
第 #$ 卷 第 ! 期

#,(, 年 ! 月

传 感 技 术 学 报
6?chQ8Q_W[7h5̀ W>8Qh8W78 5hK56Y[5YW78

3ID/#$"hI/!

BLN#,(,

`abc

"#,,+ &(( &,$""

debc

"#,,+ &(# &#M

30,-O-),>)-6(/),<)1/+0-,T0.7M-U7/-01;M60+-/(9:78),014??SO0+>?@

Y=7-;*L)@! ]=9<)*1,;

"

! $7=$C@*12)

'E+C44,4FA,@+!34*)+D*I =*F43GD!)4* A*1)*@@3)*1! ZD,)D* 7*)"@3')!24F%@+C*4,412! ZD,)D* Y)D4*)*1 ((',#%! $C)*D(

;A8/+7./" XL9;: IH 7;S;F\;: 8F<HLD8EJ;H<EV cH:FSLEIJ'788c(! L4I:F]F;: Z;F<VE;: S;HEJIF: DISLDF@LEFIH LD<IG

JFEV4F9bJ;9;HE;:/KF]];J;HE]JI4EV;]IJ4;J4;EVI:! EV;9C4I]EV;J;SFbJISLDI];LSV 4;L9CJ;: :F9ELHS;ZFDDU;

ELd;H L9EV;Z;F<VE! FH9E;L: I]EV;J;SFbJISLDI]9C4/);LD9IFHEJI:CS;L4I:F]F;: SI;]]FSF;HE! ZVFSV J;:CS;9EV;

bV;HI4;HIH I]FH]IJ4LEFIH :JIZH! LH: EV;bJ;SF9FIH I]DISLDF@LEFIH F9F4bJI\;:/YV;9F4CDLEFIH J;9CDE9VIZ9EVLE

EV;4I:F]F;: Z;F<VE;: S;HEJIF: DISLDF@LEFIH LD<IJFEV4SLH bJI\F:;LH ;gEJL4LgF4C4bJ;SF9FIH <LFH I](AsM$ =!

SI4bLJ;: ZFEV EV;]IJ4;J4;EVI:/

B)C D0+,8" ZFJ;D;999;H9IJH;EZIJd9')8h(* 788c* Z;F<VE;: S;HEJIF: DISLDF@LEFIH LD<IJFEV4* 4I:F]F;: SI;]]FSF;HE

EE;<<" F!GH*

]^

788c

ZFóFG/9>£4��«jÜèhi

(78

!

9:;

"

!

<=>

'

Ã�ø³ÃÄ×úabc³wÄû

!

¶· Ã�

((',#%(

f

"

g

"

��345]^hWboMæ\�

'788c(

Z£4��«jÜèhi

!

*Ñà^$�Z��«jÜèhi

!

&Îhi

S�gR¸ }¹H'��¤ }�Z¹H´¿�&

!

,°��3£4~HZ�º

!

0�3bc»CE�

!

�s3Üè%�

%

~lZ��

!

"LhiÜè%��'(Z��«jÜèhiD3®�s

!

psê¶

(A/M$ =%

hij

"

FóFG/9>

*788c*

��«jÜèhi

*

£4~H

klPmn

"'*%H!$F ""

UVopq

";""

Ursn

"!HH& J!FII'#H!H(HG JHK!K JHG

""

FóFG/9>

')FJ;D;998;H9IJh;EZIJd9!

)8h(

#($

<tÃ¡3�"

&

3ÇBZ¹ÏFóFG/

:¢rénG$%ZÑd

!

FG/:¢ËÔ{È,�

�;�45Ðr`9>

!

+`aHIABR¡

!

�t

HI$FóZP`:�¼g¼

!

u&½��¾gcd

J[DÍ¿Z!g(.

##$

%

#°.&Ü�|:DZ

èéâYïºcZ:¢èé<FG/9>p]"Z

Ç�'4

!

)<�ÉÊR�|èébcZ(�

!

z$

ÜèÀÁ+FG/9>!gZD�N�E�ÀZ´

g

#$$

!

ùfFG/:¢ÜèÀÁ�¿FóFG/9>

HH!gSZ�ÀÁÂÀÁ'4

#% &!$

%

&ÜèLÌî

!

�IÜèÔwS<,R¡:¢±

Z#¹ }â`�

!

ê$´ÜèhiÐ¿

"

]^ }

'7LH<;GUL9;:(

ZÜèhi� }F�

'7LH<;G]J;;(

ZÜèhi

#'$

%

b]^R ZÜèhi<Tã&Ã

|]wîZ

!

+Ã|Z¼½�s

!

û:Üè%�)�

�4a

!

