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Abstract In order to estimate the capability of bistatic active detection based on a stationary horizontal array and

flexible source in shallow water environment, a bistatic active signal simulator is developed. Further, the transmission

losses and energy spreading losses are analyzed and the capability of bistatic active detection in shallow water environment

is estimated. An experiment was conducted in the South China Sea according to the predicted detection range. The

bias between the selected reference sound velocity and the pulse propagation velocity of the target echo degrades the

positioning accuracy. An approximate method for the pulse velocity estimation is proposed to reduce the positioning

error caused by the bias. Experimental results show that bistatic active detection can effectively detect target in negative

thermocline environment, the estimated SNR (Signal-to-Noise Ratio) with the simulator are reliable, and the positioning

accuracy can be improved by using estimated pulse velocity.

âäã
åçæçèçéçêçëçìçíçîçïçðçñçòçæçèçéóêçëóìçí

îõôõæõöõ÷õøõùûúýüõþõÿ��õô��õê����õü��áðõñáù��ü����õü��õêõþ���	�
õô���
������áù������
– �������������� � ��	�!#"

[1], $�% � ��&õì [2−3] '�(
) � �õô���*���+�,õù.-�/�0�1�2�3�4õí�5�6���
�7

* ABN98;:BCBD�<�=�>9? (11434012, 11874061) @�A
† B L�C�D�EGF�H�I�J lzhl@mail.ioa.ac.cn



430
� � � �

2019 �
,���� ����������
õô�	��õù	��
��õëõì�	�


[4−6] �
��
��

[7−8] � � 
���� [9−11] ����� ô����áù /����
�

[12] ��� è���� [13−14] � ïáåáæáèáéáêáëáì�� ô�� �!�" �
��
�7�,õïõå

/
òõæõèõéõêõëõìõô��  ��ôáù$#

%'& �)()*)+), 7 ,)-).çô �)� � � � 7 ,0/)1çô
+�2�-�3���4õò�5�6��

Sandys-Wunsch � ÿ�7��õòõæèçéçêçëçìçíçîçô �çü)8)9): , �)-). �çô 7 ,)-
.

[15],
5�6�;�<��áê

–
� 


–
�áüáô�2�3�4áíáï�=�7

7�,�/�1áô�4�> ��� � Coraluppi
*áåáæáèáéáêáëáìíõîõüõþ�,�� � � ��+�, � ������* � ��? ��@ ß 9: �)A -). �çùB* 7 ,)/01óô)�0� -030�)C0�0D)E

F)G ÿ)7
[16],

5)6H;I< åçæçèçíçîçô 7 ,)-).)
 2
3 4çí)�)�)J)KçùB: � 
)LNMçüóþ)O0P � 7 ,0-).
Q K��SR�� ��� 7�,õô�/�1õù

Kim � *õüõþ � � � åæçè �çòçæçèçô 7 ,)�0T -030�)* " ù �)U0V0W òæáè�	���X ��Y ( )�Z � ô�7�,�/�1 [17]
�

Peters
�

U)[)W)\)])A +)2)^)90:)-0.óôçüóþ , � � � � +
, � � ����* � 7�,���?�� � 
�,�� ����_�` ù����C)�)D)E F)G)a <'�)bçé)c)�

[18], d)e 8):)f `)gh Q K��ji�k � [19]
V�W�l�m�n�o �áêáðáñ�p�qáåáæèçéçêçëçìçíçîçùBr)* n0o �çê , �)90:)J0K0-).ô)s)tçù �)U 0 1 �çü � � � 
 , �0u)v n0o �çêô)w)x , � Y)y)z 7 ,0-).óô +)2óù ' :){0| 5)}� )�~ ��J � ô�7�,�/�1���5���|áù éõêáëõì����õï

* � 
 � �)�)�)� �çô0�)�0� -)3 &óìçù /0�0�)�
:�	����ýô�
���?�1���7���R�������
���?�1

[20]
�

�)� � 	)�çô)�)�)�)�)�)� �)�)�)
)�)?)10�çüçþ
� 1 � ��
 � 1 � ��
���� ��@ ß /����áù /�6áéõô� 
 7 , +)2 �)�)�)� 7 , �0?)R����)� ß ù�� /+�,�7�,�-�.��

50}0506 +0�óù 6óéóô l0  �óå
/
òóæóèóéóêë ì 5¡}¡K ò [¡W¡¢¡£¡¤¡¥¡¦ � 
 � �¡�B§¡¨ ù

DEMUS’04
�

PreDEMUS’06
�0© 50}�� [0W0¢0£

¤)¥)¦ � � Y 5)60ª)« g 2çô)�)T
[21−22], TREX13��© �­¬ [�W � ¢�£�¤�¥�¦ ��
#� ��	�


[23−24]
�®#

%'¯ 4){)| 5)})¬)Kçò [)W)¢)£)¤ 	 
)°)R � 
 �
�

[25],
* l)m O)± �çéçêçëçìçô)²)³)´)µ -)3)�)¶

· } a ù�/ [�W 5�����
�-�3õéõêáëõì�5�}��áù¹¸�º
»)¼ � 5)})½)¾ �  )¿)À ~ òóùBÁ  * 50� �0Â)ÃÄ)Å)Æ m ôçëçì)ÇIÈ -03)É _ ùBÊ)Ë0Ì �çü � � 	

)Íçé)Î)f)5)6 ÿ)7çô)Ï)Ð 	 ! "��³åçæóè � 
)Ñ
1 +)�çô)5)6N;I< ù³åçæçè � 
0Ñ)10:)Ò0Ó � +IÔ
<'Õ)J �

[9−10],
*çòçæçèçëçì 5)}çô)ÖH×çé Q Kçô

Ø +)Ù)�)� d 6çé)*çåçæçèçéóêçëóì)�0Tçô05)6NK

ò�Úáé�Û�Ü���
��áô����
[26−28], Ý Ê�*áåáæáèáéáêëçì): 5)� �)Â)Ã Ä � ô)�)T -)3)Þ _ �

