.

[6] Mullen L, Laux A, Cochenour B. Propagation of
modulated light in water: Implications for imaging and
communications systems[J]. Applied Optics, 2009,
48(14): 2607-2612.

[7] Cochenour B, Mullen L., Muth J. Modulated pulse laser
with pseudorandom coding capabilities for underwater
ranging, detection, and imaging[J]. Applied Optics,
2011, 50(33): 6168-6178.

[8] Mullen L J, Zege E P, Katsev I L, et al. Modulated
lidar system: Experiment versus theory[C]. SPIE,

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

0401003-7

2002, 4488: 25-35.

Mullen L, Alley D, Cochenour B. Investigation of
the effect of scattering agent and scattering albedo on
modulated light propagation in water[J]. Applied
Optics, 2011, 50(10): 1396-1404.

Mullen L J, Cochenour B, Laux A, et al. Application of
radar technology to underwater detection, ranging and
imaging[C]. Conference on Applications of Lasers
for Sensing and Free Space Communications, 2015:
LM4F. 3.

Zhong W, Zhang X H, Han H W. Irradiance spatial
distribution model of laser source for underwater
range-gated imaging radar[J]. Acta Optica Sinica,
2016, 36(4): 0401005.

B, SRIEIE, w2 KT BE B R AR R A Ot
MREIREHEI[T] . S 4k, 2016, 36(4): 0401005.

Ji H, Ma Y, Yang K C.
modulated lidar on optical carrier for target detection
in water[J]. Optical Technique, 2007, 33(5): 648-
650.

ML, ShUk, Bvenl. I O Rk T B AR R
W15 FA BT L] . SR, 2007, 33(5): 648-650.
Mobley C D. Light andwater: Radiative transfer in
natural waters| M]. New York: Academic Press, 1994.
Liang J, Yang K C, Xia M, et al. Monte Carlo

Simulation analysis of

simulation for modulated pulse bathymetric light
detecting and ranging systems[J]. Journal of Optics
A, 2006, 8(5): 415-422.

LiJ, MaY, Zhou Q Q, et al. Monte Carlo study on
pulse response of underwater optical channel[J].
Optical Engineering, 2012, 51(6): 066001.

Du Y C, Yang L. Confirm of scattering direction and
comparison of two modes in Monte Carlo photons
tracking[J]. Acta 2013, 33(8):
0829002.

KB, #ar . B2 R BB EROGF I BUR I 1 1 2 I
PIRPE A S L B [T]. Jb2E % 4, 2013, 33(8):
0829002.

Xia H, Lin X, Xiao Y Y, et a/. Monte-Carlo simulation

Optica Sinica,

of photon’s transport properties in highly scattering
medial]]. Chinese Journal of Lasers, 2010, 37(12):
3019-3024.

SO, Mod, #Ioot, . 6T TE R EO I B b AL
FEPERI SRS - RO BT P EEOE, 2010, 37(12):
3019-3024.

Liu J] T, Chen W B. Feasibility study of laser
communications from satellite to submerged platform[J].
Acta Optica Sinica, 2006, 26(10): 1441-1446.
X4, WR AR . B EEOLX KT B FREE W AT M
FE]. 224, 2006, 26(10): 1441-1446.

Wu F P, Zhang X, Li P J, et al. Monte Carlo



e ES

2
¥

i

[20]

[21]

simulation analysis of underwater target detection by
oceanic lidar[J]. Laser & Optoelectronics Progress,
2012, 49(12): 121401.

ROV, G, FRAE, F.OEFEEOUEBOKT BiF
W SRR 2 05 5o L] WMot 50t 727t
J&, 2012, 49(12): 121401.

LiX L, Chen Y H, Yu F, et al. Comparison and
analysis of inversion models for water optical property
parameters by ocean lidar[J]. Acta Optica Sinica,
2017, 37(10): 1001005.

ZEede, Bk, THE, . VR EOLE KK O
RSB BRI W KA ] o624k, 2017,
37(10): 1001005.

Pellen F, Intes X, Olivard P, et al. Determination of

sea-water cut-off frequency by backscattering transfer

[22]

[23]

[24]

[25]

0401003-8

function measurement[J]. Journal of Physics D, 2000,
33(4): 349-354.

Toublanc D. Henyey-Greenstein and Mie phase functions
in Monte Carlo radiative transfer computations[J].
Applied Optics, 1996, 35(18): 3270-3274.

Gabriel C, Khalighi M A, Léon P, et al. Monte-
Carlo-based channel characterization for underwater
optical communication systems[J]. Journal of Optical
Communications and Networking, 2013, 5(1): 1-12.
Bohren C F, Huffman D R. Absorption and
scattering of light by small particles{M]. New York:
John Wiley & Sons, 1983.

Gordon H R. Interpretation of airborne oceanic lidar:
Effects of multiple scattering[J]. Applied Optics,
1982, 21(16): 2996-3001.



