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Fig. 1. Differential energy detector.
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Fig. 2. Single vector differential energy detector.
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T @ svr—o dB(in band) —e— BRI
180f Iy
170}
160}
150}
140}
130}
120F
110F
100

Position

5 10 15 20 25 30 35 40 45
Symbol No.

190F
180}
170}
160}
150}
140}
130}
120}
110}
90

(b) . —o— SThR iz
SNR =0 dB(in band SKbRIINL
(i band) it

Position

5 10 15 20 25 30 35 40 45
Symbol No.

Ka (TR E) LR IT7 AR (a) SR HE);

(b) AR H]

Fig. 4. (color online) Real-time orientation estimation

results: (a) Uniform rate of rotation; (b) variable rate

of rotation.

044302-4


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

38 % 3k Acta Phys. Sin.

Vol. 65, No. 4 (2016) 044302

Position
w

—15 ;10 7'5 (IJ EI') llO 15
SNR/dB (in band)
KI5 Dyt 807 R 22 ih 2k

Fig. 5. Direction of arrival estimation root mean

square error curve.

100

BER

—— ZESrRE RGN G
—o— B R IE S RE RGN 25

—4 L L L
10 —35 —30 —25 —20 —15

SNR/dB (in band)

6 (FITIRE) Ei REHERERTLL
Fig. 6. (color online) Performance comparison of
direct-sequence spread-spectrum system with different
methods.

4.2 K&EELAE

2015 4F 1 H 76 K& 5 1l & 3 i gk 47 T
BRI 8 S0 E e, 358 i R A
20—40 m, & KIEEFEE 10 km. X560 4 K
PR ALK, 1K A 45 2 U 5 H AR A A AR e a8k
A BT 4T RS Y RGBS P AR 10 kan B
BB EE, 7T ELIA 7 2 5E I ) Ok EG
B XRS5 1 AR SO WU AEAE AR IE 3)), 18
BIRELIN0.5 m/s. FAh, BRSO T RIRAE TR
I 1B 5, DR R B R AR S 2R K T 28 1)
T3 LK B R[] 2 AR AR Ak

WX EY KRESHCN: W4 kHz, H P
O AIE 6 kHz, K FH AR B 4l i, 5407
H 3% F R BN 511 B m FR 8. R % B0HE 48 i &
180 bit {5 B, koM. KL TilfEHE N

10 km B, R BT 8 A5 5 B s B, T
A $l v, Mo, SEIE 55 04K P B2, X
A R BRI SR A B B S A A T 4.

fini

25

20

15

Time/s

10

Delay/ms

7 (M) LK S EE
Fig. 7. (color online) Underwater acoustic channel

measured by sea data.

200 T T T T

p channel
100 [

Amplitude

—1001

1 1 1 1
0 5 10 15 20 25
Time/s

—200

200 T T T T
v, channel
100

Amplitude
o

—1001

0 5 10 15 20 25
Time/s

—200

200 T T T
v, channel

100 [

Amplitude
=]

—1001

—200
Time/s
8 REUKWrEHEE—

Fig. 8. Vector hydrophone received signals.

kb, B8 R RS S IR B R EL A O
0 dB. J4 1 it — D IRk 5% B 22 ) g B A I 2 1K
R MR LR A T HOARE M, XRS5 BN e

044302-5


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

38 % 3k Acta Phys. Sin.

Vol. 65, No. 4 (2016) 044302

FIWE A, (A3 IS 5 A5 e LIS ) —18 dB.
O 25 Y 1 A 5T 2o 75 o 2 1) O A T BRER 45 2R,
MBI LRI BUE ), R0 5 i, Bllom
TN SIE R e 5, 3 BUR BRI 8IS 5 1
T RE I 18] K AR AR

120

100

80

60

Position

40 +
——SNR=0dB

——SNR=—-18dB -

20 i

0 20 40 60 80 100 120 140 160 180
Symbol No.
9 (TR ARSI AN 7 R e TH 45 R
Fig. 9. (color online) Azimuth tracking and estimation
results in different SN R.
60°

- AN
COOX
A

90°

0°

A\ L

e
N

K10 p+ 2vc H—fLfRmH

Fig. 10. Normalized directivity of p + 2vc.