HermandØ U 	 
)ß �)�)� 	)� �)�)�)� � ¤)à0á ï)â)K 	
! "'½ � m ô)â)ã)� � ¤ ù ' ^Jú'�0�)äóñóô 	 !
"­å�æ�7���R�T h�ç % å�æ (Energy Spreading Loss,

ESL)[32]
� ��è ù ��
���*áåáæáèáéáêáëáì���Táô��� à0é)ê 6):)
)�)å)æçùBë0Á  Û)Ü0�0� 	0�)� Yô�	�!�"ìå�æ��ö)í � � F)G `)g � 5)} �)î)ï0ð)ñ0Ã Ä0Å)Æ

m ô�
���å�æ � T h�ç % å�æõù¹Ê è Ráæ�ò�É _ ��5} �)Â)Ã Ä)Å)Æ m åçæóèçéóêçëóìóô)�0T0�BÊ F0G
ó)ô Rçæ)òçùB:)õ �)� � $ % �óæ)f �)ö0l0  �óôåõæõèõéõêõëõì�5�}��¹:�*#� � ß 1 ��� � ù [�W�÷
� � �çô � � +)2çù ÷ * �)ø �óü 	 
 -030� » �ù)ú ñ)Ê ( ) �)û)üçù á * � ù0ý U -)30�0�)� �
( ) �)þ � � û)üçù 5 60�)* l � � 
çôóåóæçèóéêçëçì)� �)� � 	)�çô)�0�)+0, l � � 
 � �çô �
�)�)
)�)?)1)ÿçì h ~ �çô���� �0?��0.0J)Kóù -
/)�)+), U 6 7 ,)-).0� ó � 	0�)���çÿ070� l �
� 
 � �çô �)�)�)
)�0?)1óù �0U ô 7 , �0?����
+�2	�áé�c y�z 7�,�-�.��
1 
���
������������������������������ �!�"�#�$�%� �&�'

1 (�)�* r1+�, ��-/.10�"�2�3 * r2

+ .10�-�4�5�6�"�2�3 *
r3

+	, �	-	4	5	6	"	2	3	798	:
α
+ .;0=<?>	"	@A * β

+ �	�	�	B	C	8 * γ
+ .;0

–
4	5	6

–
, �	"

D 8	E
r3 F	G	H	I	H	J	K , �	L	4	5�6�"=MON	P�0A C	Q	R	S	T	E

U
1 VXWXYXZX[X\X]X^X_X`XaXbXcXdXeXf U, �gLg4g5g6 Fghgigj �gkg g!glgm iongpq * H�r�s <O>�"�t�u i�v L�@ A�w�x .y0�z A E

I t�u�{�| i�} +�~�� i�} * .�0o<?> i�v τ12

L�@A
α H�F�h 6���t�u i�������� -�" i�v –

@ A����������� * � -�"�<O> i�v L�@ A ����� B����+
τ̂12

L
α̂
E

J	K	�	� z �	H	� .;0	L	4	5	6	� j "	2	3	�
r̂2 =

(cτ̂12)
2 − r2

3

2(cτ̂12 − r3 cos γ̂)
, (1)



4 � ������� ������	�
�����
��	"	�	�	�	�	�	�	�	l����	z A ,������ 431

��� * c
+ z A ,�� * r3

Q	R=M?N * 8	: γ
" �	��

γ̂ F	h <?>	@ A α̂
L , �	@ A � -	E�� .;0	"����� P	0 + �

x̂T = xR + r̂2 cos α̂,
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+ (ŷT − yT)

2
, (3)

��� * xT

L
yT

+ .;0	P	0�� � * l�� ���� F	h
GPS !�"�#�$ z A  	!	S	T	E'

2
+ 4�5�6���t�u ��� "&%&' *�(&) r�s&*

�&+�i " ��� @&, * *&- 6���4�5�t�u w�x G/. >0�1�2 I S	T	6�3�4 AG, 5 - > 0�1�2 � -	"	> 06�7	w	x�8�9�: >	S	T i	j	�	� 3�4 PG,
8�9�: >

+ 6�7 t�;�< + SNRout

E�=	C�>	��?�@ -	i	v –
@A�� ����� w�x&A � >�� *CB - .10 <9>�" i�v L@ A�w�x ��� * � - i�v L	@ A " �	�	� τ̂12

L
α̂
E

U
2 ZX[X\X]X^X_X`EDEFEGEHEIEJK l/L/�/�/M/N �9w�x ��������l/� i *�O/PS�T&Q&R/S�t&;T<O"�<O>�t�u&U�l�m - .10�"��&V����"�%XW�EZY , �X[�4�5	6	L .;0	R�z i * �	�����lX��"X\X]X^X_����a` * * r�s �	l .;0XbXc	lX�

i * ����� .�0Xd�:XeXf�|�8�:X[ 4	5�8	:�L .;0Xgh "XiXjXkXl *nm 3XoXp�|�@rq i .�0Xd�:XsXkXt *uXv < >�tX;r< hXw [yx I w	x >	�	7 ��z * �	���������� K �&�&	{
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6(b) (	)	* H	I�) 7 * K m 3oTq�p�|�@Tq
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|T}(*�.10&d�:(+ h 20 dB, m 3
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(Hyperbolic Frequency Modulation, HFM)

t�u
[4],
t

u��	: +
20 s, )�0 |�} 400∼ 500 Hz

E + »	S	T	k
R�" , �21 * l&� � j K 2�3�{�|43 O45 ��ê ��@
6 m
" A C76�C��78 + : + −180 dB (re 1V/µPa)

"
9;:2< æ2= 5 E - æ2= 5 4�5�34>�t�u w�x4? )2@A 3 � -�t�u�" )2B * t�u4C4D *9t�u O&Á L4E 0B	� + �

