Chinese Physical Society

Mﬂﬁﬁ Acta Physica Sinica

. Institute of Physics, CAS

RIEI S T 59 2 B IE K AY warping ZE iR

BER AL KA

Warping transform of the refractive normal mode in a shallow water waveguide

Qi Yu-Bo Zhou Shi-Hong Zhang Ren-He

5| {8 & Citation: Acta Physica Sinica, 65, 134301 (2016) DOI: 10.7498/aps.65.134301

7 2% %13 View online:  http://dx.doi.org/10.7498/aps.65.134301
2114 7% View table of contents: http://wulixb.iphy.ac.cn/CN/Y2016/V65/113

AT RERCL B BB S &
Articles you may be interested in

= YEA AR IR B -0 T RE B AN
Three-dimensional adiabatic mode parabolic equation method and its applications
PP 27 4%.2016, 65(3): 034301  http://dx.doi.org/10.7498/aps.65.034301

LT T 3 A R B INASL ) B O e 7K W 8 A A ) DN 7 VO 9

Source ranging based on frequency band decomposition and distance weighting using a single acoustic
vector sensor in shallow water

Y= 4.2015, 64(15): 154303  http://dx.doi.org/10.7498/aps.64.154303

—FhEE T B-warping A2 #5514k 20 A YRR S A 1T T vk
A passive source ranging method using the waveguide-invariant-warping operator
YH 24,2015, 64(7): 074301 http://dx.doi.org/10.7498/aps.64.074301

KA B R IR R & S e B
Mode coupling and energy transfer in a range-dependent waveguide
PP 2EH%.2014, 63(21): 214302  http://dx.doi.org/10.7498/aps.63.214302

TRHEN BRI T IS AR B AR B

Time-varying characteristics of the waveguide invariant under internal wave condition in the shallow water
area

YH % 40.2014, 63(19): 194303  http://dx.doi.org/10.7498/aps.63.194303


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml
http://dx.doi.org/10.7498/aps.65.134301
http://dx.doi.org/10.7498/aps.65.134301
http://wulixb.iphy.ac.cn/CN/Y2016/V65/I13
http://wulixb.iphy.ac.cn/CN/abstract/abstract66519.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract66519.shtml
http://dx.doi.org/10.7498/aps.65.034301
http://wulixb.iphy.ac.cn/CN/abstract/abstract64808.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract64808.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract64808.shtml
http://dx.doi.org/10.7498/aps.64.154303
http://wulixb.iphy.ac.cn/CN/abstract/abstract63737.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract63737.shtml
http://dx.doi.org/10.7498/aps.64.074301
http://wulixb.iphy.ac.cn/CN/abstract/abstract61537.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract61537.shtml
http://dx.doi.org/10.7498/aps.63.214302
http://wulixb.iphy.ac.cn/CN/abstract/abstract61060.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract61060.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract61060.shtml
http://dx.doi.org/10.7498/aps.63.194303

) I8 ¥ 48  Acta Phys. Sin.

Vol. 65, No. 13 (2016) 134301

%N ST 5T S B IE K A warping TR

BEH AL

TKA=Fn

(FEBFEE R AW, (R B E X AP %, Jbet 100190)

(201641 A 12 HU&HI; 2016 4 4 A 15 HI R E0H )

Warping 224 A LS I /K W 25 e IR 35 3 (0 131 1IR3 70 1. A SCIRHR 17 70 P S o R P52 20 P 0/ N ik
WIS AT S R IR warping 28 #t. FRARHET 1 HE /KT 3 2 0] 1R K140 SR (57 B Wk I AR AL 1) 2
IR, dESE AR AR warping BT, FH T B EAEBEAT T IRIE. ASCH B HE SRR R R
TP T g KA S K B K T AR 7 R L 2 AR A R i 5

