
第 !" 卷 第 " 期

!#$# 年 " 月

传 感 技 术 学 报
%&'()*)+,-.(/0,1*)(*,.* /(2/%3-/3,.*

4567!"8(57"

9:;7!#$#

!"#$

!

!"#$%&'(-.,/

"<#<=!#!T#$

!">\]��Gç;Ê

"e<"#

-.,/

"!##=//#Th!!##

%&'(

!!##> @$# @$A88

)*'(

!!##> @$$ @$#

5#69? (.' W+@;?"+5X$)Q$X+9:22'?+9;'1#$0+5+),(2S',+9()

3()961#$Y+R677+2

!

C,12X/)N(%)*

$%!

% 2F3/).(%)

$%!

!

% M"V6(

$%!

% !0UK$/%)*/%)*

$%!

% !"0123()*

$%"

$9K6)=6<4&<:(&D(D6=(A?6);()* %)E K&)=<&>76;6%<A$ ,);=(=/=6&4,)=6>>(*6)=H%A$()6;% K$()6;60A%E6D'&4?A(6)A6;% !646(!"##"$% K$()%$

!9C6@%<=D6)=&40/=&D%=(&)% ")(I6<;(='&4?A(6)A6WL6A$)&>&*'&4K$()%% !646(!"##!=% K$()%$

"9C6@%<=D6)=&40@@>(6E 8$';(A;() !646(")(I6<;(='&4L6A$)&>&*'% !646(!"###>%









K$()%

:7,#2'1#! 3KJP:PJ;P;5P5GJN :CJQDSPJG[EC 6E[JN :;;:SJN D:BDE6JGJCG5;M:GJN 5C B5CNFBDEWJ;FMMJ;% QKEBK K:G

DKJR;:HJQ5;[ 5RDQ56:SJ;G5RGD:IIJ;JN C5NJG% DKJQENJ6SFGJN 6ELFEN ;FMMJ;ECaJBDE5C H56NECI"0'9*# HJDK5N EG

FGJN R5;uDKJ5WJ;:66ECaJBDE5C H56NECIu5RDKJB5CNFBDEWJ;FMMJ;% DKJ65B:DE5C :CN DKJH:ICEDFNJ5RDKJR5;BJB:C

MJG56WJN MSHJ:GF;ECIDKJ;JGEGD:CBJW:;E:DE5C 5RDKJB5CNFBDEWJ;FMMJ;FCNJ;DKJR5;BJ73KJNJGEIC M;J:[GDK;5FIK

H5GD5RBF;;JCDR6JVEM6JD:BDE6JGJCG5;:;;:SM:GJN 5C DKJ:;H5;ODSPJGD;FBDF;JQEDK R:W5;:M6JHJBK:CEB:6:ME6EDS%

I55N R6JVEME6EDS% :CN GD;5CI:CDEOa:HHECI:CN ;J:6EUJGDK;JJONEHJCGE5C:6R5;BJNJDJBDE5C 5C DKJB5CDECF5FGGF;R:BJ5R

DKJGJCG5;73KJGEHF6:DE5C ;JGF6DGK5QGDK:DDKJR6JVEM6J:;;:SJN D:BDE6JGJCG5;B:C MJFGJN R5;DKJ"O2R5;BJNJDJBO

DE5C QEDK KEIK ;JG56FDE5C :CN :BBF;:BSFCNJ;DKJB5CNEDE5C 5RENJ:6B5CNFBDEWJBK:;:BDJ;% QKEBK HJJDDKJBF;;JCD

CJJN 5RDKJFGJ5R;5M5DG[EC7

>+? @(29,! G[EC 6E[JN D:BDE6JGJCG5;$ "O2$ :;;:S$ NJB5FP6J$ /(*k*

//:33! ABCDE

'¾®jèUD�ðX��~ÛS267*yz

!

HIJ

$%!

%

KLM

$%!

!

%

/N

$%!

%

OP>

$%!