E =
2

NFs

nf2∑

i=nf1

|Xi|2, (4)

W =
E

T
, (5)

�r� * Fs

+ rX�7)70 * N
+ 37> ? )7@ A 37F�� * T+ {�|�t�u�"7G7D�7

nf1

+ t�u )70 �X@ -7H F�� *

nf2

+ t�u )70 �X@ -7H F���EJIX= OXÁ�Â c + ó Ä> Â c * � , ��1 + �
SL = 10 lg W + 20 lg d − MS, (6)�r� * d=6 m
+ 4�5Xæ7= 5 2�373 O75 �ëê "�2�3 *
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+ � Á , �K1¾æK= 5 "K8 + : E ' 7(b)
+ J K<
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E
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(b) ��UEDEF��X^�V��������U
7 �X^�V����

- l&�2W&½��&	/
&�&�&
&��"��������&Ç O wx B7X * ² �X� + k�R�" ¶X·X¿XÀ E + »X��Y�l��7W½ ,2�2Z ��L(�(��" H2[ Ç * r�s , ��-�4�5�6�"¹ ¡ >�l&�(� K ���2\ ' ¶&·/¿&À *^] ,4_ � � �� " ¶&·&¿&À���� w�x - <OE ,4_ ��� � s2` � >,�_ ���
KRAKENC

'�a
[29]
E

F�h < (4) H�� -7D7C�t�u�" OXÁ�* lX� ¶X·X¿À	+ �
TL(r, z) = SL + 10 lgT − (10 lg E − MR), (7)��� * MR

+ 4	5�æ�= 5 "�8 + :	EB�� r�s �(� - ¹ ¡ >�"2D2C&�4b ¶/·&¿/À L��ê )20&-2H "2c&�2b ¶&·/¿&À w�x ��� * ������ ] lX��� K " - < ��� &�' 8 (�) E H�I�) 7 * l��� Á ¶X·X¿XÀ ] ��� ��� " ¶X·X¿XÀ � +7d ³ * c��b ¶�·�¿�À H	I è + ��b ¶�·�¿�À "fehg ��� E
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&�&��{�|�" , t�u&` * ¶/· -&
/� �2WÄ .�0 � p�| *�� + 5 ¶ < W���
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� 4�5�6�"&ä�:&�&ä&[ 4 � S�u ` � >4L���� ��"> A * ��� * � -X� , ��- .;0�" ,�¶X· * .;0	-�45�6�" ,X¶X· h ' � S�� ` � >�" OXÁ�� <��Xl * K¶&· 2�3&�&ï i .10�-�4�5�6�" , O&Á � - �&S&[¶&·&¿&À � w&� , ��- .10�" ¶&·/¿/À E
� � � Su ` � >&e�2�3(�(
���! * e�" ¶&· 2�3�"/3�#/.0�-�4�5�6�" ¶&·&¿&À 3�#���! * ��� K ��$�"�23/.10�-�4�5�6�" ¶&·&¿&À s&l � , ��-/.y0�" ¶·�¿�À E

U
9 �X^��ª©¬«�%y©¬«���P��XY���&�'�(��������

2.3 )+*+,+-�!�"+.�#�2W ) >�t�/&s u&v 4�5�t�u&� - {�|�t�u�0��1 A * 8/9/: >/Ç O s 7 m�0 �/� / * Y�t�//j
H�2 Ã M9N i * t�/ 8/9 [31] H S�T�" � l i�j 34

PGmax = 10 lg 2T
E t�/ ) >�3 ~ " 8/9/: > ]�&�&: > 5 � j " i�j 3&4 � z�4 + O&Á&Â c ¿&À

ESL (Energy Spreading Loss, ESL)[32],
� 8�9�: >	"

i�j 3X4 + PGMF =PGmax −ESL
E - < >�t�u�5 h�&�&: > 5 L 8&9&: > 5 b/c Å � - < * ���/í "t&;T< ��6 * H&- l&L , t�/&� � �4) > u/v " i

j 3�4 ¿�À w	x �	� E; ,+7+8 �=<?>	t	u 8�9�: > h ' H	I+9 + �
so(t, r1, r2) =

∫ +∞

−∞

[
R12(ω, r1, r2)+

N(ω)H(ω)exp(−iωt)
]
dω,

(8)

��� * R12(ω, r1, r2)
+ <?>	t	u )�B * H(ω)

+ ��Ç: > 5	* -��	G�. 8�9�: > 5 H(ω)=S∗(ω), -�� ���: > 5 H(ω)=[G12(ω)S(ω)]∗
E8�9�: > �	��+ "=<?>	t	u	" 6�7 t�;�< + �

ρ =
[max (so; H1)]

2

var (so; H0)
, (9)

� � * max (so; H1) 9 ) � K < > t u i : > 6{7" A � * var (so; H0) 9 ) ¼(� K ; , i : > 6&7 "@ � E
O�Á�Â c ¿�À ESL H+:+; � < �	� �

ESL = 10 lg
ρmax

ρMF
, (10)

��� * ρmax

+ t+/ 2 Ã�8�9 i " ����: > 5 6�7 t;�< * ρMF

+ G�. 8�9�: > 6�7 t�;�<?E
J	K l���M�N Z � * ��� 20 km

|�}�*�æ Ä .
0	"=<?> O�Á�Â c ¿�À * &	' 10(a) (	) E<� �+= u
` � >�"�>�?�@�A�B�C�D�"�E�F�G�H+I�J+#�C�K+L�MN+O >+C 9+P+Q ESL

D+E+F+G+H+J+#+R
B+S+C��UT
V�W�X�Y�Z�[�\�I�]�^�_�`�a�b�c�Y�I�d�e�f�g�I
h�i Ckj�l�D�G�H�m�n�o+p�I+q+r+Rks