K H#1A]: warping A8, [ IEI 5, PSS I

PACS: 43.30.Bp, 43.60.Jn, 43.30.Wi

1 5 =

KNS 5 BHAG B PR B, B A7
2 B K Wy 23 USUAE 5 v 20 B AR BT 1R 1)
— PR BT R R, RS S
25 ] IE PR AE I AP T AR AR IR B e ik, XELL Sy
B, O T R B A RS T R R . T LA,
RN RIT A6 226 53 5 A AR R AR 45 6 1015
S AL 7. Warping A8 # J& H o I — NI 5T A
45, Baraniuk fl Jones ! ¥ VN T8 540 5
AbBE. K5, warping AR # g — ik T ] IR UK
ATUHICRE T R4 5 A 3 v, Jd 3o 7 A 3 B3 Ak
b B R 5E D% RS 5 AT HRFE, B A4
e~ A2 1 75 AL 3815 5 A8 oy 2 A RE 8 A0 2 IR o R
AIAE 5 B R 2 I AE TR KPS . X, alid
] R 18] AT B I Jl A T R A A T LA S
T3 4 B, 17 T 38 e 0 AR e ik 5 3 ke ) B ik
A (R EAT A R () 23 B AR BE. %07 V5N 75 22
BN 7K T s B RT ST I 9 (0 8, 38 TR U
TR BRI B8y 2% A

H 7, B WA A > SCHR X warping 22 46 1)
PR AN 3647 T W 9T, Warping &4 g H T

* HERFEERE E RO P B AR
t IH{E1E#. E-mail: shih zhou@mail.ioa.ac.cn

© 2016 FEYIEF S Chinese Physical Society

DOI: 10.7498 /aps.65.134301

VR IR BT 2 MR B0l sl e R e A O B
B4R AT 181, O A E pR B B ). BRI
SCHR [10] 45 H T Pekeris 3% 5 10 3T A0l 47 Bl 2 X
warping 5, {H & I LUK A R, 18 1F Ik 28 5 B
I, warping A% 4 J5 [ 591 58 I AN 74 45 T FLAE LB A0
. SCHR (11, 12) 5 38R0 B8 5 28 187 1E 8 3 18
(BDRM E i) 131 45 H T Pekeris il 5 J 25 75 3%
V7K 5 18 E R B B A A 0 ER e R A K, Rk
P T8 IE B S5 warping H TR bR iR S BM
YK FE R R R, SR (1417 E BT T
B 5 E A S BB warping A2 H B8 B T
XS 5 A B AR e 75 BER IS 5 20K N A] ) PR
ill, # warping 4% #e 4 7 B JE Bk b IR, SCER [18]
¥ warping G HET B KFAR LR S

WA 2 # warping 51 HAS 6T G A2 W R
ST R, EEE AT R G 2 A IRk A
P P I i 5, BV /K 75 o AN A B 55 7% (1) 38 5.
X T4 G 2 IR E EAE A, BT S
% ] 1 I R I S 28 7 I R AR I 1 22 S, IX Lk
warping 5 ARG, SCHR [14, 16] HR 35 B3 S A
A A P 18 T KT B AR AR A OG R
o5 tH T U K AT S 2R 06 I % LA G BRI BT warping B

http://wulizb.iphy.ac.cn

134301-1


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.65.134301
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 65, No. 13 (2016) 134301

T, RS T AR ROIEA S R IE A B MR DA
ERTFUR R, ARSI BN TR R K R T IR L
LTI S, MWELR B Wi K 3T 5 25 I
T BATUHICRR 14, 26t 17 TR R 7K T 98 20 AU A A3 fe
M I AH A i R 3K 20, I H b A2 H A7 S 2R 1T TR Y
warping &1,

2 T & K 8 1E 9% A #U4F M K warping
%

RGP AN AR e T 3 A N K R R IUE
SRR — R AR IE B N E’Jﬁﬁiﬁ o1,
Je—JT[/4

o(z2) \/8? Z VY (28)Ym (2r)
oo (@) ke ) 1
Vhm@w) W
Hodr w NI, ke, (w) N m 5 7 1IE P 1 KF
BE (W) NEE m 5 18 B IR REL, m(2)
1T T3 BV ARAE BRERL, 2 FH 2, 5390 9 70 R R A 42
WCAR RS, r NSORBEES, p(2s) N 75 YR AL 1) 3 7K 25
FE, M ks AR A BB R R S(w) N
PR TRk SR, S(w) = 1. BT BRI E R

Z A eJkTm(w T (2)

Jn/47/)m (Zs)wm (Zr) e amWr
(25)/ 8Tk (W) .