Ë5ZP

"

«jhi

&K3G?Ib

hi

&54IJG

bVIC9&5fcY

hiB

!

uSZ«jhi�

K3G?Ib

hi

'gf¿Í&

%

f]^R hiZP

"788c

#A$

&YW5&

YKW5&5W5&

ÄÅR¡iB

!

L¹hiZÜè%�#

+�3

!

uSö^

788c

hiÆ(ZÃ|1/�¯

!

f

��HFóËbj\Jê$gh�É

788

ñ

%

ùL

!

]^

788c

ZR Pi¿< Í&!gZ

#M$

%

"L]^+L�

#(#$

S��Z45yzZ�

�«jhiZxy

!

+

788c

HI�gSZCÇAB

3£�

!

��345f¿KøZ�ñ�ïÈi

%

!"

��DE

!$!"

¼½¾+¿�ÀÁvDEPQ

ûFó×bo&î±SFÎ°

!

ÿD¨,w�

ZÉB

!

�aÉB&�Ãw�î�¦3]^

788c

h

iZÜè%�

!

ùf�ïK©ZÉBjÏ®mo¿



3

"

4

"

P

"

Q

"

R

"

S !

#$

T

&¼

%

ËÔ+�aÉBZÐÄ

!

ÃAT&$kö5

ÉBjÏ

"

{öî±FÎjÏ

&

+H

&

5PÐrj

Ï

&

+H };¢ÉBjÏ

&

Õ*jÏB

%

*+îÊ

ZËõ!g��

!

&�-�g{öî±FÎjÏ�

+H

&

5PÐrjÏ�+ N��ABj�~l

%

{öî±FÎjÏåk

"

f̀'I

,

( O$#.%% P(, o* oD<'I

,

( P(, o* oD<'F( '((

uS

f̀'I

,

(

<Fó×boFá

I

,

 }lZ;¢É

B

!*

¿��SboZÌ/~H

!

Ë5ï

# 2!% F

<

FáboZ°Ò

%

+H

&

5PÐrjÏåk

"

"?'I(#:X4$ O?'I

,

(#:X4$ &(,*D<

I

I

,

&

/

'#(

?'I(

<boFá }¿

I

Z;¢ÉB

!?'I

,

(

<boFá }¿

I

,

Z;¢ÉB

!

Ë5ï

I

,

O( 4!

Î;ê$ËÔ`

'((

�2h

!

x

f̀ 'I

,

(%

/·¸ð

ñ¿

,!

PY¿ 0

'

Ë5ï

% 2(,(

ZstU.Ðr

%

FG/hWnZ

788c

ñ·¸åk�~

"

788cO?

9;H:

P?

L4bDF]N

&f̀'I( '$(

788c

<hWnZÇÒ

!?

9;H:

<:<ÇÒ

!?

L4bDF]N

<Í

óZ|´

!?Y'I(

<;¢ÉB

%

ËÔ`

'((&'#(&'$(

ê$mn }

I!

sfË

ÔyzZ«jhi

&

��«jhiB#EÜè

#+$

%

!$#"

+.��DE

hWbo\�Mæ

788c

Pi

!

<&µE:<:

¢Z:<bo\�

!

�IhW:¢WnZbo\�

!

2h�boZFÎÉB

!

"�gøG�º$jÏt

FáÉB½<¿ }

!

pl�I }�2h:¢Z

èé

#(,$

%

&]^

788c

ZÜèhijÏS

!

Ë5D

«jÜèhi

!

��«jÜèhi

&

�`;Q®Üè

hiB

%

�ajÏS

!

«jÜèhide

!

;Üè%

��3

!

'g�¯

%

f��«jÜèhiT&�H

Z;`

!

Æ¼<&&Ü�&Z1Ð¸D¨,

!

�a�

ñZ&Ü4�JD(^�sÜèZ%�

!

;ý:¨

Î4a¥¢ZT&

%

F�Z«jhi

'6;HEJIF: 5D<IJFEV4(

#(($

<4

5]^�hNZ

!

fF) }bcZdeÜèhi

!

&ÎhiS

'

�-$�NµE:¢¿µ

(!

$hWn

:<bcZ�NO:¢È�Z�`;ABxy

!

�

g�`;Z«j´¿pE:¢Zr2ÙÕ

'

å¾

((!

x

"

MO

M

8

PM

W

PM

+

$

2O

2

8

P2

W

P2

+{
$

'%(

<

("

ÈÉÊKÁ ¶¬<

;<&�5hiST&4N[\

!

�NµE:

¢zhWnZbcÃ0�¨4�

!

û¸N:¢zh

²bcZPY�Ã°

!

Üè%��ÿÙm�3

%

*+«jhi+HIZ�g¨¸Z¥¢

!

&45

yzZ��«jhiS

!

t

788c

HI�6¶·ÝÞ

'ß

!