10(b) Q�t�uI
ESL v�w O�x Czy�{�|�}�G�H�~���� ESL

I O�x
� Q���� C ESL

y��
8 dB, � T t l�~����<I����� K+�+�+�+�+R

2.4 �+�+�+�+�+�+�+�+�+�+�+�����������  Y�¡�a�¢�£�V�W�X�Y�Z�¤�¥�¡ �
¦ Q+§

SNRout =SL − TL1 − TL2 + TS−
NL + DI + 10 lg(2T ) − ESL,

(11)

¨ � C SL Q �+©+ª C TL1 Q �+©+«­¬k® I � E+F+¯° C
TL2 Q ¬k®+«+±+²+³ I � E+F+¯ ° C TS Q ¬k®´ @�C

NL Q�µ�¶�·�¸ ��� I�¹ ª C DI Q�º�» � º¼ C¾½+¿ �+�+À » B �+Á A+Â+Ã+C¾Ä DI Å+Æ T ³ JÇ
AG
R
È

(11) � C ��©�ª SL É
Ê�Ë E�F�¯ ° TL1 Ì
TL2 É K+L+Í+Î+¯ ° ESL Ï ¢+�+�+Ð+Ñ+Ò+R
|+}+Ó
� ³�Ô ¼ Q 100

I�Õ�Ö ³ C ³ J Ç
AG × Q 20 dB

R
½�p ¬�®�Ø�Ù�Ú�Û�Ü�Ý�Þ+ß C ¬�® ´ @

15 dB
R ���

¹ ª n
450 Hz à I�|���^ Q 73 dB,

n ��á I�â�ã
ä+å �Uy+æ+ç Q+è+é�ê �+� R
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(a) ESL ����������	

(b) ESL 
�����
�
10 ����������� ESL ������	����������

������¼��������
1  �! C#" ß�$ K�% ��©�ª

204.5 dB
R Q Ð'&�� � è I�S'(�J Ç C)" ß ¡+a+['*

T =20 s É �,+ ä w 450 Hz É å * 100 Hz,
�+� ¹ ª

n
450 Hz Q 73 dB,

D ä w�-�. −6 dB/OCT /�0132 R
4

1 ����5�6�7�8
5�6 6�9

:�;�<
SL 204.5 dB

=?>�@�A
TS 15 dB

B :�C�<
NL 73 dB @450 Hz

D�E�F�G 6 100

H�I�J�K�L�M
20 s

H�I�J�K�N�O�P � 450 Hz

H�I�J�K�Q�M
100 Hz

s
11 Q�R�S È (11) T « I�|�}�U�V � I   Y¡ ��¦ ��Ñ h�i C ¨ � ��©�W T (0 km, 5 km)

R
l
à�X ¤�¥�¡ ��¦ZY T 18 dB

I�~��<ã Q�[ Æ ����~�UC#\+¡ ��¦ y Ú+Û3] � v+w è T 99.99% É#^3_+v
w3` T 10−6 (

{3a3b
A)
R
¤+¥+¡ ��¦

18 dB
O3c X

Å è'd'e ¥�R�|'f'g�Cih ¬�®'W T ² "'j d'k'l S�C

  Y�¡�a�m�n ´�o�p Y�¡�arqrs�C
j�l�m�n�o�p�I
�+�3t k [12]

R o3p Y3u+q+I+�+�3t k ~��,v «+�+©ª É o'p Y�I�E�F�¯ ° É)w3/ Y3x3y'z3{3| É " ß ¡a+V+W+X+Y3{3| Å `3} Ý j3~3�3�+R

�
11 ���������������������

2.5 �+�3�3�3�3�3�+�+�3�3�
t T Ê'�'� [ © ����C ±�²�³'� I ±�² ¡�a'�'��'� ¬�®   Y�¡�a É o'p Y Éi�'�'� � Ì�·+¸ �+� RÂ t ² "���� [ ©���� C Ê��r� [ © ����� T ² "O3� C �3�3� �3q3s+I+S3 +~��UÂ t3¡ [13]

R¢h ² "
G�H ��£�¤ ¬ ® ��£ S ��� d�¥�I�����j�~�_ µ�¶
·�¸ ��� R
j�l X � ��� ����¦r§ ·�¸ ��� qrs �I+�+� � K+C#¨+A3©3ª �3�3� �+I3�3�+R½�¿ µ�¶�·�¸�Q Õ�Ö�A 1 C ¬�® Q3« © C R3S bc�Y�¬�­

[29], e ¥ ��©�« ¬ ®�®�«�±�²�³ I Ê�Ë �E+F+I3¯3°3± ¼3� � §
G12(ω, r1, r2, zS, zR, zT) =

C2
∑

m

∑

n

φm(zS)φm(zT)
exp[−ikm(ω)r1]√

km(ω)r1

Tmn(ω, ϕi, ϕs)φn(zT)φn(zR)
exp[−ikn(ω)r2]√

kn(ω)r2

,

(12)

¨ �¢² C =
√

2π i exp[−i(π/4+k0)]/ρ(zS) Q w ¼ ² ω Q³�ä w ² k0 = ω/c0, c0 Q � © �'´ ² zS Q ��©'µ'¶ ²
zR Q ±+²+³3µ3¶ ² zT Q ¬k®3µ3¶ R ρ Q+µ Õ3· ¶ ²
φm(z) Ì φn(z) Q3¸ m

a Ì3¸ n
a+b+c+Y3¹3º3»3±

¼ ² km(ω) Ì kn(ω) Q'¸ m
a Ì'¸ n

a�b�c�Y'¹'º'»
^ ² Tmn(ω, ϕi, ϕs) Q ¬�®'¼�ß ± ¼ ² ϕi Ì ϕs

O'½ QÕ�Ö'¾ ß Ì ¼�ß ³ ¶ RÀ¿'Á�½�¿ ¬�®'¼�ß ± ¼'Â�ä wÃ 1 ²ÅÄ ´ ¶'Æ ¬�®�Ø�Ù É ¾ ß Ì ±�² ¹3} W [ Ã+RÂ trÇ Ë �rÈrÉ ² ¬ ®   Y�¢rÊ�Ð Ê�Ë �rÈrÉ
Ì ¬k®3¼+ß ²ÌË y È3É ¹3¾ ß b+c+Y [ M

