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Ye�6-1X�3C|Ò®m©�YNu)
-1�õgÑ�, éN´���ÂXÚÏÄ���Ø
�
Ú, Ù��¡E�m���� 102 ns ?, K��|&Ò�Â. �©�éd¯K©Û
-1YN��1Ñ�rÝP~
5Æ, gÌïu
�«Uþé�ªYe-1X�cà�ÂXÚ. TXÚÏL3C|r&Òk¸þU\��p��
�]�é�>6³��ÂXÚ�Ú, ��òü&ÒKÜ, ��ý¢£Å&ÒÅ/. ©Û
EâJ:¿�Ñ
)û�
Y, ?Ø
]�é�>6�)¤��érÝ�K�5Æ. ²¢ÿ�©Û, TXÚé�>6ó°� 5 ns, ÌÝ��Ú?
� 122 nA, ÌÝN!��� 135—360 µA, ¤õ¢y
éC|rÑ��³�. TXÚ���±÷v�6-1X��
Ä�&ÿ�I�.

'�c: -1X�, í�, Uþé�, Ä���

PACS: 07.60.−j, 29.40.−n, 07.50.Ek, 29.40.Mc

1 Ú ó

éE3Ê1L§¥, duÚ^÷��z!EN
��YÄå��Ï, ¬3éE�,¥��mí3�
zí� [1]. ïÄL², �éE¨L��ål�, í�
�63ºÝÌþÌ�± 160 µm ±e��ºÝ!$
�Ýí��Ì [1]. DÚ(g�~XéJéÙ?1
&ÿ, Ye-1X�|^-1��áÅ!p(¯
A5�éÙ¢yp°Ý�&ÿ [2,3], TEâA^u
#.-1g�~X, �¢y��ål��lÚ��.

,	, �6-1X��äké|Uår, É°��
¸K��, Ó�ä��é�d5U�Ãõ`:, ä
kér��¯A^d�. 8c, I	Ì�léEí
��6A5 [4,5] Úí��61Ñ�nØ [2,3,6,7] ü
�¡?1ïÄ. IS�¡åÚ��, l 2000 cm©
�UmÐ
ïÄ [8−10]. 8c, IS	é�61Ñ�
nØ�ïÄ®���õ, �3�6-1X��Å�
ï��¡����(J, Ì�´�6��1Ñ�&
Ò�Ä�Cz4�, ´��cà�ÂXÚ�Ø%�
�ì��Ý�Ú, �I�«�Ä�&Ò��ÂEâ.

� â I S	� �, 3 ù � ï Ä + �, ©
z[11—14]�¤J'�k�L5, ©Oæ^ �È
Å!�mÈÅ!éê��Ú1>�O+ (PMT) �
COÃ��YØ &ÒÄ���, ù
�Y�¤õ
A^u�í&ÿ!Å1-1°�ÿ��+�. �´
duù
�Y�·^ué�ål8I«��&ÿ,

Ïd3Cål!rP~ÚrÑ��YeA^�µ
e¦^å5(J��. �8c��, vk·^uY
e-1X��¤Ù��Ä����ÂEâ)û�
Y. ~X�O�&ÿål�~á, ��� 0—30 m,

2\þY¥-1óÀDÂ�~¯ (2.25 × 108 m/s),

¦£Å&Ò�±Y�m���u 200 ns. áål&
ÿ¦£Å&Ò&Eþ4Ùk�, ÏdI�cà�Â
XÚU
¿©�÷ 0—30 m ålS�ä�þ��
�Ñ�&E. ùØ=�¦�ÂXÚäk�Ä���
&Ò�ÂUå, �3Eâþé�ÂXÚJÑ
�
p��¦, Ì��)n��¡: 1) �¦�ÂXÚU

¼�&ÿål (0—30 m) S�Ü���Ñ�&
Ò, ±¼�&Eþ���z, Ø�-1ÿ°�@
��'5�½ål?8I�kÃ, ©z [11—14]

��YÑ3�½§Ýþ��
&Eþ; 2) l��
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�Âì�Ú�C|YNrÑ���|fÑ��£
Å&ÒÑI�¦�U��3½��, �mÈÅ
Ú PMT �C�Y%��
&Ò¥�C|YNrÑ
�Ü© [13]; 3) �¦�ÂXÚéC|r��Ñ��
³�Ä��Ý�u 10 ns, DÚ PMT �COÃ [13]

��YÃ{�AXd¯��Ý.