Plw,r,z) =S(w)————

fﬁl:}:l’ Am(w) =

2.1 SEKITETEEIER KR HRIER
XoF T TR TR G M S R R T, KR
MO LRIR N
c(z) = co(l — az), (3)
ot co 9T Ab MK R TR, 2 /KR, a T 3R
7N PR A RN, TSP RIS, o < 1.
M3 Wentzel-Kramers-Brillouin Y181, f& 1E
IKFIEE Ky (w) T LAIE I AR T 1) 7 R 3R A 20,
¢(krma W) + A¢dn(krma UJ) + A¢up(krmu UJ)
=2(m—-1)m m=1,2,3---, (4)
Fordt @Ky, w) 918 IE P AE AR AR AL 36— N 5
HIAEF,

22
O(kpm,w) = 2/ k.(z, krm)dz

—2/ 1/ —k2,dz,  (5)

21 M 2o 53 9 T (2 = 0) *D{E}EE (z = d) B 2

k.(z) = OM L F i 5. b T 48 3 i i R 9 5,
RIS Adqn (krm,w) = 0. Hkpy > w/co
IF, 7 5 167 5 U AE W K b RO R R AR AR RS
Abup(kpm,w) = —10/2 101 Mk~ w/co b, R
FA Adup (K, w) FITHE AR J) BAR TR 732
Z: WOCHR [13]. ABRARHE T T (8, A% SO 47 5 25 14
BB Ay (K, w) Gt — BN —m/2, J53CH
(0 B 500 A B 5 SR 2 F 18 el e BN 1R ] IR YR A
RI=RAN-AVN >{%J:J‘$%§MJQ)\( ) A1

/\/ l—az —kgmdz
(-3

Horr, h R, ¢ N B RRIE. (6) /2] A

E
h w 2
/c \/(00(1 - aZ)) ~Hnds
h
z/ \/kg(l +2az) — k2,,dz, (7)

B, ko = w/eo. MR (6) A1 (7) 3T EAT

q:
1 3na(m — 3/4)1%/®
krm =w
2(h) wed

= — l—blw 2/3

c(h)

H,

(9)

X TAR R AR IT S W BB, byw ™ < 1. H
(8) AR H5: 28 8 € IF ] 45 ] 1 A~ 6 K 1 3 A

bim = [?ma(m - 3/4)63(h)] 2/3.

2
Co

iR
SO SRR TS
b 5 (1= o™
_ W Lhim oy
2 (10)

2.2 i warping &

AR (2) A1 (10) 3K, H 7K 31 55 S BT 1E 97 (0 A3

M 1/3
= 3 Am(w)elte it (1)
m=1

134301-2


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

¥ 12 ZF R Acta Phys. Sin.

Vol. 65, No. 13 (2016) 134301

Hor, 5 30N

t, =r/c(h). (12)
P B 5 R I (8] ¢, (BRI 21 ¢, 58 SCA 0 I %))
P23 AH AL 1 edwh T SR T AR warping A8
e 55 BBk R I I N IEAE, K5 5 7 N E R
¥, RIS S RE AN

Pi(f,t:) = [P(2nf) e 210"

M 1/3 ¢1/3
= N Ap2nf)esttm @O (g3

m=1
s, fONER. B warping AP AR B A 5 A
FAARL AR Z AR AN G 22 10 bR B, AE AN B 5
AT AR AR, 4338 # J 15 5 BUUORR 57 it A0 8 24

PEAAL. WR¥E (13) X, & S /KT 55 S faf 130 (4 43
3 warping 2 # 51K
h(f)=DFf?, (14)