%

QR

$%"

$7

C%Y7ÿÊ¿J7ÒXùo��C¤

%

_é

!"##"$$

!7

C!%\I&#®9�

%

_é

!"##!=$"7

_éQLI&.&Y

%

_é

( )
!"###>

+

8

,

!

¦§:;q�ð'¾®jèUD�~Ûê±S267*yz

%

67*yziF5sIzDõV@WDëÙgh

%

F

êRÈ�

"0'9*#

D§¨��®jèUD01ìê

%

?ÓB�×�pFw®jèUD4��9

%

¯ß¦l¸>ê±67*´F

`Dáb�h@�It

&

ª:;�·qÐ�'¾í]Dê±S267*D:;î�

%

¶«8²�&Á±

'

êï±x

'

5h�

ÿ�e

'

>67*´F½r��WB�DÁ±

&

MN¿0g³´µ

%

>.�®jèUDb�w

%

:;Dê±S267*yz

B�áb�«~>D Q��è�

%

½r�eÐ�F¾pý*�~ÛD/á

&

-./

!

�~ÛS267*

$

áb

$

yz

$

ßð

$

«nç ¡

01234

!RCGZ$;FBGBHC II

56789

!:II

5:;4

!GDDJ KGLMM"BDGD#DC KDCGT KDA

88

�~ÛS2yz7ÒÂý*�M7X×Uö÷

oÆpFDí/ñb

%

Â¿Jý*�D�ðVáD

��}W

&

7«D

9)9*

yz67*ªrò±D

mvOn

($ @!)

%

=�WÂ

!

óÞ Ý67*ój�1

}~I

%

,­q(� Q�

%

Ör0�~vJKD�

� òuÜ

$

ô×

%

�Þ Ý*�D�DójÈ¦�

ÿjÈ¦üÅ>¾óÞ67*yzDójDÿjÈ

¦

&

%×

%

Ð�D'¾í]Dê±S267*iF

�Þ'¾ô±'nXô±�tV��Dáb�67

*ÇÈáb�i7yz

(" @T)

&

=�WÂ·¨M70

q��`Dê±

%

mM=�Þ2Ýáb�67*D

:;Â=·¨M70Þ67*´FD��B�

&

Ê



书书书

!

!

"

!

#

!

$

!

%

!

& '

"#

(

!"#$%&'()*+,

!

-./01234*

56

!

7189:9;<=*>?@ABCDEF

9/*GH*IJ

"

KLMN*OPQ8R)!S

'()RJ

!

TUVWXBYCZ[F9/*89

\]

!

^_`a*GHbcdefgKLMN*Z

[F9/*GH

"

hijgkl*mn!SKLMN*To)

!

^_pfgQ8KLMN*Z[F9/*GH

!

q

+cderstu

#

vw*Z[F9/xy*G

H

$$ %&%

"

Bz{|KLMN*}w~*�~mn

!

���*F9/xy��

!

����z�_*fg

KLMN*vwZ[�a*��

!

����zfg

��*')Z[F9/*����

!

�!e��*

F9/����}w~*��

$' %()%

"

���� 

¡zF9/��

!

¢cL�!SF9/*��£¤

"

¥¦GH��1%&^_§0./0¨1©X*ª

«¬+

!

­1®¯g°±²³

#

´µ¶·

#

0°¸¹

º§»

#

!S56¼½~¾¿ÀrÁÂd

!

ÃÄÅÆ

*®¯_Ç

"

!"

!"#$%&'(

F9/¢¯ÈÉ*ÊËÌJË�AÍÎ

!

¯^

_ÅB-¯*ÏÐAÑ

&*+,-'

ÒÓÔKLMNÕ

ÏÖF9/ÌJÍÎd

!

×Ø

(

ÙÚ

"

89\]*

KLMNÛÜj

./01)(

ÑÝMN

(23#())

ÑÞ

ß

!450"))"6

Ñàá

-78

"

&

�âãäåæB

)9(":

6;<=

#

!)9($ >)9(: 6;<=

#

'!