)û�6-1X��Ä�&Ò�ÂJK�'
�3uXÛ3�{Jp�6-1X��ÂXÚÄ
����Ó�, ÷v±þn�¡�¦.

3Ø%1�Âì��ÀJþ,©z [11—14] �
õ/æ^ PMT ��¢�¿¢��1�Âì�, �
ÙØ·u�	�Å�ï�. du�	Y��õ�
5, ·ZYéN´E¤ PMT �Ú�N$��¤. ,
	, PMT �3X�A�mú!k�óÀ!é±�^
|!�Ä!�Ý!�¸±í�Ï�¯a�¯K [15].

æ^È�1>�4+ (APD) ���Å�1�Â
ì�, �,�Y>´�E, (��Ú§� Ø>´),

��k��Ñ±þ":, �A�m¯� ps þ?,Ã
�óÀ, �¸�¦$, �·Ü^u�OT&ÿXÚ
�Å.

8c, �éÈ�1>�4+�Ä���JpE
âÿ����. �©�é APD ï�
�«Uþé
�ª�Ä�cà�ÂXÚ. ïÄ
T�[càé�
>6�)¤��éÙrÝE¤�K�95Æ. �Ñ

Ye-1X��éÅ¢ÿ(J.

ã 1 éE�6-1X�XÚ�Å �: Ye&ÿì; m:
Yþêâ?nXÚ

2 �6-1X�{0

�ü u 2009 c�¤
éE�6-1X�X
Ú�Å�ï�?Ö, ã 1��Å¢Ôã. T�Å©
Ye&ÿìÚYþêâ?nXÚüÜ©. cö u
°Y¥, |^ÙS��óÀ-1ì!�Âì!Ó¶
1ÆXÚÚp�æ8k��¬, �Â-1�í��

6u)Ñ��)�L¹�6&E���Ñ�1, l
¢yé�6�p°Ý&ÿ. �ö uÿþE`�
þ, ^ué�6-1£Å&Ò?1¢�êâ?n9
i�Ye&ÿìó�G�. �6-1X�XÚ�Å
��O&ÿål� 30 m, -1Å�� 532 nm, ó°
� 10 ns, &ÿ°Ý� 0.281 m, �>³±Yø>�m
� 3 h.

3 Ye-1��1Ñ�P~5Æ

�6-1X�;.£Å&ÒXã 2 ¤«. l
ã 2 �±wÑ, C|YN��Ñ�rÝ��u�|
�6��Ñ�rÝ. Ï�°Y¥¹k�þ�í�!
íØ!�)Ô!�É���â [16], §��-1u
)Ñ�/¤
C|r&Òk¸. Ñ�E¤
-1
å�P~, ¦�|�6&Ò�rÝC��~�f.

ã 2 �6-1X�;.£Å&Ò

Äu Monte Carlo �ý, ©Û
ØÓ&ÿål
YN��Ñ�rÝ�P~5Æ, (JXã 3 ¤«.

lã 3 �±w�, YN��1Ñ�&ÒrÝ�&ÿ
ål�O\¥�ê.P~, £Å&ÒÄ����~
�.

ù�P~5Æ��^-1X��§?1nØ
)º. Ye8I���Ñ�&Ò�ÂõÇ�dXe
-1X��§L«:

P (L) = P0 (cτ/2)
(
A/L2

)
β (π) exp (−2µL) , (1)

ª¥ τ �u�-1ó°, β (π)�8I� 180◦ ��
Ñ�Xê, A ��Âì�Â�¡�¡È, L �&ÿ
ål, µ�Y�NP~Xê, c�1�, P0 �u�1
õÇ. �[(JXã 3 ¥�.

±þ Monte Carlo �ýÚ-1X��§�[(
JL², �6£Å&ÒÄ�Cz4�, C|&Ò 
 '�|&Ò�A�êþ?, N´���ÂìØ
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%��ì��Ý�Ú. ì����¡E�m���
� 102 ns ±þ, òK�é�Y����|f&Ò�
�Â, �I�«�é�Ä���&Ò��ÂEâ.

