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Fig. 1. Geometric relationship between target sound source
and HLA space.
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Fig. 2. Standard mismatch test model in shallow-water.
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JE B BE ST 5 ).

3.2

1
ej(k‘l sin 05+595 )d

ej(N—l)(kl sinOs+0g,)d ..

Jliiny

VOs 0 {kisin0s + 69 }2, € [A1, As] (34)
KRG IS EULE (ki sin 6 + 69, } 2, YIFE[R]—A>
X [A] [Ay, Aol B 6, =m/2, 4 K =ki+o,,,
F = A(d,,,)E'(65),

1 1 1
oikid oikid aikd
F:
(N=Dkid . G&(N-Dkid .. Gi(N-1kyd
(35)
K, K EIEICA [Ar, Qo). 454 (34) ZXATHL, X F

T3 05, AR Br, 2

A(0,)E'(6) ~ FBp. (36)
Ht (14) X, B P FRh
F =~ U]:u/lp‘/pl_l7 (37)

K, Ap, UpFl Ve 53 51388 808k K p TN 25
S B AT S ) s AR B K (37) XL (36) U
(13) 2ACA (10) AT 15

S =X A(—@S)UFbF, (38)
£, br = ApVEBrBa. f1 (38) XM, s

AL T A(—05)Ur #Y 51 25 [H] Col(A(—05)Ur) .

B (k; sin 0.} 7, {8 3858 BE 7E 0, = /20
IR KAE kmax — Kmin. N TR Ao — A1 > knax—
Feoin [0 FE 52 TIE 39T 10 0 JBE 5 25 1) 48 0K K F
W7 (6,) 4 50 10 85 B, HE I A1 = (Kmin — Fmax) /2,
Ay = (kmax — kmin)/2, M B B 5 G, = (kmax+
Funin) sin 0/2 BN K SR T AL H Ay, Ao] .

W BT B 25 RS M 2, 0 4
E'(0) 757 N x N 4ERIXAEE A(0,):

A(0) = diag{1, e/ ... el(N=1)dsdy (32)
BB N x 7 45
1 1
e_](k‘1 sin 65+595)d e_](k‘z sin 05+695)d
(33)

ej(N—l)(k,;.sin95+6gs)d ej(N—l)(kZ.sinOS—i-égs)d

\

R A(—05) XS R, S Ur i Kr /> HAHIE
SERY B ] AR, H (A(—0)Ur)" (A(—65)Ur) =
Ix,, JFIi UL Col(A(—6)Up)i) 4t %1 15 A Kp,
Col(A(—05)Up) B A IR # B B8 123 ] Wi (65) -

Wr(0s) = Col(A(—0)Ur).

W (0) 1975 30 AT LA RSL(6,) i, RSL(6;)
(9 1E 32 $% 5% 56 [ i We(6s) 19 1E 38 #% 5% 46 [
P = A(—0)UpU(0,) A(6,) Bt

JH W (0:) 45 W (0,), 26 e HASD ¥ 36 4t i1
TIOHE SRR, 421 RHASD, HAGI S it h

(39)

IUEA©)rI3

)

Tr(r) = max
0eC

Xrp, UBA@O)r Tl r BRI EWR(0),
A LR AR R Yo i i A A0) X RS- gt T
AHDLAMES, P Up 19128 B E 2805 BN RS s
A AME S ERTE A Up 9525 [0 ) BT DA —a
FEORIE 115 5 BB & SR 1A iy, 281 HASD
M) AT R TR, AR RIS BORAT T, 32T
TR T RE R R S ] 2 AT, RHASD TEAN
S M B P R RE B — 5 R e v, RS, i
Wr (6s) HILERCAEE 0, 254k, H Ik RHASD G
REANKH 65 ECfK.
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4 HEEHIT®

AT LI, 4G A T A (A R
AL, U5 ¥ 5T 7 HASD A1 RHASD 1)°F
IR RE Ty . AN E BT rh A | BE O, AR
Rk, 45 T SRR B R FL A RHASD 1y P fEAR
&, J-H RHASD SANHE ST Y 3 Fh o 2k I
fr—— SRR BALT SCRISK HE A 2% (Monte
Carlo-generalized likelihood ratio detector, MC-

