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Abstract Channel matching is an important method to improve the detection SNR in the field of active detection.

Aiming at the problem of active detection channel matching in the environment of unascertained seabed parameters, a

channel matching algorithm combined with convolution neural network is proposed. The algorithm is based on the seabed

parameter disturbance to carry out sound field simulation and generate convolution network training data. Firstly, the

signals are classified according to the seabed sediment types by classification network, and the seabed parameters are

retrieved by using a separate convolution network in each classification interval. Then, the acoustic field model is used

to estimate the channel transfer function for channel matching, so as to suppress the multipath effect and improve the

echo detection ability in the unascertained environment. Simulation and experimental results show that the algorithm

can effectively estimate the channel transfer function and realize the optimal channel matching under the condition

of uncertain seabed environment. Under the experimental conditions, the SNR of echo detection can be improved by

about 4 dB. Compared with the traditional methods, this algorithm can achieve channel matching for low SNR signals

under the condition of uncertain seabed parameters, and does not need high SNR experimental reference signals, which

effectively improves the environmental tolerance of the channel matching method.

* 78DY÷Sø898:8ù8ú8ûYü (1184061) ý8þ
† ÿ���������������	 lzhl@mail.ioa.ac.cn



6 � 
 �
�öõ��
�ö�
�
�
�����
�
�
�
�
�
�
�
�
 
!
" 801

#%$

�& &!&"&'&(&)&*&�&�&�&�&+&,&-&.0/&102&34656768 �696:6�6�6;6<6=6>6?A@6B 5DCFE6768 �6:
�&G&H [1] I�J&K �&�& &!&"&L&M&�&N �&�&�& &>&O
M [2], PRQ6O6�6 6!6"6M [3] S6T6U
V6W !6"6M6� I N�&�&M&X&Y&Z&B&�&[]\^�&_&`&�&9&a&b&c&d0�&9&?e L&�& &f&g&h ô&?�i&)0j0k&l0m&/0�0 &�0n0o&pq k [4] I�r
s / T
U0V
W
t L
�
 
f&g&höô&�&�
 
!6"6u6M6? 56v6w �696�6�6[D\FY
x6y6z
?|{6}
~6��D� V6W �6�6�6k6� q I|�6T �6 ��F� T
�6�
�6�|T
�&�&_&`&�&� S �&� T0�&� k0�&?��0�0� �0T0V&W
t L6�6�6Y6c ô6?|�6�6*6� q �6;
� q k
?|�6�
_6=
>
�
 
!
"
�
k
G I� 5 r0� ?��0� T0� c ô0�0�0�0_0�0�0?�� �  ?�¡0¢¤£ �0¥ @0¦0�0�030�0�0c ô0§0¨0u0©0?�ª« [ T �0¬ k0§0¨0�0�0c ô [5], � U 7080E0­ §0¨
T
� [6] S
T f
®
¯
°
§
¨
±
²
³öô [7] � I f
´
�
�
�&µ&¶&c ô&§&¨&u&M&· J&s /0!&" U }0~&? � /&�
�&µ&¶&c ô&¸&¹&�&*&º0�&»0³0?�§&¨0� �&¼0¼ l&½
3&¾&¿&À&�&Á&Â I�Ã&Ä&Å � [8−9] @&¦&3&Æ&~&�&Ç&�È T §0¨0u0M0?�Z0N0�0§0¨É�Ê�030¾0¿0À I�Ã0Ë0Ë
� [10] <
.
Ì
Í
Î T � q
Ï M
?ÑÐ
µ
¶
cöô
� T � ÏÒ6Ó n6§6¨6?AZ6N6�6;6�6Ô6�6Õ6µ6¶6-6� q6Ï ¿6À I
{ 5 /6!6" U }6~ r6� ?AÖ6×6u6M6Ø6Ù6c ô6Ú6Û6o6¹Ü ô
Ý
Ý
Þ
ß
?�}
~
� v n
k
�
à
á
â
z I

� �   ?|ã6ä6�6� �6å '6(6�6æ �6ç6è ?|é636¡
¢ê£&@&¦&�&�&³&ë s /&�&�]�^�&� �&Tíìïî �&ð Sq �
u
M IÑñ �
ò
� [11] @
¦ s /
ó
ô �
å L
M
� �
- T � q6Ï u6M6?Aõ6·6ö6�6÷ v6w ô6ø w6ù �6ú6L6M
� q
Ï k
G IÑû
ü
ý � [12] Ð
þ
ÿ T
U ô
ø��
a
b��� ô6ø6?|<6.��6�6�6�D�F� v�� � - T � q6Ï ? ù6v
�&Ø&. T&UêV&W þ&ÿ ô&ø&a&b&�&�]�^��� � ô&ø&�
)
j
k IÑñ �
ò [13] �
<
. s /���	
�
�����
��
��
}&~&L&M&? 5 ;0�&Ô&µ&¶&-0� T �0�&9
�&j0� q&Ï
S q � I�r ó&ô �&å u&M0*0�&�0�&�0§0¨ S �0 e
t �F�6¡6¢ � 5 y�� I Van Komen � [18] ·6ö6*��6�
� � ô&ø&� T&U0V&W ����� 4 ��� W �&�&µ&¶&? v� � s /��
�����
�
�
�
����
�� I Frederick � [19]

*�� V&W&s�� Ö&Þ&ß&�&3��&�&� S���� � »&c ô&?
õ&Ð&3��&�&� �&å �^�&�&!&" U 
��&u&M��&j&� 5
\ I {
�0?�Ö0×
�0a0�
� 5 �0�0�
�
�0j0�
�
 


�
? r�! ��"
¦
�
�
cöô
� q � e t � � I#&5 *&�&�&µ&¶&c ô&;0�&Ô�$�%&-��&j �0T �
 &!&"&}&~&Z&@�& C^E :&�0k0G&�0¿0À&?('
)0@&¦