ã 3 ØÓ&ÿålYN��Ñ�rÝP~5Æ

4 Uþé�ªcà�Â>´�O

4.1 ÄÄÄ������nnnÚÚÚEEEâââJJJ:::

Uþé�ªcà�ÂXÚ�Ä��n�, d
u APD ±1��ªó��, ÙÑÑ�&Ò>6�
ü��, Ïd�3&ÒC|Ü©�rk¸þU\�
�p���]�é�>6 Iδ, -�rk¸Úå��
ÂXÚ�Ú, ,�ò]�é�>6Úé���£Å
&ÒKÜ, �ª���©��Ä�£Å&Ò.

�©�O�Uþé�ªcà�ÂXÚXã 4

¤«, TXÚdnÜ©|¤, =]�é�>6�
)>´ TEC!È�1>�4+$D(ª{��

ì TIA Úêi&Ò?nì DSP.

ê�=�ìÚ>6º3 DSP ���eé]�
é�>6 Iδ �rÝ?1g·AN!, �yé���
&ÒC|Ü©�rk¸ØÑy��½K��Ú. >
uìÚ�?§ò�ì3 DSP ���eé]�é�
>6)¤��?1g·AN!, �y��þéC|
r&Òk¸�é�°Ý. �½ò�ì^u�½]�
é�>6 Iδ �óÀ°Ý.

�>´�EâJ:3u: 1) ]�é�>6�
)¤��I��C|r&Òk¸3�mþî�Ó
Ú (Ø�A�u 10 ns), ÄK�UÏ-�Ø��
���ÂXÚE,�Ú½K�
�Y�|£Å&
Ò��Â; 2) ]�é�>6�Å/I�î�5�,

(�>´3�p��¹eÃ�$ÚLÀ; 3) �¦]
�é�>6�ó°�u 15 ns, L��ó°òK�
XÚé�Y�|f&Ò��Â; 4) �¦XÚäkv

²"��[�° (�u 75 MHz). ��>´ó�
3 ns ?�p�°�^�e, Ïd�O¥7L¿©
�Ä>´M)ëê�K� [17] ¿?1ûÐ�{|�
� [18−20], �OJÝ�~�.

�>´�ó�L§�: 3,g&ÿ�c, DSP

�ê�=�ìÚ�?§ò�ì©O�\�g&ÿ
ò¦^�]�é�>6 Iδ �rÝÚ)¤�� TQD

���i, ùü���i´d DSP �âõg&ÿ�
��£Å&ÒÏLg·AO�����`��i.

�óÀ-1ì3 DSP ��eÑ1�, ]�é�>
6 Iδ �C|r&Òk¸3��þÚrÝþ°(é
�, ³�C|r&Òk¸Úå����¡�Ú.

ã 4 Uþé�ªcà�ÂXÚ(�µã
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4.2 ØØØ%%%>>>´́́���OOO999nnnØØØ©©©ÛÛÛ

ã 5�Uþé�ªcà�ÂXÚ>´�nã.

VQ Ú VQ̄ ©OL«�?§ò�ì M5 ���Ú�
�ÑÑ>Ø, VQD L« VQ ²�½ò�ì M4 �
�ÑÑ>Ø. u�4ÍÜÜ6 (emitter couple logic,

ECL) ½��>´ M3 ��^´�)]�é�>
6 Iδ. Iδ rÝd�6>6 IδSet û½; Iδ )¤�
� TQD d�?§ò�ì M5 N!; Iδ ó°d�½
ò�ì M4 �ò�þû½. du ECL ½��>´�
Ü6õU� Iδ = A∪̄B, Ïd��?§ò�ì� VQ̄

>u A àf�, Iδ òm©�), � VQ ²�½ò�
ìò���ÑÑ>Ø VQD >u B àf�, Iδ m©
��.�
���u 10 ns �Å/5��]�é�
>6 Iδ, ùp Q1, Q2 Ú Q3 >´�Oæ^
>6�
ª [21] ó�� ECL (�, du Q1, Q2 Ú Q3 4m>
Nó�3${|!:þ, ¦>Ø{ÌÚ�m~ê4
�, Ïdäkª�°!�Ýp!��5�ý� [22]

�A:.