Sçèéê>?ëA

"

ÛÜ*QìR)íî�ïðñ�ò��

!

ÃÄOP

*QìR)

!

ÛÜ*QìR)óo×Ø

"

ÙÚ

$((%

"

)

(!

*+

F9/ÌJ��Úô×Ø

#

ÙÚ

!

õöËÌJ

÷øùúûü

"

e�ýþ�ÿ*!"ö

!

#$ÌJ

*`%�!&'��

"

¯`()*�ÚõËÌJ

!

×

!

)

!

(

!

"

))"

)

"

(

"

"

))#

)

#

(

#

"

))!

%()*�

ÚöËÌJ

!

×

$

)

$

(

$

"

))%

)

%

(

%

"

))&

)

&

(

&

"

))!

J

x+,Ø×Ø

1

ÙÚ

"

)

"!

*+,-./012

)

#!

!"3,4567)

)

1!

!"3,89)

jgKLMN*Q8R)

!

F9/e-~X¯

ö

!

MN./¼01

!

ÌJ2ì34.56/¼17

"

F9/*ÌJ2ì3¢¯89:;y9:

!

B<=>

?Ë*ÙÄÌJ@8yKo�í

!

¯ABNÔÊsø

>*ÌJCe?DXB?sÌJ

"

EÊsÌJúg

>?súF

!

ABNõGÌJ8ø�

!

ABNöGÌ

Jyø�

!

jABNHI*KoºÌJøí

"

ïòÛ

ÜõËÌJB

? @'

*Jx

!

öËB

() @:!

ÌJ2K

!SõöÌJË2KLB

$ =="

F9/MNB

$)

==@1) ==@$ ==!

Z[~aOB

A

ÒP

") B(C#D

&(#



'

#

: ;<=

!

>?@A

*

BCDEFG,HIJKLMNOP!"3QR,ST

!

ÒP

() B(

Qä

&

RS

'*#) >$)(

TUVä

&E6;<=

"

'

!

()(

WäXY

A

ÒP

( >" FG-(C#D

ÒP

*# >$ F

G-(

Z)¹a

'

B

(9#'? ? ,HI(

[\]!

J)(1?(

Qä

!J1)(

ãä"

J( 6;<=

#

"

¥F9/*�a£¤iíîpÌJe-~X¯

öì317*��

!

,{^_eF9/õ*-~*

`%

"

B`abcKLMNì3e-~X¯ö/¼

*17

!

~X¯J;�aÌJ®d�1e>?úF

!

h�e�afÌJ-g�1KhÌJºKLMNi

Z�P

!

>fjklm

!

nÔKLMNÕÏoÌJÍ

Îdf

!

ÌJË-Gpqr?$sä*KLMNt

Ë

"

jg-ËMNtuTUt

!

åvF9/w~!

"*fx

!

�#$tui�ýþ*

!

-~iyi^_

eÌJõ

!

-~X¯fõËÌJ/¼úz

!

�öËÌ

J{|}~$��/¼úz

"

#"

#$%)*+,-.

F9/L��åq+������

#

��

#

�

`

#

��

#

­/����.

!

Úô×Ø

$

ÙÚ

"

L

�åÊ�å

!

?�åiF9/*��¢c�å

!

q

+P��L��$8y�oLQ

!

¢c�$8y

L�

!

�î�`/��Ö��

"

q+j��/

#

�

�/

#

r�?¹���

#

5��`/!Sq�k

/

#

��/

#

i�¿�A

"

�?�åBq�k/;

õú.i�L��å

!

q+�A��*���1

;

K-3

i�¹ 

!

ºF9/¹ *i�

!

H¡L¢

ºµú¹ 

!

�k/¹ !S

LMN.

i�

!

��*

��;

N/

��¹ 

"

)

$!