a ²ÌÍ oa3¾ ß b+c+Y3m3Î3"
N
a+y È3É ¹ ¼+ß b+c+Y ² Ä� �3Ï _

M ×N
a+b+c+Y+d+e+f+g3¹ h+i R t   Y
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����V�W�X�Y�Z T « ¹�[�\�]�¹ W � Ì
� ¶ _�`�ab�c�Y�d�e�f�g�¹ h�i ² j�l�m���z�p W��r´ Ì  Y+]+^+¡ ��¦ Â È3É���� ¹+q+r+R
  Y+¡+a+y � ! Q+§

R12(ω, r1, r2, zS, zR, zT) =

G12(ω, r1, r2, zS, zR, zT)S(ω),
(13)

¨ �,² S(ω) Q " ß ¡+a3¹ ä ¹ ² " ß ¡+a � ^+���T �+©+ª R
�+©+«+±+²+³ ¹3¯3°3± ¼ Q+§
G3(ω, r3, zS, zR) =

C
∑

m

φm(zS)φm(zR)
exp [−ikm(ω)r3]√

km(ω)
.

(14)

o3p Y+y � ! Q+§
R3(ω, r3, zS, zR) = G3(ω, r3, zS, zR)S(ω). (15)

R'S ±�² ¡�a���� ² h ��Õ�Ö ³'� ¹ ³ y ��¼ É " ß¡�a�Y�y ² y
�
��Õ�Ö ³�À�³�Ô�±�² ¹�¡�a�S l Yy ²�t |�}'U'V � Ê'�'� [ © ���+��� �3� R �3� Ó
� |�} µ'k ¹ µ�� É �'´���Ý Å µ+¶�·�¸ ��¼ R�Ó �s

5  �! CTD
�
� T « ¹ ��´
��Ý R
Ó � � 1 �¹ ��¼ ²
t ` ¬ ®
�
��� Êr��� [ © ��� ±�² ¡�a�+� �3� R�s

12 Q �3� ¹���� ��� ² ±+²+³��+® Q
(0 km, 0 km), � » Ö+�+T x  R �+©��+® Q (0 km,

5 km)
R ¼
!

1 " 5 Q ¬ ®
# a ² ¬ ®
��® O�½ Q
(2 km, 8 km), (2 km, 11 km), (2 km, 14 km), (2 km,

17 km), (2 km, 20 km)
R ½+¿ ¬k®�$�% ² \ Ø+Ù+� ¹¬k® ´ ¶ Q 15 dB

R
n t � � ¡ a � Î w / Y x y z Ì V W X YZ ² T « ¹3} W –

S3 �&�' h+i3� s
13  3! R
¤+¥h�i X ������� }
( Q �
) ����Ð�*�o 2 ²�+ ® QÂ t
� ¶ R t ¦ 1 " 5

a ¬ ® ¹
, « y X
- ¥ ² Â. ¬�®�/�0 £ � ²   Y�¡ � ¦1/�0���2 R�Ó ��3�4 ¹����¡�a�m
��z � Y ¹ o�p Y�qrs k�lr² Yrx�yrzn
5 o�p Y�} W
6
7 Ð o�p Y�¹ ´ ¶ ²#Ä _�n orpY3} W
(0◦
} W

)
m+n � Y ¹3q3s k3l3² n 3�4 ¹+S +~��+�98��3z+Ð+d3¥+R

�
12 ���;:;<;= :�;;> =?>;? D�E�F;@;A;B >

�'��h�i'�DC ² Ó ��E�F Z�S'¹ à ¬'}�G ² E t³���±�² ¡�a���� w�/ Y�xry�z X &�� ³�H Ç ² ®
t Y�x�y�z T « ¹�Y�x�¤�¥�����V�W�X�Y�&���S�(
à ¬ H Ç ² y�n ��µ
�I�
	�·�¸ � y�|�J t � è ¬® ´ ¶ Õ Ý�$�%­¬k®�K £ «

20 km
�+�+R

�
13 L;M;N;O ; ���;P =?> ��� J�K;Q @ – R;S;T;U���	

3 VXWXYXZX[]\]^`_]a`b]c
3.1 �+��d�e

2018 � 4 f ² �'Ï�� ¡�g�h�i�j « |�}�k�n�l µ� Î�Ð�o�m ��µ Ê'�'� [ © ����|�}�n R'S �'� �����Ñ'¹�|�} µ'k ����~ � ² ¿�Ñ�Ð�|+}'¹ À�o�p3W n
“
|+}

2
a

”
ã�q3" ß�r ²Is9t $�u %+ã�q ��© ² "ß ¡�a
q ä�å

400∼ 500 Hz É [�* 20 s
¹

HFM
¡

a�n¾Ó � “
|+}

1
a

” Ê�v r ¹+Õ ��w v ã�q ¬k® n|+} � Ó � x ¿+T µ�� ¹+Õ+Ö ±+²+³+±+² ¡+a�ns
14(a) —

s
14(d)

q R3S GPS
p W &+�3¹ �

©�r É ¬�®�r ¹�x d s ² �+© É ¬k® Ì ±�²+³ ¹ W �
X Â t ��® e ¥�n ¬�®�r ¹�x d�y q 4

U ²zy ½�{ q
T21, T22, T23, T24

n}| +D~1� ®���� � ±�²�³ ²}� !®���� � ��©�r ²���+���� q ¬�®�r ¹�x d'²���� �� ¬k®�r���� } » n �9� �+©�r “
|+}