ê�=�>´ M1 ��^´�)É�u DSP

�>6 IδSet, IδSet ²>6º M2 �Ì��E��
Jø� ECL ½��>´ M3, ?��é�>6 Iδ

rÝ. IδSet d DSP ÏL D/A =�ì MAX536 Úp
°Ý$���ì OP07 5N!, �N!��� −5—

4.99 V, ¢S¦^��� −1.1—3.4 V. ÙJø�?

é>6º�Ñ\>6�L«�

IδSet =
(VDA − VBEQ6 − VBEQ8 + 5.2)

RδSet + R12

≈(VDA + 3.8)
20000

, (2)

Ù¥ VDA �ê�=�ì M1 �ÑÑ>Ø, VBEQ6

Ú VBEQ7 © O� Q6 Ú Q7 Ä 4 � Ï > Ø, �
� 0.7 V, RδSet ��½>{, ^u�½ IδSet ��
C��. ��?é>6º��">{Ï~'��,

= R12 ¿ RδSet, � R12 ��Ñ. �� RδSet = 20 kΩ
�, IδSet ��N���� 135—360 µA. �ê=�
ì.Ò� MAX536, æ�°Ý 12 bit, é IδSet �N
�Ú?� 122 nA.

V4.¬N+ Q4 Ú Q5 |¤
ü?��ì, ¢
yé VQ �ò´�� VQD, VQ̄ � VQD >÷��m
�û½ Iδ �ó°. ò´�n´Ï� Q4 Ú Q5 �³
^>N!*Ñ>NÚ>´�©Ù>N�å� R8 /
¤
�? RC £�>´, Ïd VQD �þ,�Ýú
u VQ, qÏ� ECL ½��>´ M3 �Ñ\à B �
Ï>²ð½, l¢y
é Iδ ó°���.

�?§ò�ì M5 æ^p°Ýê�ò��
¡ AD9500, °Ý� 10 ps, ��ò����ÏL	
�>{ REXT Ú>N CEXT �½, ò�þ�L«�

TD = 6.4 ns +
(

ND

256

)
REXT (CEXT + 10 pF) , (3)

ª¥ ND� DSP Jø� Iδ )¤����i.

ã 5 Uþé�ªcà�ÂXÚ>´�nã
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?é>6º M2 ��^´òê�=�>´Ñ
Ñ�>6 IδSet �Ì��E��Jø� ECL ½��
>´. Ù|^4�K�"Eâ5~�Ñ\ÑÑØ�,

Jp
��O�>6��°Ý [22]. ?é>6º M2

�Ñ\>6�ÑÑ>6�¼ê'X9ÑÑ>{�
©OL«�

IδSet

ICQ8

=
1

1 + 2/(β2 + 2β)
, (4)

ro =rCEQ6

(
1 +

βrCEQ7

rCEQ6 + rCEQ7

)
≈rCEQ6 · β, (5)

ª ¥, ICQ8 �¬ N + Q8 � 8 > 4 > 6, rCEQ6

Ú rCEQ7 ©O�¬N+ Q6 Ú Q7 �8>4�u
�4m>{, β �V4.¬N+ Q6 ��6OÃ. ¢
Sþ Q6 ��6OÃ β Ï~�u 100, d (4) Ú (5)

ª�wÑ, ��� β é>6DÑ'�K���, ¿
������ÑÑ>{.

4.3 ]]]���ééé���>>>666 Iδ ������)))LLL§§§

ã 6 �]�é�>6 Iδ ��)Ü6�Sã.

ã 6 ¥ T1—T4 L«��:.

ã 6 ]�é�>6 Iδ ��)Ü6�Sã

ò�?§ò�ì M5 ���ÑÑ>Ø VQ �=
�p>²���:¡� T1, d� VQ̄ ÓÚ�=�$
>². du�½ò�ì M4 é VQ �=�ò��^,

VQD ¿vká=�=�p>², ´ò´� T2 �
�â�=. Ïd, 3 T1—T2 �mãS Q1 Ú Q2 �
�, Q3 �Ï, �)]�é�>6 Iδ, Iδ ^u³�C
|YNr&Òk¸E¤�1��>´�Ú.

