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Fig. 1. (color online) The A&nm in positive sound speed profile.
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PR H T A N R KB R, KA S
HHUE S EOK T 28 AL B A 5%, 5 IENALE
Tk, MKW g TERZE 2 B, BRJE FLTH AR S T
— NG E, HIREFHRE N Hy, WS P, H
(T AR IR 2 S B R PRI SR S5, AR
WEFEASS P31 =0, H1 = Hy; 24/KWr 3347
FERZEZ T, S5 P i EARBE IR 5 2 5,
iR P32 = 6.257, H2 = Hy. 1A%
Bt IR HAT T IRAE UL, 1 E R T A,
FEWOK T &8 20 WAL T BRJZ B R B DY Rl oA ] 45
WL, FEIRIRE N 2o, BRWSOKUT BRIREN 2., I HE5 R
Kl 3 .

BT 345 T AN ) 7P el 5 T A 5 T Ik
AT R BB 17 15 9% 41 & B (KT o 322 i S 45
B EARRE S H0m i K T A i E A
(45 35t K -5 I S T A PR K R R TR e H T
HAARI RN L2, ik rT DAE (25) 202
SEATGHLN. BB, ARYE (33) A EIMER Y
P B AR B 45 AR L, 7R 7 R AN

A P ERZ I, AR A A R R
(33) N P, H (3 £ T 3SR T 28 1A
TEEMIERE P H G, 5 (33) LB AL RS
Wit AR A3 B0 45 SRR A R, X T
A R R R T, A C AN R S
He P AV R H I, S 7 YR 00 R TR R R K
S AL BB IR R A R ST R AL . 45 b
BTk, R4 (33) it A B8 IR 2. H
(33) ARN (16) =, 1551

N M
R=>" Y mulH)in(f)
n=1m>nm#n
2

k T

X exp{ —i— (m2—n2)7“/ )

- P
k(H+ ﬁ)

(34)
(34) N B ES T PR 23 18] 35 i 1 9% i 3 3 K
ARSI EE A, /£ |R| = R, B, ATEA
SRR, Bl = r.

max

094302-7


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

8 F iR

Acta Phys. Sin.

Vol. 66, No. 9 (2017) 094302

TR I 8 LD 0 K T2 (TS Y

ﬁ%/Hz

BE /Hz

400 600 800

094302-8

12 13 14
5 -1 5 —4 —0.005
g = = 6 ¥ —o.010
= e H " '
i = = =
23 = = -8 £ —0.015
30 * ‘ * 10 —0.020— ‘
1500 1520 400 600 800 400 600 800 400 600 800
P /ms ! YR /Hz iR /Hz e
15 - 23 24 25
—0.01 ‘ L -2 ‘ —0.005 ‘ —0.010 ‘
—0.0151 N
oY —0.02 oY = —0.01 #
e e e &£ —0.020f--1---
= “ % %
—0.03— ‘ —6— ‘ —0.015— ‘ —0.025— ‘
400 600 800 400 600 800 400 600 800 400 600 800
$iZ /Hz Wi#R /Hz SR /Hz WiZ /Hz
34 35 45
- ‘ —0.005 ‘ —0.005 ‘
= —— R LR
- N e N - Qj:
@ -6 ﬁ@ —0.010 @ ”Jr‘ﬁ"“i
ol g g oo e CH SR
2 3 £ _0.015 &
o2 % %
T ‘ 0.020 — ‘ 0.015— ‘ (=)
400 600 800 77 400 600 800 77 400 600 800
B /Hz BiE /Hz B /Hz
AT R PR L A /KT 2525 (s )
12 13
0.020 0.06
H B 4
& 0.015 & 0.04 =K
% 0.010 Z 0.02 Z
30 : ‘ 0.005 — ‘ 0— ‘ 0— ‘
1500 1520 400 600 800 400 600 800 400 600 800
P /m-s—1 B /Hz $iZE /Hz P& /Hz
15 23 24 25
0.20 ‘ 0.03 ‘ 0.08 ‘ 0.2 ‘
Wogapfi 5 5 s
015" : 0.06
ﬁ £ 002 % &
= = Y = =
T 00| N ¥ £ 0.04 i
> % % %
005700 600 800 0017500 600 800 002760 600 800 07200 600 800
B /e B [Ha Bk Ha B [H
34 35 45
0-10 005 —— PRI
_____ & L
v 4
’W i # 0.04 ¢S B
S = = —mee cHTHBER
= Y 0.05 =
oA e £ 0.03
D % %
‘ ‘ ‘ ‘ (b)
001500 600 800 07200 600 800 0.02


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

) I % R Acta Phys. Sin.