Hrp DA—% %, BT RUEMR warping 242 #t 8
KA B LB IR AR AE 5 AN B E 5 R UG
{E5 0 A e K I E S X, ZE 5 3R [14]
Bt suof 7 TF I8¢ L AH 5% BR B A warping B 1 2R AL,
D BUE T EEZ SR A FEA IR, AR ¥ 5 1 i
IR AR

FWA{PL(f,t:)}

dh §:<A (2nDf3)

x @iztebimD 1/3(2“)1/3f (15)

Hep \/dh(f)/df = /3D f2 NREESHERT. H
b X rb T TR 3 ) AREAE A7 BT N, A warping B
T h(f) FT LAJE] B R AN [5] 5 17 1E 5 A2 A IR SE AN [ 1)
Jok b R . B e ] TR AR R ) bk e e A1) 4 IR
I} 8]y
_1DYemt? r
™2 2 b)) ™
= D'3275/3[3a(m — 3/4)c3 (k) /2]*/*r. (16)

AU, warping A2 # i ok S SE B A P V5 s 2t
WK, WA ] IR 5 B RGOk, B 5 KA
T T AR R A R

XF 2 T8 IR A
3 [21]

V() = V()] 40

(] P 2 30 IR,V TR S S R AR

_ (po/p(h))sin® — \/(c(h)/cp)? — cos®d
~ (po/p(h)sind + \/(c(h) [ey)? — cos? 0’
(17)
bR, 0 B A, oo A ey 23 R A LA
PO AT T S SR T B A 0 AR, R A
FH Ad ap (krm, w) FTAEECN

A¢dn( rm, W ) ~ —TL. (18)

X2 Jo PR 2 18] 78 S i, al o A (5] i 4 S e 45 9
28 TR IR 28 i A warping A8 5 FR) ik o 41 9iE
IR A

2/3
tm = DY3275/3|3a(m — 1/4)c? (h) /3| .

(19)

2.3 Bt warping it

PRI (11) 2NEA H AR R L 5, A7 15 I 78 i
AT BLIRIR N

tr, Z/

« ellwlt=t)+Ft:bimw!/®] 4 (20)

Xk U, AT B A, (w) BEAR 2242, |
AT B RRAR R ALy B2

P(t,r,2)

1 M

271

21
T
[P (Wins, T)]
x el(@ms(t=t)+5tibrmw {2+ Fsgn(pm” (Wms:t))

(21)

A (Wins)

m=1

Hordr, sgn RoRFF 5 R,

om(w,t) =w(t —t,) + %trblmwl/?’, (22)
Pl (w) FoR o (W) X AR Z B FHL (21) R
H s NI R TR ) (wims) = 0 IFRAE AL, BRI
e

(t—tg-+émbhnwfw3::0 (23)
i b A AR AR MR Rk A
o= (M=)
$e (24) AN (22) ATAF 58 m 5 187 1E 9k Bk B A A7
ik,
Pm(Wms, 1)

134301-3


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

¥ 12 ZF R Acta Phys. Sin.

Vol. 65, No. 13 (2016) 134301

1
= Wys(t — ) + 5trbmo.;}n/s?’
= (t, — ) Y2 (t,byy )3/ 227 1/2373/2, (25)

B 35 warping A5 4 JEAE 5 1% B A A3 il B[]
A IR FR 30T R K, RIS EE S AT SR 2R
B, AT45 A 4 J5 45 5 1R 1 I R A7 i B 1) 28 1 A2 A4
HRAE (25) 24 H i fei 1 5 ik s AH A7 55 I 18] 1 E 2
PER R, & SUM LI 38 warping 4% # 51

h(t)=t, —t2 (26)
FNE 53 warping A8 55 1
R (t) = (b —t) Y2, (27)