2
a

”
n+|+}

� à ������� Ù É m Â µ�� X o�p ´3¶���� ² j+l ²
4
o�p'W t�u ¹ ��©�r'W ��� Ã Â�� ² S21, S22, S23,

S24
Æ+±+²+³ ¹ ��� y ½ q 4.7 km, 4.1 km, 3.6 km,

2.9 km, Í o�p3W " ß 4 � HFM
¡+a�n

3.2 ���������������Ó � s 2  �!�à ¬ � Ë t   Y�¡�a���� à ¬ ²
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s
15(a) —

s
15(d) y ½ q 4

U
x d ¹ Ç m�[�\�¢£ à ¬ T « ¹��r  –
} W &�' h�i ²�+ ® q�Â t��¶ n

0
��� t+u ¡+a3" ß ��� ² y X�- ¥�� E « p ¹q è ´ ¶ ¹ o�p Y ² n orp Y�} W �rzr¹�qrs�~��� Y n
RrS �r  –

} W &�' h�i ���r&��   Y�[�\r¹

]+^  n3¹��3  τ̂12 Ì } W α̂
n¾Ó � CTD

���3&+�
¹ �'´���Ý ¹�Ö���^�ã�q È

(1) � ¹�p W��'´ ² y�ÑÒ T « ¬ ® ¹ W �
n � 2
q X g p�W p W	� ( h�i¹ �'� n �1� ³'� 4 ¶ ¹�
 7 ² ` ¬k® } W y�� w�×q

0.8◦, Ä _+|+} �
� _ t3Ç ¬k® �+�+� »,² � » �(3m ¦ ` ¬k® } W y�� w�� è n

(a) ��� T21 (b) ��� T22

(c) ��� T23 (d) ��� T24

�
14 ��������� @ ��� �

(a) ��� T21

(b) ��� T22
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(c) ��� T23

(d) ��� T24�
15 HFM

J�K R;S –
Q @ T;U���	

4
2 S2 � @��;@ ��	

� @ L�����K =?>
–
D�E����

(km) ������� (◦)
�;@ ��� (km)

T21

1 15.7 0.3 0.4

2 15.7 0.3 0.4

3 15.7 0.4 0.3

4 15.7 0.4 0.4

T22

5 10.4 0.2 0.3

6 10.4 0.3 0.3

7 10.5 0.1 0.3

8 10.5 0.2 0.3

T23

9 7.4 0.3 0.3

10 7.5 0.3 0.3

11 7.6 0.2 0.3

12 7.8 0.5 0.3

T24

13 7.4 0.5 0.2

14 7.3 0.3 0.2

15 7.2 0.1 0.2

16 7.1 0.3 0.1

R3S �+© –
¬k® É ¬k® –

±+²+³ ¹ ��� y t |+}  Y�¡ ��¦ ������Ñ ² ��Ñr¹�¡ ��¦ Æ |�}   Y�¡��¦ t ¦ � s 16  3! n�j�q ¬k®�r+Ø+Ù
	
� 3
�
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16 ��� J�B�� ������	�����������9�� �

� Â
� ¬ ® ´ ¶ ²  �X���� ��o p�W |�}�¤�¥�¡ �¦�� m [ q�r�n ¨ �¢² s 14(c)  '! T23
x d �1� ¬®�r+Ø+Ù�/�0
���+Ü+Þ+ß } »Z²��� T23
x d ¹+¤¥+¡ ��¦9/�0+��2 ² ¡ ��¦ ( � y p 10 dB
n

4 _Xa"!"#"$&%&')(*,+,-
2 .,/,0,1,243�5,6,798�:,;,<,=,>,?,2@
A
B
C
D
E
F
G
A :
;
H�I
JLKNM
O
P
Q r3

*
+
GPS

A�B�R�A 2�.�/�S�T�U R H�V�W A�B P�Q�:�;X�Y�Z�[ F�\ 3]5�^�_�6�`�a�:�;�b F�c�d 7�e�fA�B�g�h�i ;�H A�B�g�h�j�k�l I�m g�n�o�p�q�hr 2 A
B
C
D
s
t
u
R H
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*
+
CTD 7������
6
I
m g
h�����	
g
h (

g
h�
��

), 
 3]5���7�����6 n�o�� =���6 � I�m gn,o,p,q,h,r 2 A,B,g,h��,A,B���� K��,f,6 h,r H��� ^���V�W 3]5�^�_�6 n�o���p�q�h�r���g�h�
�,g,h����,i ;,H������� �!�"�#�$ u,R 2 = g
h,i
;�%�&
6 A
B :
;�'�(�)�*�+�,
H- �,f,6 g,h����,i ; ∆c `,2/.10 A,B :,; \

e = r̂2(c + ∆c) − r̂2(c). (16)

= r̂2(c + ∆c)
�

c 2�'�(�3�4�5�6�287�9�:�;�<�=
/�>�?�<��
2�.�� \

e ≈ ∂r̂2

∂c
∆c =

τ12

(
r2
3 − 2cτ̂12r3 cos γ̂ + c2τ̂2

12

)

2 (cτ̂12 − r3 cos γ̂)
2 ∆c.