�&���&�&���&�]�^�&�0�& 0!&"0L0M I ú0L0M�*
+#&5&Ï Ò-, Ô&� �&�íìïî �&90?�Ð T0U V0W&t L&¦
�&; Ó �&�&c ô�$�%&-&�&_&`&�&9 ô&ø&a&b��&�&�
�D�F��� � ô6ø6?/.�0�
�1�� ��2�3 ?|·6ö
� Ü �6�
�&�]�^� v�� �&�&c ô0§&¨0?�) e t ¦&�0�0µ&¶0cô I(4
5
6 e t ; Ó �0�0�0�0 0f0g0h ô0?�.0/0i7 �&��8&Ô&� ìïî C^E �&90�&�0 0!&"0? v
� �0y
B&�&�&�&!&"&}&~&Þ�90? Ó n0)
: 30v��05 ìïî �
�
� e t
I <
. 2018 ;�<�=�>
�
��?
�
�
�
�
�
�
÷ w ô&ø&?�*&;0�&Ô&�&�&µ0¶�$
%&-
@ è �0�& 0!
" w6ù ? 5 \F�6 6!6"6}6~�A 5 �6�
[D\FÞ�96? v6ww6ù �6L6M6�6�6�6k I þ6ÿ6� v6w � ��B�CED ?F�6�
�&�]�^�&u&M�G�H&�&�&�&c ô e t �^�&3&¾&¿0À&�
Á0Â0? � \Ê30c ô0�0!0" U §0¨0?�}0~ v n0k0à0á
@6B I �6f6´6�6 6!6"6u6M � \F?|�
���6���F�
�6�
 &!&"&L&M&)&Z&*&;0�&Ô&�&�&c ô�$�%&- v�� �& 
!6"6?|)6Z6}6~6ò6n�I6?|ò6[ T ¬ Â
�6 6-
�6_
`6�
9
?�@
B
�
�
 
!
"
u
M
�
µ
¶�J�K
k I
1 LNMPORQ

S
T
U
V
W
X
Y
Z\[^](_
U
V
T
V
` �
a
b
c
J�d�e�f�J�f�g c�h�i�j s(t):

s(t) =
1

2π

∫
S(ω) exp(iωt)dω. (1)

k�l T�m�n�o g�p�q i�j�r C�s�t�u
r(t) =

1

2π

∫
S(ω)H(ω) exp(iωt)dω + n(t), (2)

v [w]
H(ω)

t T�V�xzy|{�}�x p�q�~�g���� i���������
[21],
k�������������� [ u

H (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

,

(3)

��[�]
C =

√
2πi exp[−i(π/4+k0)]/ρ(zs)

t�� ��]
k0 =

ω/c0, c0

t���� T���]
ρ
t�� S�� f ] zS

t T�V�� f ]
zR

t p�q � f ] zT

t y�{�� f�� φ(z)
t�� j �����

g���� ����] k(ω)
t ����� g�������� Tmn

t y|{��������]
ϕi d ϕs ��  t S�¡�¢�� d ����£ f ]�¤¥�¦���§ y|{���������¨ e�©�g�ª�«��¬ v

(2)
[ p�q i�j�­�®�c�h�¯�° g�±�² t�u
rf (t) = rfs(t) + nf (t), (4)v [ u
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rfs(t) =
1

2π

∫
|S(ω)|2 H(ω)eiωtdω, (5)

nf (t) =

∫
S∗(ω)

[∫
n(t)e−iωtdt

]
eiωtdω. (6)

c�h�¯�°�¶ Z�T�V i�j g�·�¸�¹ t�º ��»
¼ Y����]¾½�¿�¬ i�j g�À�Á º � ]¾Â�Ã p�q i lEÄ �¾ÅS�T i�� g�Æ�Ç�È Y�É ¶ T c�h g�Ê�Ë k�Ì
Í�Î�Ï
� ��]/_�Ð�Ñ�Ò p�q i�j g�Ó���Ô X i lEÄ � ¤ Ì ]r�Õ�Ö�i���� ����� H(ω) g�·�¸�¹ t�º ��» g ¼Y�����](¬�×�Ø c�h�¯�° g i�j
­�®
­
a�Ù À
Á ¥� ](Ú�x u

rff (t) = rffs(t) + nff (t), (7)v [ u
rffs(t) =

1

2π

∫
|S(ω)|2 |H(ω)|2 eiωtdω, (8)

nff (t) =

∫
S∗(ω)H∗(ω)

[∫
n(t)e−iωtdt

]
eiωtdω, (9)

_�Ð�½�¿ i�� À�Á ] ­�a�Ù Â�Û p�q i�j g�Ó���Ô Xi lEÄ � i�� À�Á�g�Ü�Ý k�Þ ¬ i���� ����� H(ω)

g U È�ß�à�� ¬ Ì ¦ ª�g�á b�i�� ] r�Õ�â Z�¬�ã ch�ä�å�i�j�­�®�æ�ç�è
é�ê
ë
æ�i
� ¼ Y
���
ì(Ð¬ Ì�í/î ª�«�ï�ð�g ¦ á b�i�� ] r�Õ�ñ�ò T�ó ���ë�æ ¬�Y p�q i�j Ì�ô g i
�
� �
�
��] Õ ¬\õ �i�j ½�¿zö|÷�Y i�� À�Á��¬ Þ�ø � U�V�W�X-[ ¶ Z g�ù
ú�û�ü�~�ý
û�üT�V�þ�ÿ g U�V�T���](�
¬
Y g ���
i
��� ï^ð�gÌ�í/î ª�«�Æ�Ç i�� � ¤ Ì â Z�� Þ���� g i�� À�Á����]/� Ü�Ý k�Þ T�ó ñ � g���	�
 ]/����
���� Þ��� � � i�� g���	�
��/Å k ½���W�X�m�n�[w] ���� ��������¿�X Ë���������� ]���� � ��� ��� �� g X Ë� t�! � �#" Õ ]/`�$ ¦ 	�% ��� ����&�'o g T�ó ñ � d i�� À�Á�(�) ](¬�U
V�W
X�*
U�
+�,�- �
2 .0/0102035476985:<;5=5><?5@<A