GLRD). 25 [A] Kz M #% (subspace detector, SD),

REE AT IES (energy detector, ED) #E47 Huig. i
S ORH E IR EE AN 2 FTR, 4B 5UNHE
LN 1 5. BARA &S 300 Hz S5,
B by [ 2 A CAE I I 19 100 o€ HLA, Bfoc[a]
b5 2.5 m. t1FASCHIFGE A S AR 1 v ()3 3 )
L, R S AR TPOR RIS A5 1 T B pRCRIK
P KRAKEN #1735, BAR R 13
i (1) TR

4.1 RAEEBFZEEIESHT

TER 1 TGS [R) I PR 58 S 85 0 HU{E i 1] v
KA 1000 ¥k, 753 1000 AT B FREE S 50 SC8E.
7E 1000 MRS BT, W ERE RIS 4L
wE 3(a) Fizs, ATLAE H, BEriEk s
RS BOE AR, XS HLA GRS
AR B ARF . BRI EATR)Z F3R
AT A AN S PRI, T LR ST S de/
fl min{cy} = 1477.5 m/s, PLRUZ I F 1m0 19 i KA
max{cq} = 1650 m/s. BLIF, £l i1 Ff B 38 5= 8]
T BT B UE Fmin = 1.14 ) Emax = 1.28.. [&] 3(a)
H AR S X IO 8 7K - 0 BB Y 7 Ry B Rep 2Z 18],
Kl 3(b) BT, T8 (ku, ko) N AETA] B SR AR SRAE (] BR
7 0.001, #% M8 (12) =0, (14) XA (17) X,
v? = 0.9995, 15 3 A [\ 6, % 8 1Y £A B 23 )
W(0). %4 % Ar = (kmin — Fmax)/2, Do = (Fiax—
kmin) /2, 0s = —(Kmin + kmax) /2, #7288 (35) 2, (37) =X
1 (39) 30T LA B R £ 18 k1 25 ] Wr(6s) .
W (6,) F Wi (0,) (9 4E BN 4 o5, b B ()
JEI 25 18] W (6) Hi 1000 >335 506 7 19 00
TR 1, FLAEEL RRE fR A Ol . & 4 AT LA
A W(0,) F W (0s) Y ZE Ok B B X A8 4k, 1
0, = 0° i /IN, 1E 0, = £90° I ke, W (6,) fa 4%k

/N W (0,) O AEA. 1T Wk (6c) FOZAERICAE £ 0, TR,
ST W (0s) BYECRYEEL

200

(2)

100

PRSI

50 F

1.30

KPP A

1.10

&l 3 1000 > B 58 2 505 BT 1% 36 B 1 K T
(a) FEARILZSBHL; (b) KT8

Fig. 3. Horizontal wave numbers of propagating modes in
1000 environmental realizations: (a) Numbers of propagat-

ing modes; (b) wave numbers.

10

bitlEar Rl s

0s/(°)

P4 ONIRIKSF 5 7 £ X6 g 0 £ BE Jal 5 ) 2k 4
Fig. 4. Subspace dimensions of angle-domain corresponding
to different horizontal azimuth angles.

W (0,) FIWr (65) 7625 18] AS 5] £ 5 00 25 4 19
AR 5 TR, P rp A 23 18] AL % RSL(6,)
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& 1000 AN [R) PR BT A H AR 2R BE 4% 14 T RSL(65) 11
. HE 5(a) FTRAE H, 7E5000 m g FEAh, AR
7 1) b 24775 A2 RSL(65) ~ 0, & W] W (65) 7 2 35 47
K0P 5 T AE 5000 mE [N HL 6 T 00
RSL(6) ~ 1, X &M 1Y BArfi Tz X, s
B TT IR A E LR A HLA VE2R 199 F N RESIE (b1 46
F05, BIARERE L (5) 30 (6) 3K, Ok W (65) 763%
TR PY 2R A X F Wr(6s), Bl 5(b) 28 We(6,) 7E
2000 m {15 B 7h B AT 72 4 [ AR 24 3% X HIEL 5(a)
FEL 5(b), Wr(6s) 945 590 BBk, X & F
W (6s) 75 05 #43T 0° B 4R KT W (6s), A 7
ZMESER.