[1øi<

"

�*tzhWnZ

788c

HI½<

¿ }bc

!

:lÐà$æNhWnHIZµE:¢

¿Ïj

!

$ }¿¡¢ÐÏ

%

L°

!

pE:¢�!Î

è^zDÏZ��1Ð

!

$«jhi¿]w

!

+�¢

È�ZHÑ;ABxy

!

¿æ4NÙÕ|�3�ñ

!

$1E¨,Ò¢ZÓ�

%

O:¢apE:¢Z }

!Ô

!

+!:¢ÙÕZ�&!0

!

X���~

!

fæN

Ò¢ö,N }&Ü

!

e�ñ��¿

(

I8PIW

'

p1

2

W

#

�2

W

$

#�

!

aÎÒ¢#�Z,N }Ðà¿

I8

�

IW!

å¾

#(!

ethi£4¿

#(#$

"

MO

M

8

':8P:W(

P

M

W

':WP:$(

P

M

$

':8P:$(

(

':8P:W(

P

(

':WP:$(

P

(

':8P:$(

2O

2

8

':8P:W(

P

2

W

':WP:$(

P

2

$

':8P:$(

(

':8P:W(

P

(

':WP:$(

P

(

':8P:$















(

'!(

<

#"'

ËÌ

(

ÍÎÈÉÊKÁ ¶¬<

ùL&F�Z��«jhiSºÐZ�g3

788c

HIbc

!

�s3ÜèhiZ%�

%

;<+^

�ñZ�ïý:T&4a[\

%

M(A



!

!

" �@Ï

!

ÐÑÒ(

"

tu

788c

9��34/{�ËÌÍÎÈÉÊKÁ 

"

#"

Â4dÃ2ÄÅÆÇÈ¥��

ö^&F�Z��«jÜèhiS

!

�ñZ�

ïT&4a¨KøZùú

!

f"L���5£4Z

��«jÜèhi�(&4Üw�î0�L¹[\

Z�E

%

"L��Z£4��«jÜèhiåk

"

&��«jhiZ]wî

!

+�ñAB£4

!

�

*<�Ù�&S

:8

�

:W

ZÆ".è�~

!

uS|

�Õñ

!

A4���cwZ�ñ�Ü�

%

+�ñA

Båk£4

"

(

:8P:W

3

(

:8

*

P

(

:W

*

''(

&�N£4S

!

0�3S¼HI�Æ¼´gZ

E�

'

å¾

#(!

µåû

:8m:W

°

!

a

:8

#�ZO

:¢}ÎÒ¢Z }fÔ

!

&�ñS!Î�nS¼

´g

!

f&£4(Z~HS��n3Æ¼´g

!

»C

3!Î�Æ¼´gZ

:W!

&�-òu¿bc»CE

�

%

fºÔ£4'l

!:W

&�ñS�n3Æ¼´

g

!

)K5ø

%

vwò�ñSZ

*

¿£4~H

!

ËÔ

© 

*

ê$© £4Zw�

%

ËÔ+��Z�ñZ£�

!

 Nhi£4åk

"

MO

M

8

o'

(

:8

*

P

(

:W

*

( PM

W

o'

(

:W

*

P

(

:$

*

( PM

$

o'

(

:8

*

P

(

:$

*

(

# o'

(

:8

*

P

(

:W

*

P

(

:$

*

(

2O

2

8

o'

(

:8

*

P

(

:W

*

( P2

W

o'

(

:W

*

P

(

:$

*

( P2

$

o'

(

:8

*

P

(

:$

*

(

# o'

(

:8

*

P

(

:W

*

P

(

:$

*















(

'A(

£4'lZhi¨�&«j¬hS|�3

788c

HIZbc

!

ºÐ�g3R¡HIZbc

!

¿&�ñ

Z�ïSKøZìà3bcZ�&

!

���3£4~

HZ�º

!

'm NÜè%�mn3�ÃZ�s

%

%"

��ÉÊ

]^îQ��Z�Ahi

!

+^u[1Z#E

!

s

788c

HIZ:Ú�hW

!

npÖpE:¢ZÜ

è

!

�NyzZÔw»åk�SAB

"

'((

O:¢��N.þ�ÞZ��S:ÚD�

{ÐZbc

!

ZP

"

:¢

cK&

{Ðèébc

%

'#(

pE:¢Wnbcl

!

=ÒÓ,4NO:

¢Z

788c

ñ

!

ûhWn4ÜH¡Z

788c

ñl

!

+H

N

788c

HIïðñ

!

´¿hWnZ

788c

ñ

*

'$(

ûpE:¢Wn4ÜH¡ZO:¢bc

'

×Ô§ñ

((

l

!

Ø8hWbc

!

:l�IhWnZ

788c

ñZÃ0+O:¢ABsÃn0Zà?