B�¬ ¦ 	�% ��� ����&�' o g i�� À�Á�C�D ]��E ��� ����F�G
1 " s ](Â�� a�H ±�I ç�è�J ×KML g ����� ��N�O ý i�� ß�à�(�) ] F�G 2 " s �Ö y�{�õ � i�j�­�®�P ¥ ��Q ]SR�¢�x ç�è�J × KML[ ­�®�P X�]#T�U J × KML g R���] ß�à ¬�Y ��� g����� � � ¨ Q�V Z�N�O�� g ���
� �
þ ñ T�ó �� ] à ê�i�� ¼ Y�����]/¬�½�W�X Ë�g U�V�õ � i�j­�®�i�� À�Á ¥ � �F�G

1 " s ê )�" Z � S�T���X�Y t�Z�� ø �

U�V�W�X�½�W-[\[�] g�^�_�f X�Y�] � � t 100 m,����t�`�a�b�c���� ��� ] ��d�e ��� g � f ρb,
T

�
cb d�f�q � � αb g�h�i % � � � ¬ Þ a�j ø �k ó ��� ] ¶ Z�l È�g `�a�b�c�m�n���� ��� ] r�ot ��	�g ½�¿�T�ó P ´ � ¬�N�O C�D�p�q ] `�a�b�c��� ����r-Ä ��s���Æ�s ��� �
� ] r U È Ñ�Ò�tN�O � � g�u � [9] �

v
1 wyxyzy{y|ywy}y~y�

v
2 wy}y�y�y�y�y�y�y�y� v� § x ¦�� ��� � ��� Í�� k a b g���I Ü� ](_
Ð���� Æ
��C�D ]�� p������ h�� » ³�� �� P X ��� ��� � ��]���� î�Í c ] ��� � f Û ���¤
] ±�I ��� ��� � ����� Ü � ] â Z � Ù���� v³�� ��� ç�è�J × K\L g� �¡ [13], p�ß�à ��� ���� � �
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� Ù g ç�è�J × K\L P X�Ø � F�G 2 " s�u�¦
1 Ù ]¨§�Ø ç�è�J × KML ß�à R�¢ i�j g ��� � f�©ª ]�«�� Þ ��� � f Ö R�¢ i�j � t 3 ¬�� � f �
¬�­ Í �
� Hamilton

����® è s � ¬�) [15], � t
[1.4,1.7), [1.7,1.8), [1.8,2.1] ( ��¯ u g/cm3) 3 h ­ Í ]
��  ¬�Y�°�±�]³²�´ d ´ 3

c ¬�µ + ® è s�¬ � � ¦
2 Ù ]�¬ ¦�� ¬ � g R�¢ i�j ] ��¶���� ç�è�J × KL ] ß�à ® è s � f�d�f�q � ��]·«�¸ V Z Hamilton×�W�¹ v�Í p�à ê ��� T�� � Ö ¦ 1 Ù "�����g ���[ t

NET-1;
¦

2 Ù "�����g ��� [ t NET-2-X,
�

[
X
t � ¬�º j ì·» à���� 4 h ç�è�J × KML ��� �

2.1 ¼�½�¾�¿�À�Á�Â�ÃÄ�Å â Z ¦������ ��� � ��Æ I ]|× Kraken
T

ó ��� à ê g�Ç�È T�ó ¹ t ç�è KML g���� ��U�] ÕÉ�Ê�Ë�Ì Æ ¦������ ����&�' o g���� ��U�Í ���U�V�W�X�T�V i�j t 400∼500 Hz g�Î�e i�j ] T��X�Y F�G
1 " s ] ��� � � Ê ��© ª F�Ï 1 " s ]�-[ ��� � f ρb ý ® è s�f�q � � αb

k ­ Í �\ÐÑ�Ê � ](Ð ��� T�� cb

V Z
Hamilton

×�W�¹ v
[15]Ò ��� � f Í p�à ê u

cb = 2330.4− 1257ρb + 487.4ρ2
b . (10)

Ó
1 ÔyÕyÖy×yØy�yÙy�y�

�y�yÚ ÛyÜ ÔyÕy�yÙ ×yØy�yÙÝyÞyßyà ÝyÞyßyà
áãâyäyå

(m) 3500∼8500 3500∼8500æyçéè
(dB) 0∼10 5êyëyìyí
(m) 45 45áãâ ìyí
(m) 3 3îyïyìyí
(m) 11 11

wy}yð í (g/cm3) 1.4∼2.1 1.4∼2.1ñ ïyò � (dB/λ) 0.05∼0.8 0.05∼0.8

wy} êyó (m/s) 1525∼1840 1525∼1840

k
ø � i
� g S
T ��� Ø � [^] ���
� � r Êk�ô b © ª � ý�õ�ö�d � f ��� o c g���I��÷� ¤k Ç�È���� i�j Ì ]/`�� d�p�q � f�ø�ù�ú ¦ ª ] âZüû b � ](Ðzy|{ õ�ö k 3500 m
x

8500 m
� Í�ý

a�b Í�þ�Ê � ] k�ÿ h õ�ö�­ Í � ��� r Y ��� � ÄÍ�� ù���� ��� g ÷�Z © ª ]������ � r Ê ��k g
Æ���C�D�� ¤	��] k U�V�W�X�Ø � [�] Ö Z Þ ����dP X g y { i�j b b t � f�
\%�g S�Y y { i
j ]
� ¤ Ö Ç�È y|{�� f
� b t 3 m 
¥% ] Õ � « ���
��� � � �� Þ J × K¥L g a V b ¯
�
� [14]

