
第 !" 卷 第 #! 期

!$#$ 年 #! 月

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

4567!"8(57#!

29:7!$#$

!"#$

!

ÅíÕùkF,Æ*+'(

$Y$?>"!@$%'

Åí¾k-@pðüÔÕ

$?Y"

ÔÕ

%

Ë'dT*+

$!$$[//$#;!$#%'

Í

#¿Ý,ÕiW«7'(Ë'*+

%&'(

!!$#$ =$< =!@88

)*'(

!!$#$ =$? =#?

X/2/"$&@()X");%); D%'@B@%$5A5$/"=A5/&'$1.4/&@)%V1/

%)`%$/?/22A/)2($_/'D($Y2

!

O,#$U&(*)2& O0#&(*& T,#$M&'/& 34#$L7(B&'(

!

$D=.//9/:"(@<?267(<D=&7(=7'(> WR</[797=<?/(&=@4(*&(77?&(*& ;7&.'(* 0(&C7?@&<)& ;7&B&(* #$$#[#& 1.&('%

:#2'$"&'! /L5T96HELRBLRJ9GI5A M5HQBH969CCC9LC5HL5A9CBL :5JD69UBLA55H:5JJKLB:EGB5L 9LTBH5LJ9LGBCDH5P

D5C9A7'GKC9C%IBHD *DH9EA *D9:GHKJG9:ILBhK9G5:5JJKLB:EG9ELA HELR9735BJDH5T9GI9HELRBLRE::KHE:O& E

JEGI9JEGB:J5A96FEC9A 5L GI969ECGChKEH9DHBL:BD69BC:5LCGHK:G9A73I99UD9HBJ9LGCCI5QGIEGGIBCJ9GI5A IEC

65QD5Q9H:5LCKJDGB5L& CGH5LRELGBPBLG9HM9H9L:9EFB6BGOELA 6EHR9HELRBLRC:5D97'L EAABGB5L& 3I9JEGI9JEGB:E6

J5A96:EL 9MM9:GBT96OH9AK:9GI9J9ECKH9J9LG9HH5H7

C/- D($=2! QBH969CCC9LC5HL9GQ5Hg' HELRBLR' :IBHD CDH9EA CD9:GHKJ' 69ECGChKEH9DHBL:BD69

++:BB! NKSH>'EGFHJJJJ=(%! KHLGMNMOPL%22)LKHHQ RKNMMLFHKHLKFLHKM

b�=>?kþ�4ØrAr�O:�@p

!

i�H

&

¨

8

=

&

>

8

©

&

*ª%

!

$

Í#³>³¶PFf?kFJFoEMFG

&

Í#

#$$#[#%

+

8

,

!

Ý�2»&O&z-O_X�s,}~1b�=>?kþjU`1�Om:�

(

±:�¦z�4ØrAr-.<

×s,fV��O

'

�Ý¾�RÖ¿

&

78ø,-����:D1OPg�ÍFð5

(

VW?rqJ

&

±:� `ðHL�

�

&

9(;&�õ

&

&®ìOP�R1�U

&

z781OPg�ð5&`qN��R�z

(

-./

!

b�=>?kþ

'

�O

'

�4ØrAr

'

����:D

01234

!4>FKFJJJJ

56789

!:JJJJ

5:;4

!KHHQ RKNMM$FHKH%KF RKENK RHS

88

=>?jUÕ¦Íµb�=>?kþ

$QBH969CC

C9LC5HL9GQ5Hg& f*(%

1$K-.&2

&

,-OP1

¦ÍV��JOPb$1¦ÍV�Ö¿¾

*#+

(

�

,-OP1¦Í%

&

�Oyz1:�`�R,-1

%^(`

$3BJ95M/HHBTE6& 3,/%)

%^(`z

$3BJ9

2BMM9H9L:95M/HHBTE6& 32,/%)

|E,-õ¿xH

$.9:9BT9A *BRLE6*GH9LRGI 'LAB:EG5H& .**'%

ª%^å

¿

$/LR695M/HHBTE6& /,/%

J

*! ="+

(

z-�O1,

-+,`¹º»