!

�T

ã�N�K

"

O:¢�K

WT'@!O-`

(

!`

#

!/`

(

.*

pE:¢nO:¢Z }Ù<�K

ZT'@!O

-I

(

!I

#

!/I

(

.!

uS

I

(

lI

#

/ lI

(

*

O:¢èé�K

?T'@!O-'N

(

!-

(

(!'N

#

!-

#

(!

/!'N

(

!-

(

(.%

'%(

t

788c

ñ½!¿ }

I!

sÃn0Ð¿�

È

!

x

"-I

(

!I

#

!I

$

.!-I

%

!I

!

!I

'

.!-I

A

!I

M

!I

+

.%

'!(

g£4Z��«jhiÐà+�ÈAB2

h

!

CD�NÜè¢ÙÕ

!

É�4N�`;

%

''(

ï�N�`;Z«j´¿pE:¢ZÙÕ

'M!2(%

'A(

2hÜèXY

@O 'M&N(

#

P'2&-(槡
#

%

&"

°±NO

~l<&4NpÜZ{öî±��SAB

!

j�

Z��¿4N

M 4oM 4

Z{öî±

!

&ÎÑdZÚN

Ò¢

&

Ú{ÑZSj$±ÎÑdZSj

!

+1D

+

NO

:¢

!

pE:¢ZÙÕö

BLEDLUA/,

U.D��H�D

�

!

&ÎÑdßU.Ðr

!

4+D�

#,

NpE:¢

%

:l�I

'((&'#(&'$(

D�

788c

HI

!

�&HISÛ

�ðñ¿

,!

PY¿

A

Zstno

!

��¤#¹��S

Z�<

&

H¢

&

ä1W¤

&

ÜÝB��Z�¦

%

Ì/~

H

*

ï

$!

'lËÔ{öî±FÎjÏ�+H

&

5PÐ

rjÏ

!

»¼îvZhi�S�AB~lÜè

%

+Î

hi�yAB

!,,

S

!

½|ðÜèXY

!

+$î�5P

iZÜè±uXY~lZ�åk

'

¾

$ 2

¾

'(%

<

$"

ÈÉÊKÁ ®¥Ó

<

%"

ÍÎÈÉÊKÁ ®¥Ó

+(A



3

"

4

"

P

"

Q

"

R

"

S !

#$

T

<

!"

ËÌÍÎÈÉÊKÁ ®¥Ó

<

'"* O!

W¦½Á 9Ô�ÕÖhi9,�fgÃ�

sî¾Sê$¤�£4lZ��«jhiXY

Z/0��®

!

ÜèXY)®¼q^uc,5

hi

%

]^îQZHS~lHI

!

ïu|ðñ

!

Ð�|

ðÜèXYkó

!

å¾

A

zæ

%

<

A"

¦½Á 9,�ÊKfgÃ�

s~lZ�Sê$¤�

!

L�

#(#$

SZyz�

�«jhiÜèXY¿

,.'$#A 4!

#+«jhi�

s3

(,/$# =!

ºÔ£4Z��«jhiZ|ðX

Y®q^«jhi�*(Z��«jhi

!

&£

4~H

H O!

°

!

%�¶nps

!

ÜèXY�¿

,s!,' + 4!

#+«jhi�s3

#M/(! =%

G"

NR

F�Z«jhiCD�g

788c

HI

!

��<4

5b5Þ�ZÜèPi

%

fL�

#(#$

SZyzZ�

�«jhit

788c

bcgn3«jhi'S

!

tR

 Pi�bR PiZK&4�

!

�s3Üè%�

%

"L��Z£4��«jhi

!

Ñà^L�

#(#$

S

ZÜèhi

!

�g }¹H�´¿�&

!

ºÐZ�g

3

788c

HIbc

!

0�3��«jhiSZHI»

CE�

!

'HIbcmn3pÃw�Z�g

!

0�3

bcZßô

%

&#,{|k

!

~l��®Zq^

«jhi�L�

#(#$

SZ��«jhi

!

%�ps

Ðà�s3

#M/(! =

�

(A/M$ =%

STUV

"

#($"

6ÌÊ

/

FóFG/9>ÀÁ

#B$/

ÀÁ

"

ÀÁø³ÃÄ�ä

å

!#,,A/

##$ 5dNFD:F@c>! 8C )! 8LHdLJL9CUJL4LHFL4 !̂ ;ELD/)FJ;D;99

8;H9IJh;EZIJd" 58CJ\;N#_$/6I4bCE;Jh;EZIJd9! #,,#! $M

'%(" $+$ &%##/

#$$

æ�¾

!

6TS

!

èà

!

B

/

FóFG/9>

#B$/

ÀÁ

"

ôç

ÃÄ�äå

!#,,!/
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