5 3 9550 #r ] k1, HASD Al RHASD 47 5l

50

—50 0

B8 /km

TE W (0,) F W (6,) 1975 8035 [l P9 57, B HASD
1 RHASD & e 3746 ) ] 25

4.2 HASD #1 RHASD AR EREHE

5 IEIE 2 PR AN E PR TP RSS2, AR
ZHNER 2 Prdl. FEX RSB, AR
A4 ] S AR RS i 31 o 12 118, XL A K-
PRANE 6(a) Pz, WAR, i TR 1 XN AGHTAR
JZ LR TR 1 PN E S R/ ME, T
BE 2 X A TURR = b 3 0P AN B E S
R A, BOREE 1 FPERRRS IR BRI 2
Y HARGEEE 2o = 50 m, KB B g = 6000 m
IKFIT SR O = 40° I, HLA SRAES A BT

20
15

1.0
(b)
0.8
0.6
10
0.4
5
0.2
e ——— 0
90 —50 0 50 90
0/ (%)

—90 90 _
6/ (%)
Bl 5 ff B2 I 12 (A1 70 A ) 23 [ A B AL B 25 (2) W(6s) ;5 (b) Wr(6s)

Fig. 5. Validity of angle-domain subspaces at different spatial positions: (a) W (6s); (b) Wx(6s).

1.28

—e— FIE1
1.26 F —o— IfHE2
1.24 +

1.22

KPR

1.20

it

15 17

1 3 5 7T 9
ESTNIN

13

& 6

PIASERIE SEBLT B 7K - 80 HLA Bl 3] 59 09— A 47 e Wi B2

1.0
—o— WIE1
- BEi2
0.8 |
0.6} i
1
“E 1
IS \
04t '
1
1
1
0.2} ,
.
~
0 . . . . .
1 3 5 7 9 11 13 15 17
S IR

(a) AKFPHL (b) H— AT IR 2

Fig. 6. The horizontal wave numbers and the amplitude of the normalized traveling wave received by HLA in two realizations:
(a) Horizontal wave numbers; (b) normalized traveling wave received.

#2

AN RE IEF N T R A A PR S

Table 2. Two realizations of the uncertain shallow waveguide.
WESE Di/m o/(mes™)  e/(mesTh)  cg/(mesT!) ew/(mesTY) p/(kgm=3)  a/(dB-A7!) Dy/m
W1 98.06 1501.33 1478.21 1552.63 1716.98 1.59 0.25 100
W2 102.36 1500.58 1480.05 1633.20 1791.55 1.93 0.36 100
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PRI — AL IR EE 15 6(b) 25 . R EREE 1 ik
KBRS D, BTl HLA 7E3REE 1 pRAES)
AT IR BT,

TEWAAEE LI ¥ HLA B 5 s#3Y
FIASIR] 6 X5 157 14 £ 18 8123 ) W (0) B WR (0) 1, 75
FIRSL(O) i< anid 7 iR, HE 7(a) WLAEH, P
2 RSL(O) £ AR TR, HI7E 0 = 6, 4035101 K 0,
XA RE TR AT Z g AT, X — IR R, R
EAEMAIREE b HLA B8] 0 f5 BT, f R
T2 6] W(0) ¥ AT LAF) 2 43 1 5 5 fe
Z5EHE 3. WA, B TR S Re Pk AT 20 HL
RSL(O) i £ ), X P~ IREESC 8 HASD J B
A HEIT ARG I PERE ) I HASD 6 AR R H A5 4
FIfEE A &, HASD 78N ERE5E o AR AR
Kl 8(a) i, &l SNR b PRSI {5 ME i 43 DUE K
FEEHEAR Pr = 0.1, 4> SNR 5 _E ARG I AR Py i
10000 YA 7R g0 HA AR . W LU, HASD 7
2% SNR s 1) A DU ARE 58 78 PR > PR 55 S 3T G AR,