!"3,UVEW

íîF9/*¢cL�

!

�!£¤F9/w~

åv*88

#

8y

#

yy

#

y8ì3Jx

!

åæ$¥B

!

(

!!

"

!!

#

!!

1

"

ö�ÔpE¦ì3Jx§8{¨

!

,{^_eF9/õ*-~*`%

"

$"

!"#$%)*/0

�Ä-~^_ÖF9/õ

!

��L��a*ì

3Jx./¼17

!

¥F9/*�a£¤©iíî

pì3Jx*åv

!

,{^eF9/õ*-~*`

%

"

�ò���ª

!

KLMNi?«Ä¬<

#

To)

¿R)*KL>?

!

fg�eKLMNR)*F9

/w~åv.�­®r*mn

!

¯°±Ó,{

"

n

²³¤´7>?R)!µ7�Ó

!

#�KLMNR

)i¤´*o)�pP>)*

!

pF9/³§8f

g¤´!"ö*w~åv

"

e�e�a®¯f

!

�

!¢¯0¶¨1*�Óp��*¤·�ÿ§8¸

¹

!

!£¤d�1i}�e*F9/*w~

"

��

�p¤´>?ö*F9/§8w~åv

!

º�*¶

XÔ§?»{|XY¸¹

"

$%!"

1-23450678

KLMN¼gCZ)>?

!

e%01ö>?½

W¾¿$À

*)J*@

!

+"

çd

)

BKLMNÙwÖ

*-~

!

!

+

BKLMN*01

"

jKLMN¤´R

)*pP>);o)R)

!

KLMNÁÂôÊÌJ

2LìÃ]gÊJ2KÄ

"

7ÌJ8Åy62*ì

3¿ÆgrsLì­ÇeÊÈo62

!

ç¿ÆLì

i}É%­Çì3

"

�9:o

%

(

%

"##

"

º9:o

!

(

!

"##

"

6

2¿ÆLì

*

,

OPQ

J- @=75&R!

)

%

)

R!R!

)

%

(

R))R!

(

%

)

R!

R!

(

%

(

R))R!

.

%

)

R!R!

.

%

(

R &('

Êd

!,

OPQ

B9:oº9:o62*¿Æì3

!-

B

>?*ì3ºKÄ*]ËÌ�

" R!

)

%

)

R!R!

)

%

(

R!

R!

)

%

"

R

¿BÌJ2*KÄ

"

jõÍåv�;

!

pì3*åv¿ÆgpÌJ

KÄ*åv

!

íîÌJw~ºÌJ2KÄ*17,

{F9/Ùw-~`%

"

BÒÎ,{

!

$¥ÌJ2

KÄ×Ø

&

ÙÚ

"

)

&!

XYZ[\]

'(#



!

!

"

!

#

!

$

!

%

!

& '

"#

(

�F9/w~Je

/

1

ÌJ

!

e-~X¯ö

/

1

z6Ö

/

1

"

F9/,{åÊ`»

!

²³åvw~J

úF

!

Ïa$i

/

1

ÌJw~

!

��?«Ø{*ÒÊ

!

�!`aa$w~ÌJ*úF

"

Ðºe¥J¸uÑ

ÒÌ

!

×Ø

'

ÙÚ

"

pì3JxX§?»åv

!

,{

¥ÌJÓF9/Ùw*-~*`%

"

)

'!/

1

Y^_`

$%#"

9:;<=>?

ÔõË

' @?

ÌJJx*

+

(

!+

"

!+

#

!+

1

¯oÔ�

DÕ

!

�¯?s

(1 @(:

*Jx

"

ºçp®

!"

*Ù

Ä\Öåæp®

' @?

sÌJ*ÙÄ

+

(

!+

"

!+

#

!+

1

!

�

ÚE¦�oe-~X¯öKÄ1%*�1)

"

×

Ø

:

ÙÚ

!

Ød�oB

/

8*ÙÄ

+

(

!+

"

�o

!