Ï ï ] k o Ûi l�Ä &�' o ����g J × KML ��� ] � k Ò i l�Ä &' o g b ¯�
�Ê É	�	��o�Ñ � t � Â�Û "���� ����kÒ i l�Ä o g�á b 
 ] r�Õ�â Z���U
��ã (�) ] ¶ Z� l T g ��U ¹ t ��� ��U ��� ¤�¬ ��� ��U����a�b�� f�g Û���� l T
](_�Ð É�Ê�r Y i l\Ä g
p
q i�j ] F�Ï 1 " s �§�Ø ��� à ê Ç�È�p�q i�j ] Ì
� t 40 s,

�E[
400∼500 Hz e ��¬�Y e
� h � t 4000,

É�Ê p�q ij
� T ¯ ��U p(f)
Q ]�T�U

p̃(f) =
|p(f)|

max |p(f)| (11)

à ê
��a «�g � f
� p̃(f)
[13] � ×�Ø P ¥ ��Q ] p̃(f)� « t��� Ê ��© ª^t [0, 1] g 1×4000 a u
e��

º�! ]�" I a u ç
è�J × K�L g R
¢ + ë ]�» à �ÿ
60000 h ��� Í ��� R�¢ KML g�� h ��� Í � r�ÕÏ s�t

x(i) = [x
(i)
1 , x

(i)
2 , · · ·, x(i)

L ],
�-[

L
Ï s e�� h� �$# h ���	%�g R�¢���U r�Õ Ï s�t	& ~	' v X=

[x(1), x(2), · · ·, x(N)],
�E[

N
t ���
%�g Í � � ���� g � p P X ±�² t���� � f
d ® è s�f�q� � ] � ¤ Ö)()* { � « « [�] t � U�{	+ ]-, y(i) =

[ρ(i), α(i)] � � Þ � f � ¬�­ Í ] NET-2-X
[ g � f{ ��«�© ªw��¦ r � �

2.2 .
/
0
1
2
3
4
5
J × K�L �
� g þ ñ
â Z TensorFlow2.0 [20] ¹t µ +	6 *�]#R�¢ ô � t a u�e	��º
! ] � ¤ ¶ Z a

u ç�è�J × K¥L ­�®�P X �þ ñ g KML »	7 ± þ F�G 3 " s ] � � F�Ï 2 "s � R�¢���U e	� � t 4000, � ¤ KML R�¢ t 1×4000

g a u e)� º)! �98): s Ò ç�è s�d);	< p�s Æ�ÿ �� [ ç è s · U 10 s ] â Z ç è>= c>? t 5, Ù �

v
3 @BABCBDBEBFy�y� v
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t
1 g a u ç�è ] º ��» h � â Z��	� ' v ] ¦ 1 s

d ¦ 2 s t 32 h ] ¦ 3 s�d ¦ 4 s t 64 h ] Õ ¤
¬	H�� ÿ s ç�è s Q �	I	J ©�«�s ¥ � ç�è R��	K#«¶	L	M �	N 
�� � (ReLU) ¹ t ä	O ��� � k�ÿ	P hç�è s Q ����Q h�R c�S «�s
� k R Q Q s ç
è s� Q ¶�L ;�T ¡�Ð S «�s Ö Â Ê�ô � $�U�K�V Q pQ h ;�<�p�s K J × � � y t 512,

� Í ¶�L ReLUä
O K(� Q �
Q h
W
X © t 0.5 g Dropout s��
Ó

2 @BABCBDBYBZBEBFy�y�
@BAB[B\B] @BAB^y�B_ @BAB^B`Ba bBcBdB_BeBf
@BAB[ 1, 2 32 5 1×4000×32

@BAB[ 3, 4 64 5 1×2000×64

@BAB[ 5, 6 128 5 1×1000×128

@BAB[ 7, 8 256 5 1×500×256

@BAB[ 9, 10 512 5 1×250×512gBh [B\B] gBhBikj `Ba bBcBdB_BeBflBm gBh [ 1 2 1×2000×32lBm gBh [ 2 2 1×1000×64lBm gBh [ 3 2 1×500×128lBm gBh [ 4 2 1×250×256nBoBgBh [ — 1×512pBqyî [B\B] rBsy� bBcBdB_BeBfpBqyî [ 1 512 1×512

NET-1 â�L � {�+ � ¬ » K�R���� Þ ��� ��tu � ¬ K � ¤ â	L g u�¶	v	w	x Ï s 3 H ¬   K³R��
s J × � �zy t 3, ¶
L Softmax ä
O � K¥L ��� ¶L
y
z
{

LCE = − 1

N

N∑

i=1

K∑

k=1

tik ln yik (12)

¹ t	| � ���	K �~} N
t Í � »��	K K

t » � ¬ �	K
tik
t ¬  	� s ª�Ë K yik

t P	�	� ©�� â	L Adam �
« » ¬ K\L u � � ­�® ��« K�« ��� 0.001∼ 0.0001u
�
� ³�� ©��

NET-2-X â�L Æ R��-õ � ��� K�R�� ��� ��t� f)� � �)K � ¤ R � s � y t 2,
¦ ¶)L ä)O � � �

¹ t õ � C�D K K¥L ��� ¶
L Ð (���� (MSE)

LMSE =
J∑

j=1

lj

[
1

N

N∑

i=1

(
y
(i)
j − ŷ

(i)
j

)2
]

(13)

¹ t�| � �
��K ��} N
t Í � »
��K J

t R�� s »�	K
lj
t �	� R�� u | � ���	��
	K y

(i)
j

t È ½ � K
ŷ
(i)
j

t P
� �����
��õ�ö
�
G ��� }�K ��� �
t ý
G��¬���� ��� u���¼ + c Þ ��� f�� � � u���¼ K

� ¤ Ö ��� �
t | � ��
 �
� 1, f
� � � | � ��

� 0.2 ����« » �
��ý NET-1

r � �
2.3 �
�
�
�Ò Þ Ç�È���� ��U�d�� u � � o Æ ¸ � ����I
Ü � K ����� Ø � }��	�����	�	� I
�#�	�
�����	 U % �	�	K#§	� Ç�È	¡	¢	£ ���	¤�W �	  U % K L	¥¦�§ ��� ��¨�}ª©�«�¬   U % u � I�­�® K�¯�° �
� �	¨	K²±	³	´	µ	�	�	¶	·	¸ �²¹	º
»	¼	 
½	¾
¿~ÀÁ	Â