KM AERAA 0.2 225, & 7(b) Al 7(a) 2541,
0 B 32 18] Wi (0) Hh [RIRE T LA FH 1030 {0 42 3
HIAF 5 RE R, RIS T 19 RHASD Al
PERE AR L5 51 5 e te A 6. AnE 8(b) i,
RHASD H#AER 22 58 2 0.01.

J T L EAIE HASD Al RHASD Fo A6 4
REAEASOf 2 A5 v BT bt 45t 1000 SN
FREESCEL T HASD #1 RHASD (R TIHESS, &l 9
FiR. 7E 9(a) H, HASD 7£ 1000 N IREE B 54
P 1 Pa-SNR I ISHE - 4 Bk, X5 46
[F] 46 0 HE %, HASD JIr 7 SNRZR 25 4 1 dB; 78
AHTE SNR T, A AR 290 0.1. RHASD HAG:
MHEZRANPE 9(b) B, X F B KR, HASD
s SNR EIR LN 0.4 dB; 7EAHTE SNR T, A0
KR LN 0.05. HEIEFT ST AT A0, T W (6s)
HWr(6,) et & A RIFREE A HLA SREFIAE
B, i HASD fl RHASD 7E A2 g HA —
SEMEafEM:, Horh RHASD (fafditng =T HASD.

1.0 — 1.0 = =
(=) i’ (b) '\\\ g
| T | HEE1 \
08F o 081 jimo :
1
~ 0.6 ~ 0.6 !
2 ] N o
= ) = oy
n w0 1
A 0a4f i = 04f (I
1 1 1
' 1
0.2 1 0.2 : 1
1 1 1
B L
0 . . . 0 . . .
—-90 —50 0 50 90 —-90 —-50 0 50 90
0/(%) 0/(%)
B 7 WAFESIH TR RSL(O) ML (a) W(6): (b) Wr(6)
Fig. 7. RSL(A) in two realizations: (a) W (8); (b) Wr(8).
1.0 1.0
(a) —e— i1 (b) —e— i1
- = - K2 -« - JREE2
0.8 | 0.8
0.65 0.65 J
7,
0.6 | 0.6 | ,
< < 0.60 4L
0.4 0.4 F
0.2F 02}
—10 -5 0 5 10 15 20 —10 -5 0 5 10 15 20
SNR/dB SNR/dB

B 8  PINFRIESHESCIL N HASD 1 RHASD #6014 g

(a) HASD; (b) RHASD

Fig. 8. Detection performances of HASD and RHASD in two realizations: (a) HASD; (b) RHASD.
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1.0

(a) —— BIFEEZESL
o EY

0.8

0.6F

Py

~10 -5 0 5 10 15 20
SNR/dB

B 9 1000 MEEES ST HASD 1 RHASD F9 K il o4 fE

1.0
() — EHEEHIBL
e Ty

081 ¢65

0.6

Py

~10 -5 0 5 10 15 20
SNR/dB

(a) HASD; (b) RHASD

Fig. 9. Detection performances of HASD and RHASD in 1000 realizations: (a) HASD; (b) RHASD.