Vol. 66, No. 9 (2017) 094302

EIR)Z B R e
0 , :
E 10
by
K 20
30 ‘ ‘
1500 1520
P /mes—1
15
%
5
=
B
%
—0.03— ‘
400 600 800
. 34
L ‘
Al
~
¥
=
=
o
% : ‘
10700 600 800
ARiER /Hz
EWRIZ R
0 : :
g 10
~
B
¥ 20
30 ‘ ‘
1500 1520
i /m-s—!
15
0.20
e
5
=
H_
%
0.05 —
400 600 800
E /Hz
34
W
®
=
[
%
00100 600 800
"l 3

AR RS PR LEE 0 7K PR A2 (TS )

o

IR

KPR

13

S
—
S~
e
&
=
B
¥ oL ‘
400 600 800
PR /Hz
24
—0.005
—0.010
—0.015 — ‘
400 600 800
45

—0.005

—0.010

—0.015

400 600 800
WK /Hz

AR PI f8 LE I 0 KPR (TS Y

12
-1
o
—
~
B
=
=
B
% . .
"7 400 600 800
23
T -2
o
—
~
&
;ﬁg b
oS
o
X ‘ ‘
"7 400 600 800
35
—0.005 ‘
%
& —0.010
%
g —0.015
—0-020 550600 800
ﬁ%/HZ
12
0.020 ‘
&
& 0.015
§§ ‘
g 0010
0.005 — ‘
400 600 800
#
®
=
e
%
0.01— ‘
400 600 800
iR /Hz
35
0.10 ‘
#
=
=
B
%

400 600 800

13
0.06 ‘
%
F 0.04
=
EZ 0.02
oL ‘
400 600 800
24
0.08 ‘
%
5
=
[
ES
0.02 — ‘
400 600 800
iR /Hz
45
0.05
B 0,04 N
z o
=
B 0,031 N
%
002750 600 800

(b) zs < Ho, zr > Ho; (C) zs > Ho, zr < Ho; (d) zs > Ho, 2y > Hp
Fig. 3. (color online) The A&y,m in thermocline sound speed profile. The positions of source and hydrophone

are: (a) zs < Ho, zr < Ho; (b) zs < Ho, zr > Ho; (¢) zs > Ho, zr < Ho; (d) zs > Ho, zr > Hp.

094302-9

14
—0.005

—0.010

—0.015

—0.020

400 600 800
BE /Hz

25

—0.010

—0.015} X

—0.020

RS

—0.025— ‘
400 600 800

— FEEA AR
CitFLR
— cHITHHR

(e)

AP

400 600 800

25

0.2

KPP

oL ‘
400 600 800
Wi /Hz

PR SR
I
— cHIHHHR

(d)

(FITIR 1) 35 BRJZ B4 A S TR T ) A, Seoft, A IRAERBOK TS KA BN (a) 25 < Ho, 2 < Ho;


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

) I % R Acta Phys. Sin.

Vol. 66, No. 9 (2017) 094302

5 BRfTAEER
MieF ZRRR TR

N SR IR W BE VR A R, AR SCRHT T
BRIV A T A RN S50 G H Ab 3. B0 K T AER —
WA TR BE & A M B S5 . R EHE S
RV KIS 5, 7 558 200600 Hz, YUK
PR B O EUE VS N 525 km, HRET B A 16 3 52t
ATAEER. Gy ) S 2 SN (33) 2k B D
Wy, PR EAR BN V30N PL, AU T
FEAF RN DU N P2, WiFREE DL NI e 45

P1TFHPTHLES R

5.1

—
o
I

PURLZsE | R| /107
[
PCRC4E SR | R| /107
[ V)

0 5 10 0 10 20

PSRLZER: | R| /107
PLRLZESE |R| /106
1

AN EE 45 R 40 B 4 B

M PRI IEAS BRI B 45 2R ke 1 ).

HEAMEB 1WA, EAFEE T, BEHH
RS R #E DU R BR 45 AR ZE KT 1%,
M (33) A5 2 075 DU I R 45 ROR Z AR T 3%,
P e SRR A K. R R AR P DL TR B 2
RHEAT LOARL, A SCHR W A7 A5 2T B 45 R AR 2
WK, BN BRI R FEA IS AL, 1t
AT RAS B P UL S LA O RN K R
T LA S VRN I S HO i Ak b, Do, IR
FE T FE 32 A

P2 FHPCHtEs

5 5 5 2

< =

= = [

e ® ! /J

& $

= =

Bl Bl

OO 5 10 OO 10 20
PEES /km PEES /km

10

VCRCZER | R| /106

VCRCEE 4R | R| /106
w

0 0 0 0
0 10 20 30 0 20 40 0 10 20 30 0 20 40
PEES /km BiES /km HiES /km g /km
g 2 —— PR §10 —— PR
= ~ o rn
= A ———— BRI = ﬂ =~ SEbREE
B 1 G i HEES ® 5 : TR
: L . s .
= 1 [
g ] g W)
0 20 40 60 0 20 40 60
#EES /km g /km
K4 (TR0 PRSI N ILER S, R
Fig. 4. (color online) The matched results in two replicas.
R PIRE DU T ROMIEE SR
Table 1. The range results in two replicas.
SERREE B /km
5 10 15 20 25
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. FEES /km 4.88 9.78 14.91 19.93 25.11
P2 THINEESS R
"7 /% —2.4 —2.2 —0.6 —0.35 0.44
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Table 2. The range results of 38 explosion sound signals.

