
第 !" 卷 第 #! 期

!$#$ 年 #! 月

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

4567!"8(57#!

29:7!$#$

%&'(

!!$#$ =$@ =!>88

)*'(

!!$#$ =$? =![

3/2%;)(*!<T9%#$"'%()3/.(=1?"'%()A-2'/.<"2/=()!8B̀ ")=:)"?-2%2(*81?'%5?/\%); B@"$"&'/$%2'%&2

A4#$37(*=.7(*

!

& O,#$$'(*& !W#$;/& !W#$F&P7

$1/997*7W:497=<?&='94(*&(77?&(*& O'(@.'( 0(&C7?@&<)& U&(.2'(*>'/+7G7&$YY$$@& 1.&('%

:#2'$"&'! /1_\TBFHEGB5L A9J5AK6EGB5L COCG9JFEC9A 5L GI91N%f ELA GI9DHBL:BD695M! !̀& " "̀ :5KDB9HC

IET9F99L A9CBRL9A73I9GI95H9GB:E6ELE6OCBC5MGI9JK6GBD69UBLR:IEHE:G9HBCGB:CCOCG9JIECE6C5F99L :EHHB9A 5KG7

3I9BLM6K9L:95MP& GI9C9LCBLRRHEGBLRD5CBGB5L ME:G5HP& GI9JEU5MJ5AK6EGB5L MH9hK9L:O

)

:ELA GI9:5LGH56DEHEJP

9G9HC5M4%,:

@

5L JK6GBD69UBLR:IEHE:G9HBCGB:CQECELE6OC9A GIH5KRI GI9CBJK6EGB5L 9UD9HBJ9LG7/:5HH9CD5LABLR

COCG9JQECFKB6GG5TE6BAEG9GI9A9CBRL9A COCG9JEGGI9CEJ9GBJ97

C/- D($=2! CBRLE6DH5:9CCBLR' 1N%f$MH9RK9L:OJ5AK6EGB5L 5M:5LGBLK5QCQET9%' QET969LRGI A9J5AK6EGB5L'

1_\$MBF9HFHERRRHEGBLR%' ABCGHBFKG9A COCG9JC

++:BB! <QHJJJJ=(%! KHLGMNMOPL%22)LKHHQ RKNMMLFHKHLKFLHKE

,-

1N%f

-.1FqFwüºQØÜ6gÔýOz£4}~

 �]

!

&

i

8

¡

&

¢

8

£

&

¢¤¥

$

Z¾PFo>EMFG

&

3Í úûü

$YY$$@%

+

8

,

!

,-'9»Ør-.

$1N%f%

ý

! !̀)" "̀

C®?1:D

&

gÔø2»FqFwüºQØÜ6

7

�Ü6Oz£4<

×øDN}~

&

fsíê�VW}~ø=>FwÍ*ÜÍ

P)

ØAr�1�P� )

:)

è`üý?1`AßR

:

@

�Ü6Oz£4

1÷§

&

Ù(­7øî�1Ü6

&

�zgÔ1Ü6<×øVWW0

(

-./

!

,-KD

'

'9»Ør-.

'

»eQØ

'

FqFw

'

}�VÜ6

01234

!7QGMKJJJJ

56789

!:JJJJ

5:;4

!KHHQ RKNMM$FHKH%KF RKESF RHS

88

»eQØ-.µFqFw=>Ü61Qò-

.

*#+

&

(�6`1»eQØ:�`(��

)

h»�

)

åB�J

(

t&®FqFwüº=>,���1»

eQØ:�`{UêøFqFw��

)

}�Vêø

Fwh»QØ

)

�Ø

1PS

@QØ-.ª,-

&_1

$

¹»ë�|-.

%

}Ih»-.1QØÜ6J

(

{UêøFqFw��-.,j

&

��R��

�

&

Ótt2§ØÙ»e1=>Å$�v�$ma

¦J&êø1ßàFw

(

���R`ØÙ,j*m

�R��`zAA1D®µXBØw1

(

�Ø

1PS

@QØ-.lTs�ø=61

1PS

@QØ:;1�

A

&

�Y^%

#$g&V

FGµpt¾

(

,-

&_1

}I

h»-.1QØÜ6yzTFqgÔ

&

ÊQØ´¿

³

&

QØÖ¿Ä¾

(

±Ü6%

&_1

1�4h»��

P

&

�QØ1ü¥1üB��P

*! =<+

(

ä%I'9»Ør-.�z%FqFwüºQ

ØÜ6%è

(

J¦z)ó,-1

32N$

(}Ozð

V

%

:Vî�

&1N%f

:V1F¥,-�'9»

&

F

¥¦zq�JÎ,¾1Pô

&

¯°�&�YOzt

ô1=>?