4.3 HASD F1 RHASD #&:ii4gers BErA 1L
RS

R BB HON % 2 FPRSIERE 1, HFRKY
REEFIFE BT A 2o = 50 m Flr, = 6000 m , HARAYK
SETTLSR 05 4300 A 40° F 100, BERY, s#GE B
72318 W (0) MW (0) Hf, 53| RSL(9) fhanP 10
. B 10(a) oY, PEAHHERAESRS A 05 40 iR T /)
{H, BEET 6 = 40° 1 4RI83E Bl C1 (05) = [39°,46°], 45

FrIE 4TI, AE CL(0,) 3 B P W (0) O Z4EXCH 6, T
65 = 10° 1) PRI [F] C1(65) = [10°, 11°], 3 137 4k 4
34 MR 3.1 AT RI N, HARAL T 6 =
10° B HASD MR IMEZR 25 /N T BARHL T 65 = 40°
i X6F 3 1 HASD B4 IIAE <. 45ty HASD 1A [A]
SNR [} FIASD g 46 I 48 = 1 P&l 11(a) fF 7%, 76
SNR = 0—15dB &4 T, 6, = 40° B} HASD ksl
LRI KT 6, = 100 R IRE 2. 1 78 1] 10(b)

1.0 — 1.0 —
(a) K (b) 3o
0, = 40° ' 0, = 40° L
081 g, =10° L 081 -0, =10° o
1
' '
Sl i} s % )
= h — -
0 1 0N -
o4t T o4t "
" o
n "
0.2F n 0.2+ "
n 1
I "
: t
0 . ! . 0 . . .
~90 —50 0 50 90 —90 —50 0 50 90
0/(°) 0/(%)
B 10 HARSN ST 40° A1 10° 89 RSL() 14k (a) W(8) ; (b) Wr(6)
Fig. 10. RSL(#) when the source bearing are at 40° and 10°: (a) W (8); (b) Wr(6).
1.0 1.0
(@) o g, —a0° (b) —e— 6, = 40°
S -e-0,=10°
osp " 6=10 ; 08}
g 0.62 F i
A
0.6 0.6 0.60 | 4
< < )
0.4t 0.4
0.2+ 0.2
0 . . . . . 0 . . . . .
—10 -5 0 5 10 15 20 ~10 -5 0 5 10 15 20
SNR/dB SNR/dB
K11 BARST LT 40° F1 1000 HASD il RHASD IR PERE  (a) HASD; (b) RHASD

Fig. 11. Detection performances of HASD and RHASD when the source bearing are at 40° and 10°: (a) HASD; (b) RHASD.
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Hr, 0, = 40° (1% 48 385 3 Bl C1(6,) = [38°,47°], 6 =
10° 19 4B B AE il C1(6) = [7°,14°), F1F Wa(6)
AERE TE X A AR SR B 4k R oy 8. it
RHASD myfs e A 11(b) Fron, HERTEAF
Ji v i RHASD HA LRI R, i 305y
B il 1, 32 A 372 ] W (65) 4k B3 Ak 1 52
HASD #4500 BE 22 bt 5 A5 7 7 24K, 11 RHASD
T 5000 22 4 7 P k12 ) Wik (65, LA
VNS IR DA N

1.0
(a) —e— HASD
-=- RHASD
0.8
062} .
’
06Foe0f
< 9.5 .
0.4
0.2 F
—10 -5 0 5 10 15 20
SNR/dB
1.0
(b) —e— HASD
-« - RHASD
0.8 F
0.6
<
0.4
0.2 F
0 . . . . .
—10 -5 0 5 10 15 20
SNR/dB
1.0
(c) —o— HASD
<
0

—-90 —50 0 50 90
05

B 12 AR H R EIRE S H T HASD 1 RHASD
IR MERE  (a) SFIEIRIUTERE; (b) % S BSR4 R
fig; (c) M AL BE H 47 77 G AR

Fig. 12. Detection performances of HASD and RHASD in
different environments and source positions: (a) Average de-
tection performance; (b) detection performance in different
realizations; (c) detection probability fluctuates with the
target bearing.