1 Ã	Ä	ÅÇÆ	È	É	Ê	½	¾	ÅÇË	Ì	Í	Î	Ï	Ð	Ñ	Ò
Ó	Ô
º�»�Õ�Ö�Å�×�Ø� �Ù�Ô�Í�Ú� �Û�Ü�Ý�Þ� �Ù�Ô 10%ß
à �

NET-1 Ý
Þ �
¨âá Ô
ã
ä
å
 
æ�ç
è�é�ê
ë�ìí	Á	î
4 Ã	Ä	� ±	î~á�ï	ð ÅÇñ	ò � Ð	Ñ	ó	ô	Ô
Ý	Þõ ÅöÝ
Þâ÷�ø
Ô
é
ê
ëâù�ò
ú
û
ü 99%,

³ ×
Øâ÷�øý ú	û	ü 94%
ß	à Å Â~þ NET-1

¬ ×	Ø	 	Ù ý	ÿ��� Ô �
¶���� Å����
ñ �
�
¶�	�
 �

(a) �
�
�
�
�
�

(b) �
�
��
4 NET-1 �
�
�
�

NET-2-X
� Ü 3 �����
Ô�� ��!�"
Ý
Þ
Å�# ¬$&% Ó&'&(�Ü [1.7, 1.8) (g/cm3) Ô NET-2-2 Ü&)�Å

Ý�Þ ��¨�á Ô�ã�ä�å� �ì í #&* % Ó�æ&+�ú&,�  ¬$ Ô MSE ì í ÷�ø Á
î 5 Ã
Ä
� ±
î 5
ï
ð Åkò �



6 - . /�0�1�2 ¶�3�4�5 ò�� �
Ô�6�7�8�9�:
è�;�<�=�> 805

Ð	Ñ	ó	ô	Ô	Ý	Þ õ Å Ý
Þ�?
æ
×	Ø�?
Ô MSE @	ú	ûA
0.05

ß
à Å��&�
ñ �
�
¶�	�
�B�C�D 7&E % Ó�FG ÅH+
ú�,
  ¬�$ Ô MSE Ý
Þ á -�I�J�K�L
Å ú
û
Ã&M&N�Ô�Ý�Þ&O�ô ý KQP�ÅSR��QT&U�¹�ñ�ã�ä�å� á Ô�V�W�X ¶�Y Ô
�

(a) �
�
�
�
�
�

(b) Z
[
\
] MSE

(c) ^
_
`
�
\
] MSE

�
5 NET-2-2 �
�
�
�aQb ¯�° Ý�Þ�¼� Q0QcQd�Å�ñe�f��Ý�Þ b ¨�á´	µ b�g ¶	·	¸ Åih�j�k ©	« Ô�l í ÿ�m �ij	Ó�l í

Ô&P&n&op�q� ©�«&r&s&t&u&v k&w&x b ¨�á 7&E�¼

 &y&(�Ô&z ¶&{ ,&|&}�Ô&P�¾ 	Q
 Å ±�³�ï #�ÌQ~� ¡�P���7�E
º
»
¼
 
�
3 ���������

Ü&k�×�Ø&2 ¶&3&4 �q��Ô&;&<&=Q>�¢Qd�ÔQ8&�� Å�Æ�È © g  �Ù�æ r ×� �Ù �Q��¬Q3&4 �f� ��ÿ
!�"	è��	Å²Ë������	ç	è�2��	È ¥ ;�<�=�>�� Y �i�
Ü ����	�
 Å NET-1 Ô �
ÿ���� #
è���?
Ô ��� é
ê
ë�!�"�� � Å���1

Eacc =
Nc

N
× 100%, (14)

¹ á Å N Ü��
Í
Ú
 
Å Nc Ü ����� ê
Ô
Í
Ú
 �� ³�
Ü�� � 	�
 Å NET-2 Ô �
ÿ�� È
è���?�n�o�2&�
Ô������ ¬���� (MAE):

EMAE =
1

N

N∑

i=1

∣∣∣y(i)
p − y(i)

g

∣∣∣ (15)

�	Ü��	Û� �¡	Å ¹ á yp Ü�7�E	¼�¢	ç	è	¾	Å yg Ü�£r ¾��
ñ YQ¤Q¥Q¦Q§ Å�;Q<Q=Q>�Ô YQ¨Q©QªQtQ«QD P¬�­�®�¯ Ï�°�±
ã
ä TLR[1] F
Ì
Å���1

TLR =

10 lg





max
[
|s0(t)|2

]

∫ T

0

|s0(t)|2 dt




−10 lg





max
[
|s(t)|2

]

∫ T

0

|s(t)|2 dt





,
(16)

² áq³ Ð&´&µ $&¶&· ;&¸&¹�¾&º�ë D ;&¸ ÿ Û G Åõ Ð&´&µ $ � ú&;&¸&¹�¾&º�ë D ;Q¸ ÿ Û G � t ²ï # a&b ¶&· æ � ú&;&¸&»&¼ �&½ P ¬&¯ Ï&°Q±�ã
ä TLR, Ë D�½ d
Ô r�s�©�ª !�"�µ G �
3.1 ¾�¿�À�Á3&4 �q��è&�&?�Ô�¼&¢�½�¾ Á�Â 3 Ã�Ä�Å�Ë&Â
Ù	É	Ê�Ã	½	ÔÅÄÆ¡�Ç�È � Ü 3 É�� è���?	Ô�¢	Ù	Ì	Í
Æ
È Kraken Ê�Ë�Ì�Í
Ë�Î
Ï
Ð
Ñ
º
»
Õ
Ö
Å Á
Â 3