<\ 330°
VI

300°

270°

MEOF LLE H: fEEMR AR (SNR =
0 dB) I, 75 V57 32 75 5 2% (1 77 0 BR A 1 45 1
PR MAEMS MBI (SNR = —18 dB) I, 4
S 141 75 50 4 1 7 7 R B A R A5 SRR AE T ORIk
AR XN N BE (S M L B R B, (12) A1 (13) 2
1 /N TP R ECOK, 50U 3 R R A
il iR E K. TR RS A, K
Sof JE— A5 $ v A RSP 350 7 SRR T LA B A
LeEAT B 78, DAUR/IN A Y5 SF 24 7 i 2% E IR A5 e Lk
A NI AL T TR R 25, BAR, FEE LN
—18 dB I, A Y535 75 a2 7 A BR R A T 45 SR Bk
ARG R (B R T AL A T 22 N 12°), (HELY &

GRS R EA GBI, 1040 T
p+ 2vc MVA— AR L, AT LUE BIE £30° E B N
P ] B RS K AL B

0.06

©
o
©

Amplitude
=)

—0.02 f

—0.04

—0.06 : : : s
0 5 10 15 20 25
Time/s
K11 ARG EY KRG VUHIC R 45
Fig. 11. The output of matched filter of traditional

direct-sequence spread-spectrum system.

2.5 . . . . . . .
(a) — A
— M2k At
. 2.0}
=
—
>
g 15¢
=
=
2
g 1.0}
<
0.5F
0 n n " n
0 50 100 150 200 250 300 350 400
Samples
0.018 . . . . .
(b) A LB
0.016 | — HIEE IR =
S BH oA ) Ak L
0.014 — kR 2dimiAE =
Q
se]
=
=4
B
g
<

0 50 100 150 200 250 300 350 400

Samples

K12 (MTRE) MR REmbdiR (a) ZoaeEn
s; (b) HREZEIREEAT IS

Fig. 12. (color online) Output power of correlators:
(a) Differential energy detector; (b) single vector dif-

ferential energy detector.

G EYT RGKR RN EY 55 5 AT
BUFE B BEAT #5 VAR SR AL AT 1) — R B A Sk I, 8
T AW A DG U AT AR D X % B K T 8% p il TE 2K

044302-6


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

) I % R Acta Phys. Sin.

Vol. 65, No. 4 (2016) 044302

AT L E Y R GRS, $5 VA AL B 45 R 4
B 1L fros. T AR 21 H AR S I 32 0 A Aoz 1k
AR SN P EE, IR 2R 25030 g G I A S U AR AL L L
RA. T B AR R 2 70 e A I A L RE B A 4 Ty
AT LUA R0 ) B A S B AR R s

K12 45 1 2270 Be B A I 2 AR R R 22 ) g
SRS B8 7E A5 M L — 18 dB B ) A A B HH X L
WLVER], TSRS T RELEERS, RREE
73 Ae FEAG I 25 0 7 > AR < 2 o HH RE R WD &, A
K12 (b) fross; AR 1 75 R I TE ) 22 70 RE &
LN % A 5% 2% Bt RE R ZE AR, B LR, A
K12 (a) Fis.

K13 25 Y 1 B R B 72 7 RE B A M) 25 215 TR L
N —18 dB 26 #F T HIHT 10 bit 15 AR5 R 45 2,
R LA B RE bit X B A 5C 25 i Y AE R 22 (E YR,
RIS RO REF. BT RIEBIEAR, BT8R REE
SrREEATIER I EY RIS T oL, i
UE 1A SCHE A B B R  RE R A% SR I AR
EME.