B U T K AT 5 S 1T 1E B I 35 warping 5
TAN SR AL K 75 A 0%, 5 75 A FE (R R
Jok. (26) 2E I warping 542 M ¢, B 2| T 46
B R (t) = t, — 2 X AT 215 5 3047 B R A,
LA 2 T H AR S AL warping 572 M ¢, B
ZIFF UGB ho (1) = /12 + 12 Xt Z JE I 21 (045 5 34
7 R, IR HI KA 5 S a7 1E 3 55 1 VA 18T e
SRS A 8T T Y ARURICR P 10) 222 S 36 P ), 3 15 0
S SIS TT 1 Y JEE il A R ) 1GR3 K, T 9 5
S P6 T IR TR B o B A R IS KT IR . H (25)
R (26) AT A5, XG5 AT JE M E R AT
J&, S T o BT ST R ARy — RN
fr = (teb1)¥?271/23732 Jomc (28)
PIERIE T e by, IRIE AN B — 2P 0] 15
fn = 725232 (h)273/2371 20 (m — 3/4). (29)

MRHE (29) AT, AR5 R £, 5 REE .
TR VRS P RN R IE S B Ok
T8I A [R] A HE- T T4, e TG PR 25 8] 75 22 I
ST TR IE P A I I 48 warping AR J5 AR A
fm = 1“3/205203/2(h)273/2371/2a(m —1/4). (30)

3 TEHEAEER G M
3.1 @SR

NTHAES R HE S R, g
AT B PR 30 m, A 40 R i
JB. K R R T OB 1, K R SRR AR T A 1
1520 m/s 26 P95/ B AL 1) 1480 m/s. Y
BRUSCER IR BE 48 25 m. 7R 5 N T00—1000 Hz,

7 L7 37 £ 1 1 9% 75 3% 1 R I Kraken 115 2,
N DT, B2 (a) (45 H T 980—1000 Hz 43

0

5F

10 |

15}

PRI /m

20

25

30 . . . * * * *
1480 1485 1490 1495 1500 1505 1510 1515 1520

i /m-s—!

K1 KA i
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Fig. 2. (color online) Comparison of the estimated
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modes: (a) Estimated and simulated wavenumber
in 980-1000 Hz; (b) difference of the estimated and

simulated wavenumber in 700-1000 Hz.
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and warped signal after frequency warping transform
at different ranges: (a) Original signal; (b) warped

signal.
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Abstract

In a shallow water waveguide, the low-frequency acoustic field can be viewed as a sum of normal modes. Warping
transform provides an effective tool to filter the normal modes from the received signal of a single hydrophone, which
can be used for source ranging and geoacoustic inversion. However, it should be noted that the conventional warping
operator h(t) = \/t2 + {2 is only valid for a signal consisting of reflection dominated modes, where r represents the source
range. In a waveguide with a strong thermocline or a surface channel where refracted modes dominate the received
sound field, the dispersive characteristics of the waveguide become different and the performance of the warping operator
h(t) = /tZ+ 12 will be significantly degraded. In this paper, the dispersive characteristics and warping transform of
the refractive normal modes in a waveguide with a linearly decreased sound speed profile are discussed. The formulae
for the horizontal wavenumber, the phase in frequency domain and the instantaneous phase in time domain of the
refractive mode are deduced. Based on these formulae, the time warping and frequency warping operators verified by the
simulated data are presented. Through time-axis stretching or compression, the time warping operator h(t) = t, — t~ 2,
where t, = r/c(h) and c(h) represents the bottom sound speed, can transform the refracted modes into single-tone
components of frequencies determined by source range, sound speed gradient of water, bottom sound speed and mode
number. The frequency warping operator h(f) = Df?, where D is a constant, can transform the refracted modes into
separable impulsive sequences through frequency-axis stretching or compression and the time delay of the impulsive
sequences changes linearly with the source range. As the warped modes are separated in time domain or frequency
domain, these two operators can be used for filtering the refracted normal modes from the received signal. The theories
in this paper are also applicable for refractive modes in the waveguide with a linearly increased sound speed profile or a

linear variation of the square of the index of refraction (n?-linear sound speed profile).
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