T 25 b # HASD I RHASD 75 HARf
B AR M IR S B0 AR I A A T P i il B 1%k B
1000 AR B BARLE, 454 1000 MASFEFREES:
B, AR T 1000 ARG R Hodr, S T ARIE
HASD 1 RHASD #yid H1E, 75 220 2 B b &
TE W (05) R Wi (0) IO RGN, 4561 5, % H
PRIRBE L KRR ES L KSF 5 6 M AE 1—100 m, 5—
20 km, —90°—90°EH . X 1000 Al FE
HASD 1 RHASD #9 ~F ¥ & I 1 68 40 [#] 12(a)
fi7w, FEANTE) B AR B AR S804 00 7, HASD
I RHASD HA7 230 40 [] A A AL 31X 1000 4~
R 3 R X6 I AR ] Py-SNR 2k, el 12(b) B
7, HASD 7EAHIRIRHMAE RS54 T, %F SNR ATk 22
SE4 dB LLE, 1 RHASD {Ch 0.5 dB, Il RHASD
A S T HASD WA f . /£ SNR =11 dB
BF, 25t TR A 00 25 P A 00 AR 2% i o0 1) AR Ak,
K 12(c) i, | 12(c) 1, 65 i1 £90° #]0° i, HASD
AR 2 8, 1 A A ] O b AG I AE =R ST AL AH TR
F W] HASD o #6I0 A 22 b 0 W] 5 AR, T 32 PR 45
ZH0 . BARTREE IR B AR L 2 AR K. 1 RHASD
FE 1000 A 3k A ke 0 AR S 30 BUAR ], B A1
o A% L HASD B S Al R M % =5 3k 0.51. &5
A 12 T 3 AN ER AT, RHASD H A5 f1 HASD
UL [ 0 1 2 A T M 6, ) B R Ak i i T
HASD.

4.4 RHASD 5 MC-GLRD, SD, ED {48
Lb &

i F RHAD EA A1 HASD 35 {RUAH [R] (1 F 3
PEfE, [FIATE: HASD HoRAa i, Hof RHASD 1E4
ARSI AT BN AR A I 25, 55 F 98 25K I
%, Bl MC-GLRD, SD, ED #H7H4&. N T H -4,
Fb 35 7 R FE 2510 R B AG I B, 5 B i MC-
GLRD {2 ¥ R0k 1000, LLik#]F1 RHASD
PR . SD iR G SRR T 25 Al
1000 PIRIESHO R 95 5 I AT A REA G 11

BEALBEH 1000 AR H R0 E, 454 1000
AR BT S ESEI, FIBL T 1000 A48 0 2 7
4 Fofr Gy N 4% 1 SF- 2 A DU ME R an /] 13 B . i
ED %A FIFUEATEs (5 B, TEAFEMR LA T
ARG I AE 2 4 A I 2% SRR Y. MC-GLRD
FIRT i SEATR e Ta L, RS (R LA T
EA fe iR 2R . SD 5 MC-GLRD #
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IS5 AR, (H il T HLA BS54 AE 125 )
HeELBL I A 100, GR 60 BE BRGNS s 1R
Lo & F TR A2 5 ED — 30 A SCEE Y
RHASD HUFIH T 7K v i) 9 i 7 sl i A2
FE PR AN A O ], FEAS IR MR LR T3k
W T SD # ED, AHFIEME L A5 1 B A5 MR L2k
X F SD ik 2 dB, T MC-GLRD £ 0.5 dB. i
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Abstract

The uncertainties of environmental parameters affect the robustness of detection method in complex
shallow water. We define and estimate the angle-domain subspaces of horizontal linear array in a proper way
under an uncertain environment. According to the angle-domain subspaces, we propose an angle-domain
subspace detector and its robust form. Angle-domain subspaces contain an uncertain information by using the
observation matrices in different environmental parameters. The relationship between the horizontal wave
number of propagating modes and the sound speed of the bottom and sediment in hard seabed is used to
estimate the angle-domain subspaces. The proposed angle-domain subspace detector is robust in an uncertain
environment, but its detection performance fluctuates with target bearings. The angle domain subspace is
transformed into a constant dimension subspace, robust form of the angular domain subspace detector, whose
detection performance is consistent in all source bearings. The simulation results in the uncertain shallow-water
environment show that the robust angle domain subspace detector has a similar robustness to the energy

detector, and better detection capability.

Keywords: shallow water, uncertain environment, detection, horizontal array
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