)

SF

)

Ã��

)

oÄ»J

( f*(

j

UsB¦z¹º»<×�O

(

¶-¹º»v!E%

}~Ð¿

)

ö´

)

Àð(`

)

¦�§�(`1÷§

&

�

p�O4&ØÛ¥¦

(

X�ôóq�1÷§�Aø

D1=ñ��

&

�O��2~�-

#$ J

*@ =<+

(

�-X�b�,¥

&

ôó|}îIáâ

&

ØÙü

ó%^|"a1(`ªîÍ1£UW@,-�R=

èØÙ÷§

(

Frcó%^îÍîÙ

&

�÷§µ`

r1

&

jª�1qrµ&RRu

'

Frcó%^îÍ

ØÙ

&

�÷§µ`.1

&

|"a|"%1,-&RW

¼�W�

(

PJÎ

&

�mðH1�P�

&

ôóq�

2~W@X�s,=èö$1W�

*<+

(

¯°

&

/E

Å@2»m5�O:�

&

��=>?jU�O_X

�s,}~�1¦ÍEj

(

yz

%IBHD

,-3�¹

º»

&

Y8<X�ôóq�1÷§

&

 `ðHL�

�

)

s,¥¦4¢

)

9(;&�õJ�U

(

KJB@%$5

{4ñS

%IBHD

,-µ2»Ar,-

&

 `Põ1Õî$

ªÕÙ�£4

&

�2Ï,-®é�q���4Ør

1£4

&

�¶ºqr»h»?þH

*>+

(

�4ØrA

r

$%IBHD *DH9EA *D9:GHKJ& %**%

-.è¥-Õ^Ü



!

8

"

8

#

8

$

8

%

8

& '

!"

(

6%Y

%IBHD

,-�Qò1)óè#DN

*?+

&

xí

)óè#u�1,- `

*BL:

UÍ<þ

*[+

&

E)-

!7@ \&V

r4

&

¶-

%IBHD

,-Aü=�

?$ N&V&

·

vøôóq�%1&RRuªW�

&

8<øôóq

�1÷§

*#$ =##+

(

%IBHD

,-1ÍFq^V�

!

@$<% X'$<

}

%

,Q

:5C$!

,

:

$

}
<

3Q

b

'

<

!

}
!

HQ

%& =

A

!

$

<

$

A

!

$#%

V%

&<

µ(`

&@$<%

µ

%IBHD

,-

&'$<%

µ<

þ

&:

$

µ%òr�

&

'µ=r�

$&VWC%(

I 'õ�

(

&

,-�

-DP%IBHD&

I 'õB(

&

,-�

25QLP

%IBHD&A

µ,-®é

( %IBHD

,-µ

N2N/$NK6GB

2BJ9LCB5LE6NK6GBD69/::9CC%

:V1|L�z

&

ø®

ø

/N$/JD6BGKA9N5AK6EGB5L%)1N$1H9hK9L:ON5AKP

6EGB5L%

ª

SN$SIEC9N5AK6EGB5L%

5»ØA

*##+

&

Ê(

�

)

r�GFG

#

zH

(

E

#8%IBHD

��]"

)

�"E

Fr

'$<%

µ��UÍ

&

sí��1êøh»?

�

&

Êu��

!

*$<% X

'

!槡+

:5C$!

,

:

$

<%

CBL

'

<$A=n<n%( )
!

'

<

&

=A

$

<

$

A $!%

%**

|"Í�(¦zø)óè#:D

&

êøh

»�Y�P81(`�?YPP1&R

&

|"as

í�&R1±?&OIÍ�-Ýõ�è

(

�Ysír�ÞN-.

$

�z2ÜË$N1

%IBHD

,-

%&

Ý¾=u´�tØE,k@

%IBHD

,

-1Êy4Q

(

zÞNÜÍ

W

:

qHÞNM¿

!