3 T2 ��:þ, Q1 �Ï, Q2 Ú Q3 ��, Iδ ]
m��. 3&ÿm�S�,��, XÚI�¡E¤
Ð©G�±�eg&ÿ. ¡EL§Xe: 3&ÿm
�,��: T3 þ, �?§ò�ì M5 ���ÑÑ
>Ø VQ ¡E�$>², VQ̄ ÓÚ¡E¤p>². d

u�½ò�ì M4 é VQ �ò��^, VQD ¿vk
á=¡E�$>², ´ò´���: T4 â�=.

3 T3—T4 �mãS Q1 Ú Q2 �Ï, Q3 ��. T4 �
�:þ, ²�½ò�ì M4 ò���ÑÑ>Ø VQD

¡E�$>², Q2 �Ï, Q1 Ú Q3 ��. du3 T3

����mãþ, Q1 Ú Q2 ��k��+f�Ï,

 Q3 g©�ªþ�±��, Ïd3&ÿm��m
ãSu)�XÚ¡EÄ�Ø¬3!: Pδ þ�)õ
{�fe>6, ´�±é�>6 Iδ ©ª� 0.

nþ©Û, 3 T1—T2 �mãS!: Pδ þ�)

]�é�>6 Iδ, ^u-�C|r��Ñ�k
¸, ��ª{���¡u)�Ú.

5 ¢�(J©Û

éþ©¤ãXÚ�5UÿÁ, ¤^-1ì�
ÌÄN Q ��NÄ$ Nd:YAG óÀ-1ì, ó°
� 7 ns, ÑÑUþ� 8 mJ. APD �-1�� (laser

components) úi)�� SAE500VS3 .-1ì, �
A�m� 450 ps, Å�� 532 nm!OÃ� 100 �
��AÝ� 27 A/W. «Åì�S$Ô�Ek�
úi (Agilent) � MOS7104A .-1ì, �[�°
� 1 GHz, z¦�p 4 G �æ�:.

5.1 ¢¢¢���(((JJJ

ã 7(a) ´ÊÏ�ÂXÚ£Å&Ò, �±wÑ,

·ZYN¥,�Úå���1Ñ�4r, ���
ÂXÚØ%��ì�3 −70—0 ns�mãS�Ý�
Ú, d����¡SÜó�:u)É~. ã 7(a) ¥
&Ò�²>Ø´���¡ 50 Ω K1����>Ø,

ÑÑ{Ì� +1.8 V. 3 0 ns ���mãS, ���
¡?u�Ú����¡EG�, �)
�� 102 ns

±þ��Å&Ò, K�
é�Y 0 ns �����|
f&Ò��Â.

ã 7(b) ¥ “é���&Ò”�æ^�©�O�
�ÂXÚé�ÓUþ£Å&Ò�Â����ÑÑ
Å/. ��]�é�>6 Iδ �C|rÑ�&Òk
¸3 5—20 ns�mãS¢y
p°Ýé�, òC|
rÑ�&Òk¸ÌÝØ$����¡ 50 Ω K1
����>ØÑÑ{Ì +1.8 V ±e, k�³�

�ÂXÚ�Ú. Ó��| 47 ns ?��6&Ò�k
�&ÿ. ��, ²KÜ���©£Å&ÒXã 7(b)

¤«.
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ã 7 �©�O�cà�ÂXÚ�ÊÏ�ÂXÚé' (a) ÊÏcà�ÂXÚ£Å&ÒÅ/ã; (b) Uþé�ªcà
�ÂXÚ£Å&ÒÅ/ã

5.2 ééé���>>>666���)))¤¤¤������ TQD éééÙÙÙrrrÝÝÝ���
KKK���999555ÆÆÆ

]�é�>6 Iδ �)¤�� TQD d�?§
ò�ì3 DSP ��e?1N!, nØþ�?§
ò�ì�ò�þ TQD ØA� Iδ �rÝk?Û
'X. �¢ÿêâL², 3 IδSet �½��¹e,