(17)- +�@�A,>�B�C/.10,P,Q,M,O�D�E
> l `
2 >,?
6�#
$�:�;�F s %�&�G�B�6 A�B :�; [16,19], T�H�I�J�KL�M 2ON Y�P�Q�R�S�T�U�V�W �X.10�Y,Q,M,O�D�E,HZ

17 T
M
O
P
Q r3 =5 km ` � (17) e�[
6 A
B :
;,H Z 17(a) e�[,T93�5,`,a]\ A T 20 s 6 L�^ 2 ._ A�B :�;�`�A r γ 6�a Q >�?�H Z 17(b) T 3]5
A r \ A T 40◦ C g,h���� ��b,6 i ;,`
2 A
B :,;
`
`
a�a Q Z 2N. _ - g
h���� 20 m/s

i ;�C
3N5
`
a�c + 20 s `
2 g
h
i ;�%�&
6 A
B :
; s�d �
200 m /�>,Hfe�g�h�i,2 g,h,i ;�%�&
6 A,B :
;�`
3]5�`�a�6�j�k l�l Enm�jnk�H g�h�i ;�%n&�6 AB :�;���.�9�o�28��f�p�q�6 A�B�g�h .�rn?ns ST F�c�d 7�6 A�B U r H�I�m�>t.u0�6�P�Q �nv�w
6,2 [ g�x�y�z�{,I,7�$�{�|�} g
n,o,p
q,h
r H [
g�~���������f�����|�}�b l�l ����6 n�o�p�q�hr�� T A
B
g
h�� r�? A
B U r H

|�} g n o p q h r 6 p���� y T * + $��
�n�n�n��`n�n�n��^�_�H�=n�ns SnT F�c�d 7�2 3
5 n o�� 6 p q h r (Travel Speed of Pulse Peak,

TSPP) T \
TSPP =

r1 + r2

τ12,PP
, (18)

!LKN2 τ12,PP TL3N5 n
o ^
_���B��
=��
6
`
a
H
�,f������������,I,J�����*,693�5,^,_,2�z�{�

(18) |�} TSPP H Z 18(a) T 30 km P,Q��]����6
TSPP 6�����|�} C
D 2 . _ TSPP `
P
Q r1 b r2

&���������`,P,Q�j�k F j�B,6�� V H =�|�}����,6g
n
o
p
q
h
r '�( � |�+�,
2 ��¡�+�¢�) Z 18(b)

e�[
2�.
/
0
1
2�<
= CTD 7������ g
h�
���£�¤g,h
(1530 m/s), �������,6 g,n,o,p,q
h,r +�¢]¥¦ i�§ 2 � 1510∼1515 m/s >
T�¨LKNH

(a) ©«ª 20 s ©«¬«­«®«¯«°«±«²«³«´

(b) ±«² 40◦ ©«¬«­«®«¯«°«µ«¶«©«ª«³«´
·

17 ¸«¹«º«¯«»«¼«½«¬«­«®«¯
Tn¾�=�/n>n�n�n|n} C�D 'n(n¿nÀ�28JnÁnÂ�1

^�_ KÄÃ � ¡�=���6�Å�Æ�Ç�$�È r b�ÉÊ+�Ë�Ì�5�6Í h
r 28+�Î
T Z 19(a) b Z 19(b) H Í h
r T�Ï
_
Ë�Ì
5
6�Ð�� p
q
h
r 2/Ñ m _�Ë�Ì
5 Í h
r 6�Ò
$
.
/ - [
T [29,33]:

c−1
g,m =

ω

kmNm

∫
∞

0

ρ(z)

c2(z)
|φm(z)|2dz, (19)

! K,2 Nm =
∫
∞

0
ρ(z)|φm(z)|2dz T]Ó G Q]Ô $9HÖÕZ

19(a) .,/,0,1,2Ø× � .10�Ù,O,6 § _�Ë�Ì,5�Ð��
G,?,2 K�?,_�Ë�Ì,5,=��,6 Í h,r <
=,?,2 V,W g,no,p,q,h,r�Ú�Û,i ?,H�`�Ü p,q P,Q
6�j�k
2�?
_�Ë
Ì�5�Ý�Þ�ß�à W K]_�Ë�Ì�5�6�Ð���Ý�Þ�á P [34],

g
n,o,p,q,h,r Ý�Þ�j�B,H�b,`,2ãâ�� R _�Ë�Ì,5�h��
6�ä�å W n�o���B @�&n��2�V�W n�on� � p�q�h�r
&������
H*�+ ����|�} g�n�o�p�q�h�r N Y �n��`n���
�,2�|�}��,>�B,H g,n,o,p,q,h,r `
P,Q�&������,2*�+ ����|�} g�n�o�p�q�h�r 2æN Y ��G�A P�Qn�
���Ä'�( � |�+�,�ç�Ð R�A p�q�6 A�B�g�h HÊè F
6�é�ê � |�}�ë�ì�í�î�ï�6 g�n�o�p�q�h�r `�28�
f�Ð���á P�V 6�Ë�Ì�5 Í h�r�� T l�l���G K F�ð
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19 1
2
3
4
5
6
7
8
9
:
;
(
)
*
+
,«²
�
-
�
.
/«¶
0«¹«²

6=< h |�} � y [20], >�f���� �=? _�Ë�Ì�5�=�!=@l _�$�Ë�Ì�5�= g=A & X�Y � f�H8× � . 0�Ù�O�6g=A KÄ?�_�Ë�Ì�5�>�T�¨ K]2 [ g�.n��f ?�� y ll |�} g
n
o
p
q
h
r H
Ñ (m, n) _�Ë�Ì
5
=��
6�s�B Í h
r T \

cg,m,n(r1, r2) =
r1 + r2

τ1,m + τ2,n

, (20)

!LKN2 cg,m T�Ñ m _�C�D�Ë�Ì
5�Õ g
c � .ã0
6
`
a�2 cg,n T�Ñ n _ � D�Ë�Ì�5�Õ .u0�� k M=E�6�`
a,2 cg,m b cg,n +�Î,T�Ñ m _,b�Ñ n _�Ë�Ì,5,=��
6 Í h
r H
T�¾ R�A = g=A & X�Y � f�6nËnÌ�5�_�$�28�

=L3N5
6 M ×N _�Ë�Ì
5�'�(�F
b
2HG�I�|�}L3N5
^
_
6�Ñ (m, n) _�Ë�Ì
5
=��
6�J r
\

Im,n(r1, r2) ∝φm(zS)φm(zT )φn(zT )φn(zR)

exp{−i[km(ω)r1 + kn(ω)r2]}√
km(ω)kn(ω)r1r2

.
(21)