SERR 4 (33) Rl P& Kraken il #f

gkm GRAm 0 g
1.797 1.797 20.10113 1.653 10.477
2.372 2.372 14.5221 2.412 16.45333
4.246 4.246 7.636432 4.2 6.470329
6.153 6.153 8844919 5917  4.670142
6.801 6.801 7.938126 6.529 3.621236
7.46 746 4.203712 75T 5.740228
8.079 8.079 —0.71587 8.275 1.692807
9.249 9.249 5.711121 9.287 6.14544
9.92 9.92 5.303216 9.989 6.035668
10547 10.547  4.974896 10433  3.840248
11.782 11.782 4.433866 10.765 —4.58067
12.329 12.329 4.225543 12.225 3.346359
12.777 12.777 2.409743 12.81 2.674243
13.321 13.321 2.312787 13.201 1.391119
14.178 14.178 3.6543 13.429 —1.82158
14.927  14.927  3.465251 14874  3.007886
15.533 15.533 3.325576 15.429 2.633768
15.949  15.949  1.926005  19.802  26.54955
17.447 17.447 2.953181 17.395 2.646334
18002 18002  2.842791  19.321  9.828062
20.491 20.491 2.503535 20.354 1.818211
22.335 22.335 2.291241 20.546 —5.90213
23.261 23.261 2.194585 23.351 2.58999
27351 27.351 1862272 26532 —L1.1879
27.631  27.631 1101002 27550  0.837557
28.126 28126  1.080628  27.593  —0.83489
28.4 284 LO7I576  28.242  0.509276
28.727  28.727 1059818  28.019  —1.43088
20207 20.207 1736649  20.001  1.021294
20303 20.303 1038150  28.875  —0.43761
20356 20.356  0.682436  20.284  0.435497
20067 20.967  1.605637  29.732  0.808143
30075 30.075 1010335  20.945  0.573715
30320 30320 1.004012  20.801  —0.45465
30578 30578  0.993363 30019  —0.85291
30937 30937 0981581  30.845  0.681284
31432 31432 1614850 31292 1.16226
31640 31649 0961484 31671  1.031664
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Abstract

Aiming at the passive impulse wideband source range problem in shallow water waveguides, a passive source range
method with single hydrophone based on the matched mode processing is presented in this paper, the method is applied
to the shallow water waveguide with a bottom of liquid semi-infinite space. Warping transformation is a useful tool to
separate the normal modes of the received signals of the impulse source, and the frequency domain signals of each order
can be obtained. The seafloor phase shift parameter is an important parameter describing the acoustic parameters of the
seafloor, which contains nearly all the information about sea floor, what is more, the seafloor phase shift parameter is
also an parameter that can be obtained by some experimental data easily. Each order normal mode can be represented
by the expression that contains the phase shift parameter of sea floor. What is more, the influence of sound speed profile
of the waveguide on eigenvalue can be approximately eliminated by jointly processing arbitrary two-order normal modes.
Sound speed profile has a similar influence on eigenvalue of each order normal mode, therefore, the difference in the
eigenvalues between arbitrary two-order normal modes can be approximated represented by the phase shift parameter
of the sea-floor, the sea depth and the mean speed in the waveguide. In this way, the phase replica which consists of
the eigenvalue difference of each two-order mode can be calculated simply and quickly, and then by constructing cost
function and matching normal mode, the underwater impulse source can be located. Compared with the traditional
method of processing matched mode and the method of processing matched fields, the method presented in this paper
has two advantages: using warping transformation instead of hydrophone arrays to separate the normal modes; the
replica can be calculated quickly and easily, depending on a small number of environmental parameters of waveguide.
The effectiveness and accuracy of the method are proved by the results of numerical simulation and sea experimental
data processing, in which the signals are both received by a single hydrophone. The sea experimental data contain linear
frequency modulation impulse source signal and explosion sound source signal, and the mean relative error of range
estimation is less than 10%. In the end of this paper, the range estimation error is analyzed, indicating that the error
originates mainly from the mode phase parts besides the phase part of Hankel function. Consequently, finding the ways

to reduce the range estimation error is an important project in the future.

Keywords: shallow water waveguide, phase shift parameter, matched mode, passive range
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