Iδ �rÝEÉ� TQD ��fK�, Ly�fO
�. ã 8 ��ê=�ì�½ IδSet = 195 µA �,

AD9500 3 REXT = 1 kΩ, CEXT = 5 pF ��e, Iδ

� AD9500 ò�þ�'X�. ÏLé¢ÿêâ[
Ü, ���ê=�ì�½ IδSet = 195 µA �¹e, Iδ

� TQD �'X�

Iδ =229.11534 − 8.64155TQD + 0.77634T 2
QD

− 0.03018T 3
QD + 0.00043T 4

QD. (6)

ã 8 ]�é�>6�)¤��éÙrÝ�K�

�)ù«y���Ï�U´, �?§ò�ì
�Ø%ì� AD9500 SÜ� ECL (�, �¬N+ -

¬N+Ü6>´ (transistor-transistor-logic, TTL) Ø
Ó, ÙÄ��>´ó�3��Ú«, ECL >´L«
Ü6 “1” �ÙSÜ¬N+ó�3��« (TTL >
´L«Ü6 “1” �ó�3�Ú«), Ïd ECL >´

L«Ü6 “1” ��ÑÑ>²�U�¬N+ó�G
�9Ñ\>²k'. AD9500 �Ì�õU´p°Ý
êiò�, Ïd�Kþ�I�yÑÑ&Ò Q Ú Q̄

1���=>÷���°Ý=�, ÃL'5ÌÝ,

=ã+&ÒÌÝ5U��&Ò>u>÷��°Ý,

Xã 9 ¤«. ,�A^¥ AD9500 �&ÒÌÝ
3�½§ÝþK� Q1 Ú Q2 �Ä4>6, lK
� Iδ �rÝ. �ëìã 9 �[©ÛT¯K, ã 9

¥ Q
(
TQD-min

)
Ú Q

(
TQD-max

)
, Q̄

(
TQD-min

)
Ú Q̄

(
TQD-max

)
©OL«��?§ò�ì�½

��áÚ�� TQD �, Q Ú Q̄ ��=Å/. ��
B'� Q Ú Q̄ 1���=>÷���°Ý, ã
¥N�
�m�I��é �, ¦ Q

(
TQD-min

)
Ú Q

(
TQD-max

)
, Q̄

(
TQD-min

)
Ú Q̄

(
TQD-max

)
�1���=>÷Ü. lã 9 �wÑ, Q Ú Q̄

1���=�>÷��Ü, >÷/G�¤��
� TQDÃ', `²Tì�U
¢yp°Ý�êiò
�. ,, �=��¡E�m, =óÀ±Y�m´�
áØ��, ÌÝ�ØÓ, Ù±Y�mÚÌÝ3�½
§ÝþòK� Q1 Ú Q2 �Ä4>6, �ªK� Iδ

�rÝ.

ã 9 �?§ò�ì�ÑÑ&ÒÅ/
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6 ( Ø

�éYe�6-1X�&ÒÄ����!&
ÒC|Ü©´���ÂXÚ�Ú�JK, gÌï
u
�«Uþé�ªYe-1X�cà�ÂX
Ú. TXÚ�)�]�é�>6ÌÝ��°Ý�
� 122 nA, ó°�� 5 ns, é�>6ÌÝ�N��
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Abstract

The multiple scattering of underwater lidar for wake happens in the near field, which leads ordinary receiving system to be

saturated due to lack of dynamic range. The receiving system recovery time is usually up to several nanoseconds, which affects the

receiving of the far-field signal. For this problem, the attenuation law of laser back-scattering intensity by water is analyzed and a

front-end receiver of underwater lidar with energy consumption is developed. A high-speed reverse transient cancellation current is

superimposed on the strong peak of near-field part signal to prevent the receiving system from being saturated, thereby restoring the two

signals to integrated returned signal waveform. The technical difficulties are analyzed and the solutions are presented. The influence

of generation time of transient cancellation current on intensity is discussed. The results of measurement and analysis prove that the

transient cancellation current is 5 ns in pulse width, its adjustable step of 122 nA and the adjustable range is 135–360 µA. The system

suppresses the near-field strong scattering signal successfully and can meet the requirement for the underwater large dynamic range

lidar for wake.
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