=n�n�Êb�6�P�Q�28Ï�_nËnÌ�5�6KJ r �Êb�2�LKG�_

Ë�Ì 5 6MJ r - [ TMCMD�Ë�Ì 5 b � D�Ë�Ì 5 6^��
\
Im,n(r1, r2) ∝ Im(r1)In(r2). (22)

� P,Q r1 b r2

R,A `,2�+�Î�rON ? P,QOCOD�Ë�Ì,5
b � D�Ë�Ì�5��=J�6�� U .�/����=J r N���Bn��6
s�B�Ë�Ì
5
_�$ (m, n), P \

m̂ = arg max
m

[Im(r1)],

n̂ = argmax
n

[In(r2)].
(23)

Ñ (m, n) _�Ë�Ì
5
=��
6�s�B Í h
r T \
c̃TSPP(r1, r2) =

cg,m̂cg,n̂(r1 + r2)

cg,n̂r1 + cg,m̂r2
, (24)

P
T�s�B g
p
q
g
n
o
p
q
h
r 6 l�l���� HZ
20 K]I�E�T���f � (24) |�}�6�I�J�����*Q=R=S A P�Q�*�6 ��p�q�h�r 2UT=V�T��n��^�_ gn,o,p,q,h,r 2 =�� Z 18(a) K���b g,c bX.10,P,Q

r1 6=W=X�H Z 20(a) b Z 20(b) +�Î�T g�c � .u0
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P
Q r1 =1 km b r1 =5 km `����
^
_�|�}����
6
TSPP

�,l�l���� 6,=���2 C,D - ¥ l�l���� Â,1,6h
r�� ��� C
D 6�� V�S Å���p
28$�� i ?
H
I�mn��f K 2�.��n��f \ A 6 A�B�g�h 'n( AB 2���z�{ .ã0
6 B @
b�ë r ^���	�
 � (24) =�×� .10,6 A,B,g,h '�( � Ì,2O' G�� r�? A,B U r H

��N Y = Ú R P,Q��]��'�(�
���|�},2 [ g g,hO� Ì
6�|�}���G
?
H

Z
21 e�[,T A,B,g,h +�Î��,f g,h�
�� 7�� gh C G
A � ���N6���� � | TSPP b l�l���� e��

(a) ¸������������ r1 =1 km

(b) ¸������������ r1 =5 km

·
20 �������«°
�
�«¸
�
�
�
�«¹«²
&��

·
21 ������ «¬«­«¸«¹«½«¬«­«®«¯
&��

g,h `,2����,6 A,B :,;,=���2 .,/
0,1��
f,7�� gh 'n( A�B�s�F >nB�6 A�B :�;�!8�n� � | TSPP

(1510 m/s) <�=�7�� g�h#"�F�t ?�6 A�B U r 2 @
âÄ�#$ F#%#&�g�n�o�p�q�h�r `�P�Q�6na Q 2 [ 

7���>
f�� T22 b T23 ' B
g B
>�(
6 L�M ! l�l��� =���bX.10 B @,6 TSPP '�(�|�},2 [ g � T22

b T23 ' B�) ��¾ t ?
6 A
B U r H
5 *,+
*�+ =�s S�T F�c�d 7�ì���I�J C�D�C pn���

����'�(�+�,����
/�* C�-
\
(1) $������
b�ì��
I
J C
D�. ¥N2 s S�T F
cd 7 � I�J � ì=�K	=
#/#0�*�.�I#1�= .u0�6 F�ðd 7 A�B H *�+ =�I�J�ìnï�ì�2�/#0n���n*�6 p�q3#4 b�Ð��#5�5 3#4 'n(�pnq#6n|�2�.�/�>�7�6�8

6�s S�T F�c�d 7�6�mnÐ�2�I�J 3]5�^#9:� � 6n|
^�9;� "
F >�7
6 G W�m
H

(2)
� ì,^��,6 ��� V,W g,n,o,p,q,h,r�� 7��

���,6 ��	,g,h����,i ;,2O�,f,7�� g,h,s %�&,>�B
6 A,B :,;,H=<,= ?�>�? r,1,6 G K�× � .10,6 A,Bg,h�@ N � y,2O�,f,= gOA & X,Y � f,6�Ë�Ì,5,=��
6�sOB Í h,r�� T A,B,g,h 2 %�& ¾ g,n,o,p,q,h,r
`,P,Q,6�a Q 2 � ì��,I,J�$�{ A,B 2�q9K F�ð r�?
¾ .ã0 A
B U r H

����b�I�J�2�q C�D - ¥BA d 5 s#Cn��G�A 6d 7#D�ï�2�E#F#G ��s =#H�I�A d 5�ä�J�6���K�LM 6�5
<�N�é�ê
H
6 O,P
Q�R�SnÛ I�J�T�U�6�V�Wnp � 2 � "n��6�X�Y

G �#Z#[ ¾�I�J#\#K�'�(�b#]#^�I�J�$�{�6 ) N�HQ#R KB_#` �#a�g�� é�ê e#b�ì�é�êc'#d#ecf�é�ê
U
= “ I
J 1 _ ” .ã0�J r 6�$���+�,
H
gih

A j,kml,nioqpsrqtvuxwqyszq{|
ROC }i~

�����������������������������
PFA

�����������
PD ���

PD = Q
[
Q−1 (PFA) −

√

η
]
, (A1)�����

η ����������� ������ ���¡�� Q(x)=
∫ +∞

x
(1/

√

2π)

exp[−(1/2)u2]du, Q−1 � Q(x)
��¢�£�¤�¥§¦�¨�©�ª��������������� ��������� � ROC «�¬ �®­�¯ A1 °�± �®���� ��¡ � 18 dB ²�³�´�µ ������� 99.99% ¶ ������� 10−6
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