Ã	Ä	Å ³ Ë�Ï ± Ý	Þ�¢	Ù�? á�Ð ½��Çè���?
Ô��
Í	Ú
¢�ÛQÑ�Ü�Ý�ÞQ?�Ô 5%

ß�à ��ÒQÓ�Å�ÜQk�×�ØQÔÕÄ
¡�Ö
Ó��&=�>�~
Ô�� � ��× �&��Å�Ø�Ó&Î
Ï 1 m ü
10 m( (�Ù	Ü 0.5 m) Ô�Ö	Ó�'�(�Ú�Ô�Û�£�¢	Ù
ÅÜ#��
µ G �
3.1.1 è���2�� ��Ýî

6 Þ�o�k�ß � è���?	Ô % Ó ��× 2��	Å î~á�àá D&â ¸ �&� µ $ è&�&¢�Ù�Ô&£ r ¾ D �q�&nQo�Ô
ç	è	¾�� 3 É	è���? ��� é	ê	ë ��� Ü�1 97.5%, 95.5%

æ 96.5% ��Ø þ k NET-1 µ��
ÌãÄä¡�Ç�È § Ô � ú
;�¸�!�" % Ó ��� Ô
é
ê � �
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î

7
D
î

8 Þ�o�k NET-2-2 Ô�7�E
º
»
¼�¢
ç
è�2��	Å î~á�r ø D�â ¸ ��� µ $ è���¢	Ù	Ô�£ r ¾D � ��n�o
Ô
ç
è
¾�� ¹ á Å % Ó ��× 2��
Ô MAE�&� Ü 0.0057, 0.0049 æ 0.0051,

³ +�ú&,&¢ �&× Ô
MAE

��� Ü 0.051, 0.045 æ 0.047 ��ç
è�2��
Ø þ k
NET-2-X

ï #�ñ&��ÌèÄé¡&Ç&È&ê&ë § Å � � Ô �&×
7�E	º	»	¼�¢�� a�b�ì�í Ê�î�å�ï�c�d	ÅðL	Û % ?	Ô×&½&ñ ? á ñ&Ê&Ë�Ô�Ý�ÞQò&ó�Å ³ ç�èQò&óQôQM&N
!�"�õ	Û�ö	Ô ×�½ �i# t�÷ è���?
Ü�)	ÅÇÝ	Þ b�ø È
~ 9 ù�~ ß	à Å ³ ç	è	È�~�ú 13.4 s; �	Ü�µ G ÅûP	¼
Û&ü ¶&ý Ö&w&x&� Y&þ ��è&��Í�Ú�È&~&Ñ 400 s, µÿ �
è���?�!�"�w�x�M�N 60 ù�~�# t � F G P
¼
Û
=&> � w&x&c&d�Å�7&E�º�»�¼&¢ �&× Ô&� Y&r ~ �

L
Ò�h�j�� �
3 �������
�

�
���
��� a b c�
��	 
�� ��
�����������

(m) 4556 6063 7397�����
(dB) 5����� [ (m) 45��� � [ (m) 3� _ � [ (m) 11��� Z
[ (g/cm3) 1.4∼2.1

^
_
`
� (dB/λ) 0.05∼0.8��� ���
(m/s) 1525∼1840

�
6 NET-1 Z
[
�� �!�"

�
7 NET-2-2 Z
[�#�$�!�"
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�
8 NET-2-2 ^
_
`
��#�$�!�"

3.1.2 Ö
Ó���=�>
Ô&%&'( µ r × �&)~á Å :	èÅÄÆ¡�Ö	Ó+*�È�����Ö	Ó	Å,+- Ý	Þ	æ	è���¢	Ù	Ô�Ö	Ó��+.+/�=�>	Ô ¥�¦ Å !	Ð0 è&�p�q��Ô �&× ��ÿ ��# NET-2-2 Ü&)�Å �&� è
�&Ô r&s Äé¡�ñ&��Ì&Ö�ÓQ~�Å �q�Qµ � ú&;Q¸�Ô �× �	ÿ Åð2�� Á	î 9 Ã	Ä	ÅÇ¹ á�D Ý	Þ�¢	Ù�=�>	ÔÅÄ
¡�Ö
Ó
Ü 3 m �a�b è���2�� ï #21�o~Å�Ô r�s Ä�¡�Ö~Ó~ñ
0.5 m ü 5 m y�(�~
Å 3�4 � �
Ô ��× MAE

D Ö
Ó.&/�=�>�~�F&3 B Ô r�s Ää¡&Ö
Ó�ñ 5 m # § ~
Å��×
MAE 4+5 © L��ÆR�Ò	ñ r × �&)~á Å�� ��µ+6� 38789�ÔèÄé¡&¢�Ù8:&8 �8; Ô&l í ÿ&m Å�ñ ( µ7&9&<&=ãÄä¡
Ô �&)�§ :�8 � � Ô&>&? � �

3.1.3 ;�<�=�> b�øaQb 3Q4 �f��Ô�ç�èA@�ü �Q× 7QE�¼Q¢ õ Å �

½ ;�<�°+B	å�¢	Åi!�"�;�<�=�>�� a�b 3�4 ���
ç	è
Ô&7&E�º�»�¼&¢ D&r&s Äé¡QÖ�ÓAC { Å�ñ r ×&7Q'
º�»�¼&¢&��ÉèÄé¡�ì í Ô&êQë § Å ( µAD8EQÖ�Ó�Ô7 § Äé¡p�q»&:�è�Ô �F) Å ï # a&b F�Ì�º�» § Ô789èÄé¡&!&"&7&E�¼&¢ �&× Å�Ë a&bAG8H Ö � Ê&Ëõ !&"&Ö�Ó8I8J�Å�} r�· D8EQÖ�ÓèÄ ¡p�f»�Ô&;Q<
=�>���# § a�b �
Ì�Ö
Ó
Ô�Û�£�;�¸�!�"
×
Ø��

;�¸ 1 Ü�Ç�È 4556 m K Ö
Ó 3 m ÔãÄä¡�� »�Û
£�;�¸
Å ¹�£ r 7�E % Ó
Ü 1.70 g/cm3, L 4&M +
ú
,�¢
Ü 0.69 dB/λ, Ö&N&O&9 Á
î 1 Ã
Ä B ;�¸ 2 Ü
Ää¡�Ç�È 6063 m, Ö
Ó 30 m Ô�Û�£ � ú�;�¸
Å 7&P
º	»	¼�¢ D ;�¸ 1 F	Ì��RQ�;�¸�|+S	Ü 100 Hz,

áUTV ë
Ü 450 Hz,
� ú�;
Õ G �
Ü 5 dB � � ú�;�¸
òb8W8X8Y8Z8[8\ � Y õ Å�;&¸ 1 Ô � ú&;�Õ G h8]A

34.3 dB, ;�¸ 2 h+] A 32.2 dB, µ $	î 10
á ¡+^

Ü à á Ô+_��~÷�ø	Åa`�@��	ñ þUb Ô�;�<�P ¬ Ådc�#

(a) Z
[�#�$ MAE (b) ^
_
`
��#�$ MAE�
9
� [�e�f�g�h�i����
��� MAE
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é	ê	ê	Ñ�;�¸	ü+j�~�(�� � È 3�4 ����µ��	Ü+7+9ÅÄ
¡p�q»�Ô&;&¸ 1 !&"&7&E�º�»�¼&¢ �&× Å�2&��Ü&1
7�E % Ó
Ü 1.71 g/cm3, +
ú�,�¢
Ü 0.56 dB/λ � �
È ��× ¼�¢&k í&l Y Ê�Ë
Å ñ 0.5 m

A
95 m Ää¡�Ö

Ó�¿�À&Ú �&�&×&½ ;&<Q°8B�åQ¢�Å�µAQQó YAZA[8\õ Ô�;�¸�!�"�;�<�=�>�� Y Å�2�� Á
î 11 Ã
Ä��Umî�áªï #81&o�Å�;&<&=&>AnQÌ�ÔQ;�Õ G ©&ª ñQµ $
Ö
Ó��&j
ü&o�L
¾
Å ��� Ü 3 m æ 30 m, m ³
ï #a&b Ö�Ó8I8J8@�üèÄé¡QÖ�Ó �Q×&B ÌQ~Q=&> ©Qª ñ
Ö�Ó8p�Ó t X8q>ì�Ô�Å�R&Ò&;Q<&=Q>&� Y ñ�Ð�Ñ&Ö
Ó�¿�À&Úsr&88>8? � ���AoAt&=Q> ©Qª µ $ nQo�½

o
Å µ $
î 10
á ¡&^
Ü â ¸
Ô&_��â÷�ø�� ;�¸ 1 Ô� ú�;
Õ G h&] A 39.7 dB, � Y�©�ª�© Ï�k 5.4 dB;

;�¸ 2 h&] A 34.5 dB, � Y�©�ª�© Ï�k 2.3 dB ��µ$ Ô V ó�Ú ��× ;�<+' $	Á	î 12 Ã	Ä�� 2 ¶	î 12
�

Ý Åi;�<�=�> õ Åau ø °�± b�ø á Ô�P�� Y&Z+v&w ì
Ü þ �8x Y8Z8v8w Åyn&Ì�Ô rQsQ©&ªQD ;Q<QP ¬ 2G n�Ì
Ô TLR z
Ú�F&{
Å Ââþ ;�<�=�>�� Y 8��&|} k ¯ Ï�°�±	ã	ä��i;�¸�µ G 2�� Ââþ Åi2 ¶�3�4 �
� �&× @&o�Ô&7&E�¼&¢�Å�µ86QF�Ì�º�» § ¹A~èÄ ¡
Ô���»�;�¸	Å ý 8 � � Ô+�	È � Åam ³�r	· µ��
Ì�Ö
Ó
ÔãÄä¡�� »
Ô�;�<�=�>�� Y �

�
10 ��� ����������������� f�g
\
] ((a)

���
1; (b)

���
2)

�
11 � � [ ��� f�g
\
] ((a)

���
1; (b)

���
2)
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�
12 ��� ��� #�$ ������� ((a)

���
1; (b)

���
2)

Û&£&;&¸�Ô�è&�&2&��Ø þ k8z86 3&4 �q��Ô&;
<Q=Q> ½ d�ÔQ8Q� � Å�� ½ d ï #�ñ �>êAEQ7 E�º
»>¼ ¢>Ô ê ë § Å 8 � � ½ ; < °�B>å ¢>Å ! " ;
< = > � Y Å���� ; < P ¬ Ô�%�'>Å�m ³ h�]��>è
;>Õ G �
3.2 �&��À�Ár ×�¢	Ù�}�� 2018 ç 4 �	ñ+��7�6�7�7+��!�"
Ô�8�9�:	è r ×�� Ò	ô r × á � È+�+�+�+�	Ö�9	æ+��&� G Í
ú ¶
¶&� Ô�8�9�:
è
Ö&�
Å�# “

r × 1 ¸ ”�
Ô&7 § �&���
Ü�:
èãÄä¡
Å “
r × 2 ¸ ” ���
Ü
ú¶
¶&� �&�
Å ��� ñ 2 7&  D 4 7& 
Ô�F�µ�Ç�È §