— Mg
— MR E2A A

1=3
|
1=3
|

beln bep

0010011110

Amplitude
o
o
=
=

10 8 7 6 5 P
Symbol No,

B 13 (MTIR ) B 22 0 B R A I 2 Hh 25 TR
Fig. 13.

differential energy detector.

5 & W

ARIEXEY ZGRE MR REZ ) REER
D% S5 VLY A 5 i D Sy AT A B s 5
(¥, AR AE A BEAE AR SR AN BT 5 IS 5
I, OB 2 7y e B AR 4 P SR ER R A T 2 AT A
Bifd B, RIERGURS RO B 2. 4k, R
B2 RE B AT I A% T A YT Y P SR AR AT AR 4 S
P 175 0 R Al - BB =R DAY A R A iR A s B

(color online) Outputs of single vector

ORI RE R A B BUE M PTG
BRAR M 3 T RE R, AT AE MRS e b 26 AR T AR
€ LA, HAZSk a5 5 Sl

ERBM TR it b R REZE ) fiE
G DN 8 E B 73 22 1k 2R 4 b R 82 T F 9T DA K B ]
e v AT YT 20 7R o A AR RS M B AR R A B T
PESEAT T BT RLAL TR L.

SE

[1] Stojanovic M, James P 2009 IEEE Commun. Mag. 47
84

[2] Yang T C 2012 J. Acoust. Soc. Am. 131 129

[3] YinJ W 2011 Principle of Acoustic Communication and
Signal Processing (Beijing: National Defense Industry
Press) p20 (in Chinese) [BAIfH 2011 /K 751815 JR 2 L A5
BAEEA (Jest: EB TR 5 20 7]

[4] Ye P C, Pan G 2015 Chin. Phys. B 24 066401

[5] He C B, Huang J G, Han J, Zhang Q F 2009 Acta Phys.
Sin. 58 8379 (in Chinese) [fil s, BEE, i, ki«
2009 B4R 58 8379)

[6] Yang T C, Yang W B 2008 J. Acoust. Soc. Am. 124
3632

[7] Yang T C, Yang W B 2008 J. Acoust. Soc. Am. 123 842

[8] Stojanovic M, Freitag L 2000 OCEANS 2000
MTS/IEEE Conference and Ezhibition Providence,
USA, September 11-14, 2000 p123

[9] Zhou HY, Li L F, Chen K, Tong F 2012 J. Electron.
Inform. Technol. 34 1685 (in Chinese) [J#K#F, 2275722,
W, g 2012 7 515 E 24Kk 34 1685]

[10] Nehorai A, Paldi E 1994 IEEE Trans. Signal Process.
42 2481

[11] Song A J, Abdi A, Badiey M, Hursky P 2011 IEEE J.
Ocean Eng. 36 454

[12] D’Spain G L, Hodgkiss W S, Edmonds G L 2001 IEEE
J. Ocean Eng. 16 195

[13] Hawkes M, Nehorai A 2001 IEEE J. Ocean Eng. 26 337

[14] Yin J W, Yang S, Du P Y, Yu Y, Chen Y 2011 Acta
Phys. Sin. 61 064302 (in Chinese) [BHifh, ¥ 7%, HM
F, R, BRBA 2011 Y73 61 064302]

[15] Hui J Y, Hui J 2009 Vector Signal Processing (Beijing:
National Defense Industry Press) p24 (in Chinese) [2
RIE, HIE 2009 KEFEFABER (bxt: FHP7 Tk
Wtt) 3 24 1)