W

:

X

A

A

D

$"%

V%

&A

D

�,-`i

&W

:

e#

qH

%IBHD

,-�

`ÞN1|}

'W

:

c#

qH�

A

�`

W

:

Ï

%IBHD

,

-ÞN

&

´��{2

%IBHD

,-1

W

:

�

*#!+

(

FJ

�~

BAA

HOªy]

,-

%**

1�OíMFG

!

zH

(

E

!8

12

%**

6�#a�

±�OíM<=�3�ô�Rª23OP

g�

(

�23�R¶jU

#

djU

!

ðâÍ�<

&

f|

"èÕjU

!

1Õº�0

&

jU

#

ÔV�sð�Í�

<%|"�01=ñ��

A

#

&

jU

!

�|"%jU

#

1Í�<(9©Ô(

&

f�´��0�}2Ô(

&

Y

%jU

!

1KD��

A

!

(

��3�R¶jU

!

dj

U

#

ðâ<B

A

!

`q,�1Í�<

&

f|"jU

#

1Õº�0

&

ÙD

&

jU

!

ÔV�=ñ��

A

"

&

jU

#

ÔV�Õ11KD��

A

@

(

��

&

jU

!

djU

#

ð

â<B

A

"

`q,�1Í�<

(

jU

#

��6ã,-

=ñ´¿ª?Y1

@

Ï��(`¶³V

> X=

A

#

=A

!

bA

"

=A

@

@

$@%

ÔV��jU`OP

>&

Ê%

=

�Hr1=ñ´¿

&

A�F´

(

�|"Í�(¦zø)óè#:D

&

2¦M¿

¯�YZ)µjÕî$

(

¶-

%IBHD

,-1Arª

Põ1Õî$£4

&

�jÕî$Ýõ,-(

&

 `P

¢19(;&�

&

©køôóq�1÷§ª��ø

±º(;

(

A

#

)A

!

)A

"

)A

@

1�Rnz}A� &

A

#

)

&

A

!

)

&

A

"

)

!Y>#



'

#!

) a$À

&

2

8

%0

!

&`!"B��`9U�'��#�uCû

8

&

A

@

&

¶-

A

#

)A

@

¶jU

#

1ú]üý?�Y

&

�Ê

�Rnzû� &

#

&A

!

)A

"

¶jU

!

1ú]üý?�

Y

&

�Ê�Rnzû�&

!

&

OPnz&

>

�¶³V

$<%

jY

(

&

>

X=

&

A

#

=

&

A

!

b

&

A

"

=

&

A

@

@

X

=

&

#

=

&

!

b

&

!

=

&

#

@

X$ $<%

ÔV?rqJ±:�©kø¯�(�óÞ�p1

�z

(

�øÝ¾�OÖ¿

&

[�ROPJVÆOP<

×����ç®

(

ð578F�

!

ìg@¦U

$>

&

&

>

6

%$&X$&#&1&6%&>

��ROP

&>

6

�ç®OP

&

'

P

�ç®ÜÍ

&

1�z`3ÍØ¹í

($(

$

6%

1ô

'V|1UÍÃ

&

�j

>

6

$>% X

)

(

P\$

'

P

>

P

.1

$Y%

�Y2z·:ª

"X

)

6

&\$

*>

6

$>

&

% =>

6

+

!

X

)

6

&\$

)

(

P\$

'

P

>

P

&

>̂

( )
6

!

XJBL

$>%

I

( X#

(

&

ô��4ç®*{�ç®

(

Îù

"

�

'

$

&'

#

&1'

(

1ô7UÍ

&

¯tSTþ�j

"X"$'

$

&

'

#

&1'

(

%

1p�ST

(

¶ô7UÍjp�1v,�

�

&

Y

2

"

2

'

B

X!

)

6

&\$

)

(

P\$

'

P

>

P

&

>̂

( )
6

>

B

&

X$&BX$&#&1&( $?%

þ

)

(

P\$

)

6

&\$

>

B̀P( )
&

'

P

X

)

6

&\$

>

B

&

>

6

&BX$&#&1&( $[%

V

$[%

µ$-

'

$

&'

#

&1'

(

1�4:M1

&

�Q

�

'

P

$PX$&#&1&(%(

GJ

Oªy]<«

GLKJ

<=��A¬ð

X�}~aõP3�k4

&

k41·rH4G

FG

"

zH

&

Ê+,£0�

!