!�"�k�:	è��	×�� r × á Å¡�&�
Ö�9�Ö	Ó�Ñ 45 m,
¶

· ;�¸
Ü&uâ÷£¢ V ;�¸
Å V |�Ü 400∼ 500 Hz; :
è
Äé¡�Ü r ×8�A��Ô87 §8¤ ��ÅyuA�8� �&�8¥A7QÖ�Ó
Ü 6 m, 3&¦
Ü&Q��&§&¨�Ñ 57 m, ©&¨�Ñ 6 m Ô&ª&«¬&­ �
Å R�ÒãÄä¡&®&¯ á£T ����Ö
Ó
Ü 3 m; �&�&�
��� � ú�Ö	Ó	Ü 11 m � r ×+°+±�����7�Ö 100 m, ÖN&O&9³² CTD è&@
Å�´&µ&¶ î 1 Ã
Ä
Ô&·&¸
Ó�� r
× ás¹ 8&µ&7&E8L 48M !&"�è�Û�Å�RQÒ ¹ 8AºA@�êE
Ô�7�E&°&±&»�¢��

ñ r × á Å�;Q¸ � úA¼�ÜA½A¾A�A�A��Åy§�Ó�Ü

256 m, �+¿�¢	Ü 256 �À²U6 r ×�ê�ë « �	Å r�s � ú
;�Õ G � U�Å�R&Ò � úp�f»&;Q¸QM&N�ñ�ò bAW8X »Á ¼�Í+KÃÂ�»+Ä+Å � j�»+%&' õ ÅÇÆ�!�"
ç�� Y ÅÆ#§ � È 4 ó&8&� r ×&;&¸&�yÈ8É � È 3&4 �q�&µ r
×&¢�Ù&!&" �&� æ�ç�è�Åy@�ü 4 ó&;&¸&µ $ Ô �&×°&±&»�¢
Å ��× 2��&¶&Ê 4 Ã
Ä���

4 Ë�Ì����
����#�$�!�"���
1 2 3 4

GPS
���

(m) 4241 4130 7819 7825

^
_
`
� (dB/λ) 0.431 0.427 0.415 0.433��� Z
[ (g/cm3) 1.758 1.747 1.749 1.738��� ���
(m/s) 1627 1622 1622 1617

m+Ê á�ï #+1�o	Å r ×�;�¸�7�E % Ó	Ô ��×+Í �
ñ 1.75 g/cm3

ß	à Å +	ú�,�¢	Ô ��×+Í ñ 0.43 dB/λß�à ��µ G 7&E&E8Î �&� »8Ï Í [15],
ï #8@&o r ×

7&'�Ô&7&E8L 48M � 3AÐ8ÑAÒ8ÑAÎAÐ8ÑQ7QE8Ó DQr
×�7&��E&Î � Ë
ç�-�F&{��� È 3Q4 �f� �Q× 2Q� ×Q½ ;Q<Q°AB�åQ¢AÓ�Ö
Ó8I8J õ @&o8Ô r ×&;Q¸&µ $ Ô �Q× ;Q<A' $ Ó�µr ×&¢�Ù&!&"&;&<&=&>&� Y Ë �&Ý � Y&³ õ ÔA��è
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Õ G ÓÖÕ 4 � r ×&×&Ø
Ô�n�o&¶ î 13 Ù&Ú�� a�bo8t&;�Õ G ©&ª ê�Ñ �&× Ö�Ó õ Ó�� 4 � r ×8×8Ø
µ $ Ö�Ó�Ô&;&<8' $ ��Ð í Óy4Q�8*AÛAÜ86�Ì�Ð îá ÓÝ¶ î 14 Ù&Ú�� r ×�;�¸ ��× Ää¡�Ö
Ó��
ñ 3 m

ü 4 m y&(8Ó D ç&-&F8{8Ó�;&<&=&>&� Y&³ õ Ô&;
Õ G ;&Þ&¶&Ê 5 Ù&Ú&Ó 2&ß î 14

��Ý Ó �&c&1�o&Ó� ú�;�¸�;�<�P ¬ 2 G&à þ£b Ó�Õ Y�¨ TLR
à j&Ó

;&<&=&>&µ � ú&;&¸�ÔQ;�Õ G hA] à LAÓ�;Q<&=Q>©�ª�D
TLR

Y�¨ ç
è&z
Ú�F&{��
# 4 7& �ó
Ô�;�¸ 4 Ü�)&ÓyÕ W&X&Y&Z&[&\ D

;�<�=�>�2��&¶ î 15 Ù&Ú&Ó µ $ Ää¡�Ö
Ó
Ü 4 m �W8X8Y8Z8[8\ õ Ô � ú&;�Õ G Ü 23.3 dB, ò b ;&<
=&>&� Y õ Ó�;�Õ G h8]�ü 27.6 dB, ;&<&=&> ©&ª
4.3 dB � µ G ��Ý Ê þ Ó ;�<�=�> ©�ª Ô r ×�2�� D

�
13 Ë�Ì ��� � � [ ��� f�g
\
]

�
14 Ë�Ì ��� #�$ �������
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TLR Ô Y�¨&Í z
Ú
Ð - Ó�2&ß 3�4 � �
Ô�;�<�=�>
� Y ñ&��ê8E&7&E8°8±&ê&ë § 8&�8| } k&P ¬ °&±
ã	ä+Óa�+��k�P ¬ � $ Ô+%+'+Óam+á�h�j�k�;�¸
Ô+�
è�;	Õ G � D�÷+â 1

á Ô�;�<�=�>�c�d�F G Ód��c�d

�QM&N&j&;�Õ G Ô r ×8»8ÏQ;Q¸8Ó�RQÒQµ Y (&F {�	ý ¹ 8�N+ã+Ó ï #�� Y ; ~	ì+K ; Õ	Ö+ä&å § Ô �
ú�;�¸+Óih�j�k�;�<�=�>�� Y µ+°+±
Ô+S+æ � Óðµ�8
9�:
è&r�8�W�N&ç&è���

5 Ë�Ì
��� ��� f�g ������é�����
1 2 3 4#�$ ��� � [ (m) 3 3 4 4��� f�g�ê ����� (dB) 21.0 20.0 26.5 23.3��� f�g�ë ����� (dB) 24.6 23.1 30.4 27.6��� f�g�ì�í (dB) 3.6 3.1 3.9 4.3

��
�î�� TLR (dB) 4.8 4.3 5.4 5.2
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