044302-7


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=4752682&tag=1
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=4752682&tag=1
http://dx.doi.org/10.1121/1.3664053
http://dx.doi.org/10.1088/1674-1056/24/6/066401
http://wulixb.iphy.ac.cn//CN/abstract/abstract15072.shtml
http://wulixb.iphy.ac.cn//CN/abstract/abstract15072.shtml
http://dx.doi.org/10.1121/1.2996329
http://dx.doi.org/10.1121/1.2996329
http://dx.doi.org/10.1121/1.2828053
http://dx.doi.org/10.1109/OCEANS.2000.881246
http://dx.doi.org/10.1109/OCEANS.2000.881246
http://dx.doi.org/10.1109/OCEANS.2000.881246
http://jeit.ie.ac.cn/CN/abstract/abstract15996.shtml
http://jeit.ie.ac.cn/CN/abstract/abstract15996.shtml
http://dx.doi.org/10.1109/78.317869
http://dx.doi.org/10.1109/78.317869
http://dx.doi.org/10.1109/JOE.2011.2133050
http://dx.doi.org/10.1109/JOE.2011.2133050
http://dx.doi.org/10.1109/48.84136
http://dx.doi.org/10.1109/48.84136
http://dx.doi.org/10.1109/48.946508
http://wulixb.iphy.ac.cn/CN/abstract/abstract45515.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract45515.shtml

32 % R  Acta Phys. Sin. Vol. 65, No. 4 (2016) 044302

Direct-sequence spread-spectrum underwater acoustic
communication based on single vector differential
energy detector”

Yin Jing-Wei’ Du Peng-Yu Zhang Xiao Zhu Guang-Ping

(Acoustic Science and Technology Laboratory, Harbin Engineering University, Harbin 150001, China)
(College of Underwater Acoustic Engineering, Harbin Engineering University, Harbin 150001, China)

( Received 9 September 2015; revised manuscript received 21 October 2015 )

Abstract

By taking advantage of spread processing gain, the direct-sequence spread-spectrum (DSSS) for underwater acoustic
(UWA) communication system can be carried out at low signal levels, which is the preferred method for high-quality
UWA communication and remote UWA communication. However, phase fluctuation caused by complex marine environ-
ment seriously affects the performance of spread spectrum system, leading to the reduction of spread processing gain.
Differential energy detector is proposed for DSSS UWA communication system in this paper, which has a good ability of
anti-carrier phase fluctuation and multi-path interference by detecting the output energy of two correlators. Differential
coding can avoid error propagation when determining the relationship between adjacent symbols. Differential energy
detector combined with improved active average sound intensity detector is further proposed in this paper, which can
get vector processing gain by updating the estimated azimuth so as to make the system operate stably at a low signal
to noise ratio. Improved active average sound intensity detector also has the ability of anti-carrier phase fluctuation,
and the feedback code bit information of differential energy detector can ensure that the processing gain of improved
active average sound intensity detector is not affected by Doppler’s accumulation. Simulation and Dalian sea test have
verified the robustness of single vector differential energy detector algorithm. Using the single-vector differential energy

detector, good performance is achieved for a signal-to-noise ratio as low as —18 dB based on at-sea data.

Keywords: underwater acoustic communication, single vector, differential energy detector, active

average sound intensity

PACS: 43.30.4+m, 43.60.+d DOI: 10.7498/aps.65.044302

* Project supported by the National Natural Science Foundation of China (Grant Nos. 51179034, 61471137, 51509059,
61501061), the Fundamental Research Funds for the Central Universities, China (Grant Nos. heucfd1506, heucfx1505), and
the Ship Pre-research and Support Technology Foundation, China (Grant No. 13J3.1.5).

t Corresponding author. E-mail: yinjingwei@hrbeu.edu.cn

044302-8


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.65.044302

	1引 言
	2差分能量检测器
	Fig 1

	3单矢量差分能量检测器
	Fig 2

	4仿真研究及海试验证
	4.1 仿真研究
	Fig 3
	Fig 4
	Fig 5
	Fig 6

	4.2 大连海试试验
	Fig 7
	Fig 8
	Fig 9
	Fig 10
	Fig 11
	Fig 12
	Fig 13


	5结 论
	References
	Abstract