$>`5e

&

�`P¶I

'

%2¯6G¯`¤7ÛÜè

$

�

#8> J&

¾

!7" J%&

è�`Ò3à

&

|2¯9`ô78Ë

(

E

"8

()ö}s�E

b�=>?kþjU1Hrs}yz

(/<3.#

ÂÃþH

%IBHD

,-

&

Hrs}sí

*S'

ªKD?<

×Í�=u

(

¦ÍjUsíä6ª

S%

aî'

&

¯

=�R?r

(

àq%k41VÆe¿

&

�O��s

" J

%

@! J&

Ói

" J

`2Ï�OU

&

ÓÏ�OU�

R

" $$$

3

&

4k�P�ª���c

<$

Ï

&

õ·û

��±U1�R�

(

GLFJ

¾ÛÍ

�OjU<B�Ã

!

¦ÍjUª,\jU

&

�z

MWE}AgÔ

&

�OMW�MFG

@

zH

(

E

@8

�o*�

W

�V*��#��S�E

¦ÍjUd,\jUðâ�OÍ�<

&

I,\

jU"%Í�<(

&

Õº�O

/%i$/:gL5Q69AR9P

J9LG%&

ÔVKD��

&

¦ÍjU��|"%1,\

jU1

/%i

ÔV�,-=ñ��

&

Fr¦ÍjU�

`"%

/%i

*|"¹(

&

�W$m¨©��23�

OíM

(

,\jUd¦ÍjUðâÍ�<

$

<B¯

"Y>#



!

8

"

8

#

8

$

8

%

8

& '

!"

(

231KD��

%&

��|"%¦ÍjU1

/%i

Ô

V�°3,-1=ñ��

&

¦ÍjUÔV°3KD

��

(

,\jUj[<B=ñ��1Í�<ðâ@

¦ÍjU

(

¦ÍjU��¤Ï(`�

&

ØzOPÔ

VUÍ

&

ÔV��jU`1OP

&

¦zOPg�³V

g�?r

&

|�g��1OP�

&

fsíä6u�

(

QJ

<=PQA2�

VW?rFG

<

ªG

Y

zH

(

E

<8

î+#,

)

��#,�H8#,UV

E

Y8

��-!

G

<

�VÆOP

)

�ROPªg�OP5m&

`1$ÜG

(

sG

Y

�Z�

&

IOPRP%

< J

�

&

�z@�þRNò

(

�ø<2�N��R�z

&

¦z����:D

�,-

%**

1�OVW?r<×�4ç®

&

Y%�

ROP

>

Jç®OP

>

6

1$Ü�

!

>

6

X$8?!<> =#8$"[ $#$%

Ê¾�\«nz�

!8<<Y(

¶-�4ç®1ÔVv{ÒÊ?r&O���

O,j

&

ä�O:;§yz�4ç®��R?r<

×g�

(

G

>

�îÙVW}~�

&

,-

%**

�OJ,-

¹º»1

32,/

�O1��G

&

IOPP-

[ J

(

&

¹º»�YOPb9P

&

b�V��O

(

¶G

>

�

ã

&

,-

%**

1�O��P

&

�OP�RÖ¿ØF

¹º»�O

&

�VÆb�=>?kþjU1�O%

&

����O?r

&

yzî��O:;

&

FÌ¤yz

%**

�O

&

��O?r�-°Ïúg�

&

kz¹º»

1

32,/

�O

&

YÝ¾ð]�RÖ¿

(

E

>8

12

%**

�#T12£¤t6

32,/

�#j.E

SJ

PS

%**

�O-.sí�

%IBHD

,-<×)óè#

KD

&

 `ðHL��ª9(;&�õ1�U

&

8<

øôóq�1÷§

&

&O��=>?jU�X�O

_s,}~%1¦ÍEj

(

�ù±-.��OP�

R:rÖ¿g�-,-¹º»1

32,/

-.