E¦

oÔåæp®z

"

*×

'

8*

(:

s\Ö

"

Ô

"

Ø

Ù3B

)!

�ÚÙÚÛÄwÖ-~X¯

"

jg�e

F9/Ùw-~*

0

S

biÃÒP*

!

nÜJw~

f

!

ç

+

(

!+

"

!+

#

!T

1

Ýs�o*KÄd*°ÞÄ?s

1%

!

ßì3Jxd*ø®ì31%

"

×F9/�

�ÌJ

&1!2'

ÓÄ-~^_

!

-~X¯-¥ÌJÓ*

+

(

1%

!

ßø®ì3Jx*

!

(

&1!1'

1%

!

Y-

!

!

"

&1!2'

1%

!!

#

&2!2'

1%

!!

1

&2!1'

41%

"

{¨î

OßbîÕ

!

à�ì3JxÕbáw~JúF

"

Ã

°Õâ

!

×ÿ�a*ì3Jx*

!

(

&1!1'

%gF9

/eÛÄw~X¯f*3

!

ß�áã×

1

8*äÄ

ÌJ*

+

(

!+

"

1%

!

ßÔJx

"

*ø®8\Ö^

("

Cå

!

åvçèæsì3Jx*ì3ß�a$w~

J*úF

"

)

:!

aQ

"

,'

'

bcdef,2g

"J

3

!

)

!3

!

(

!3

!

"

!)3

!

:

3

"

)

!3

"

(

!3

"

"

!)3

"

:

+ + + +

3

4

)

!3

4

(

!3

4

"

!)3

4

:

J

3

+

(

!3

+

"

3

+

#

!3

+

1

!

)

!

3

+

(

!3

+

"

3

+

#

!3

+

1

!

(

!)

3

+

(

!3

+

"

3

+

#

!3

+

1

!

:

+ + +

3

+

(

!3

+

"

3

+

#

!3

+

1

4

)

!

3

+

(

!3

+

"

3

+

#

!3

+

1

4

(

!)

3

+

(

!3

+

"

3

+

#

!3

+

1

4

:

J

3

(!(

! 3

(!"

! 3

(!#

! 3

(!1

!)3

(!($

! 3

(!(&

3

"!(

! 3

"!"

! 3

"!#

! 3

"!1

!)3

"!($

! 3

"!(&

+ + + + + +

3

(1!(

!3

(1!"

!3

(1!#

!3

(1!1

!)3

(1!($

!3

(1!(&

&"'

!õËÌJ

/

1

BË

!

e-~X¯öz6Ö

/5

1

!

�

R/5

1

6

1

RJ+5

(

!R/5

1

6

$

RJ+5

"

!R/5

1

&

1

RJ+5

#

!R/5

1

&

$

RJ+5

1

!

�

+5

(

U+

)

!+5

"

V+

)

!+5

#

V+

)

!+5

1

V+

)

"

à�F9/*aO

!

-

~çD*01%g

+!

�

)

7

èÄÃÒPw~

!

�

++&1!2' J=75&+

(

!+

"

!+

#

!+

1

' &1!2'!

ß×ÿ

++&1!2' J

+

)

!

ßÌJ

&1!2'

�w-~X¯

(

�áKf,{�

++&)' U+

)

!

ß�!£;w~JúF

"

w~JúF{

¨�Ó»é×ö

*

-WOX (!"J)!

F9/�w-~

!

×Ø

? &I'

ÙÚ

(

-WOX "!

×

,

(

&1!2' U,

()

&1!2'&2

$

1'!

ß×

1

8

*ÌJ*

+

(

!+

"

bÄ�1%g

+

)

!

ß

"

*

&"1%('

8

^?

!

b6

!

×ÿ

,

(

&1!2' U,

()

&1!2'&2V1Y('!

ß

"

*

&"1'

8^?

"

-WOX #!

×

,

"

&1!2' U,

")

&1!2'!

ßÌJ

&1!2'

*

+

(

!+

#

;ÌJ

&1!2%('

*

+

"

!+

1

Ä�11%

!

ß

"&"1

%(!"2%('!'&"1!"2%('!"&"1%"!"2%"'!"&"1%

"!"2%"'

b^?

"

-WOX 1!

×

,

#

&1!2' U,

#)

&1!2'&2

$

1'!

ß×

1

y

*ÙÄÌJ*

+

(

!+

#

bÄ�1%g

+

)

!

ß

"

*

&"1%

('

y*^?

!

b6

!,

#

&1!2' U,

#)

&1!2'&2V1Y('!

ß

"

*

"1

y^?

"

-WOX $!

×

,

1

&1!2' U,

1)

&1!2'!

ßÌJ

&1!2'

*

+

(

!+

"

;ÌJ

&1%(!2'

*

+

#

!+

1

Ä�1%g

+

)

!

ß

"&"1

%(!"2%('!"&"1%(!"2'!"&"1%"!"2%('!"&"1%

"!"2'

^?

"

-WOX &!

Jx

"

*É`*\Öp®zÙÄoÔ

d01É`*ÌJÙe*úF

"

à�õÍ*�Ó

!

�!jì3Jx¯Ø{*Ò

Ó,{w~JúFe

/

1

×Ø

?&Z %O'"

:(#



'

#

: ;<=

!

>?@A

*

BCDEFG,HIJKLMNOP!"3QR,ST

!

)

?!

!"3hijklmnikYopq

/

1

,)r

"

(1 @(:

J

)))!(!)!(!)!)))

))

)))!(!)!"!(!)))

()(!(!"!1!"!()(

)))!)!(!"!)!)))

))

)))!)!)!(!)!)!))

&#'

êõÍ*åv�!ë�

/

1

BF9/*w~J

!

�oÔ

R/

1

6

1

R

BÌJÙÄ01É`*oÔ

"

$%$"

;<@AB:

,{�w~JúFº

!

!w~JB£J¸uÑ

ÒÌ

!

�ÌJ

/

1

&)!)!)'

e-~

)

X¯öz6Ö

/5

1

&8!9!7'"

êõÍåv�;

!/

1

JwÖ-~X¯

!

88ì3Jxd

!!

(

&1!1' J-,+5

(

!

ß

!

(

&1!#' J-,

+5

&

!!

#

&1!#' J-,+5

$

"

jY¸uÒOë�!,�!

/

1

BÑÒ£Jf

/5

1

J*ÑÒ

"

+5

(

J &8Y+:"'

"

Y&9Y+:"'

"

Y&7Y+'槡
"

+5

&

J &8Y#+:"'

"

Y&9Y+:"'

"

Y&7Y+'槡
"

+5

$

J &8Y+:"'

"

Y&9Y#+:"'

"

Y&7Y+'槡
{

"

&1'

à�¾¿$À

!

F9/

/

1

&)!)!)'

Je-~

)

X¯öz6Ö

/5

1

&[!\!S'!)

*ÒP;

/

1

/5

"##

1

*ÒP

?h

!

ß

*

)

8

J*@8()

9

J*@9()

7

J*@7(

jY�!,{�^_eF9/õ*X¯~úF

!S-~`%

"

&"

CDEFGHI

&%!"

JKLHI

jgE«')Z[F9/¢¯*89>?i~

8ìZ)>?KLMN

!

íp~8KLMN>?*

`10;To)îï

!

®¯

NB-D-

*ðñò�7�

�óô

!

íî¨1åv*ÒÓõ6�Azö÷�ø

f*Ä�\åvîO

"

�ò§»²³¢¯

NB-D-

§»z{F9/*w~!"

!

Ðº¯Où§»¤´

!"ö*F9/w~

"

NB-D-

§»¹Ñ¢¯ðZ

,]]5O\- 7̂_̀75

Ñ

4D0

Hâ$:
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