&

d[

\OP1RP

&

Êî��O�zfg@�

( %**

-

.¡P1�O���Êt&®X�ìOP�R

(

%

¹�VWÍ�6Ôï�,X¯781�����4

ç®OPg�ð5�Y`qÝ¾

%**

1�OÖ¿

(

qr56

!

*#+8;IK kELDBLR& &KELR2EhBLR705:E6BVEGB5L /6R5HBGIJ-CBLR2BCP

GEL:9ELA /LR69'LM5HJEGB5L BL fBH969CC*9LC5H(9GQ5HgC*++7

3HELCE:GB5LC5M(ELlBLR-LBT9HCBGO5M/9H5LEKGB:Cv/CGH5LEKGB:C&

!$$[& !Y$#%! <? =Y"7

*!+ SEGQEHB(& /CI +(& iOD9H5KLGEC*& 9GE6705:EGBLRGI9(5A9C!

%55D9HEGBT905:E6BVEGB5L BL fBH969CC*9LC5H(9GQ5HgC*++7')))

*BRLE6SH5:9CCBLRNEREVBL9& !$$<& !!$@%! <@ =Y[7

*"+ *EO9A /&& 3EHBRIEG/& iIEl9IL5KHB(7(9GQ5HgP_EC9A fBH969CC

05:EGB5L! %IE669LR9C1E:9A BL 29T965DBLR39:ILBhK9CM5H/::KP

HEG9fBH969CC05:EGB5L 'LM5HJEGB5L *++7')))*BRLE6SH5:9CCBLR

NEREVBL9& !$$<& !!$@%! !@ =@$7

*@+

"Í

&

#ïÈ

&

:A;

&

J

7

2»m1¹º»>�¦Í:

�

*++7

ÂÍPFF�

&!$$[&"[$#%!#?? =#["7

*<+

¨%H

&

<^F

&

Ð¢X

&

J

7

2»¾Ö¿¹º�O:�1@

p

*++7

=>-.F�

&!$$!&[$"%!!#[ =!!#7

*Y+ &ECI9JB&73I9'LA55H.EAB5SH5DEREGB5L %IELL96*++7SH5:99AP

BLRC5MGI9')))& #[["& ?#$>%! [@" =[Y?7

*>+ _KCI && NEHGBL /& %5FF .& 9GE67/DD6B:EGB5L 5M%IBHD *f2M5H

*DH9EA *D9:GHKJ%5JJKLB:EGB5LC*%+WWSH5:75MGI9')))-6GHEP

C5LB:C*OJD5CBKJ& #[>"! @[@ =@[>7

*?+ N5HREL 2S7*KHME:9PfET929TB:9CM5H*BRLE6SH5:9CCP'LR*N+7

/JCG9HAEJ& )6C9TB9H*:B9L:9SKF6BCI9HC_74& #[?<! !#@ =!#[7

*[+

�o

&

¡"¾

7

�4Ør,-£4}~

*++7

³>m?

&!$$[$#%!

!< =![7

*#$+ ')))%5JDKG9H*5:B9GO& ')))*GA ?$!7#<7@E !$$> * *+7

@Y>#



'

#!

) a$À

&

2

8

%0

!

&`!"B��`9U�'��#�uCû

8

/KR7!$$>7

*##+ (EL5GH5L 39:IL565RB9C\JF&7(EL5()3%IBHD _EC9A fBH969CC

(9GQ5HgC& fIBG9SED9H& 4#7$@ *)_W,0+7IGGD!WWLEL5GH5L7

:5JW)(WDAMWfSo%**7DAM7

*#!+

��

7

,-

%IBHD

1�=¹�=s,-.@p

*2+7

|Ô

!

o

)k-PF

&!$$>!!" ="#7

H®Ö

$#[?Y =%&

Ú

&

Í#³>³¶P

F�bÛÜ@pH

&

+,@p:d�

b�=>?kþ-.

'

¯°w

$#[>Y =%&

à

&

áÜ

&

Í#³>

³¶PFeÝâ

&

ÛÜH�ß

&

+,@

p:d�=>Ü6Jf?

)

=>kþ

J,�ø®

)

�`Ü6Jkþ

(

<Y>#