(

KJ

Ci´µÛÍ

'9»Ør-.

$1N%f%

µ2»F¥Fõ'9

r�ØA-.

*Y+

&

D[F¥Fõ@�r�z�4ý

i»*5å»ØA

&

¦z=>s¥Jßàs¥,-

1(�

&

þHËr,-

(

ØÙ1=>s¥1Å$`

ØÙ1(�

'

��-ØÙ1Ër

&

sËr,-��Y

�A=>s¥%Å$1Í*

(

'9»Ør-.ñx

^_�z-Õ^�OÜ6

*> =?+

&

[\�3o)-.

1ðü

&

¾4&1è`üý?ªÙr?ø®s=�

Ø1h»?�YX»-.�Y�z-Fq=>Oz

JQOz

&

fÒOz='1±ºªä;ÄP�

&

|æ

-DNp�

(

¶-X»-.Äµ¦zs¥`1(`

��è�}=>?1Í*

&

¯tÄ�YID½-

32N

Oz:V

*[+

(

1N%f

Ër,-þH1,ä:DFG

#

zH

(



'

#!

) ëRC

&

a

8

ì0

!

12

1N%f

#$6nínî�¬QUV¯��Qï«q9©ª

8

E

#8

ð���¸¹61�?vE

G

#

%V�3qßà,-

&

2�3q=>,-

&

)

:

�ØAr�1�P�

&A

@

�ØA1®é

&

! �=>,

-Jßà,-1(�

&:

F9EG

X$!

)

:IA

D

%

!

(

,-

1N%f

-.1}�VFqFwüº=>Ü

61?­òGFG

!

zH

(

ìg�=F¥ð�1F�

,

U1Fõ�

"

,

&

�

;

U1u�Fõ�

"

;

&

Ê%Fõ¿

ØA?¶è`üý?1u�,-`A

(

gè`üý?

1u�,-�5å»,-

&

þ(u�r��

:

&

&

��

<

(I

&

õ¿ØA?�

;

U1u�Fõ�

"

;

qH�

!

"

;

X"

,

*# b6:5C$!

+

&

:

&

A<%+

E

!8

12

3Q1T

#$6©S�nínî

�¬!"V¯´ÊOE

V%

!6

�FõØAÜÍ

'!

+

&

:

&

A<

�FõØA1îÍ

(

zY

&

¯V�÷�

!

"

;

X"

,

*# b6:5C$

/

$<%%+ $#%

¶Fõ¿ØA?ð�1ØA,-xC®?u'

%FqFw=>�Ë

&

=>Fw1�HFxC®?

<'

NP;

(�f

(

°(

&1

U1F,-�=>Fw

1�HF,-1Nu

(

g

"

=

$<%

�

1

U1Fõ

&

�s

¥`��FMzììP-F¥î(e¿

&

þØàq

(�q�

&

�

"

=

$<%

1u��qH�

!

"

=

X

)

(

&\#

"

=&

$!%

V%

"

=&

---

�

&

ÏFõ

(

"

=&

X

.

L

&

$

)

%*# b:5C$

/

$<

&

%%+ $"%

V% .

---

C®?1®4ÜÍ

(

L

&

$

)

%---

<B=>FwFõ1=>ßR

(

F,-x

NP;

(�f�

&

}5ü<'FoSt

oü

&

S@�o,-

(

g

K

@G

�FoStoü1u

�

&

�`

!

K

@G

XE

@G

"

=

88GX#&!&" $@%

V%

E

@G

---NP;

(�fªFoStoü1§�ÜÍ

(

Ùr?1u�

K

.G

�qH�

K

.G

XK

@G

K

?

88GX#&!&" $<%

V%

K

?

XK

$

:5C$

/

$<

?

%%---

è`üý?1ßà,-

(

¶³V

$!% =

³V

$<%

�Y

!

K

.G

XK

$

E

@G

.

/:5C$

/

$<

?

%%

)

(

&\#

L

&

$

)

% b

#

!

6

)

(

&\#

L

&

$

)

%:5C*

/

$<

&

% b

/

$<

?

%+ b

#

!

6

)

(

&\#

L

&

$

)

%:5C*

/

$<

&

% =

/

$<

?

%+08GX#&!&" $Y%

¶³V

$Y%

�ã

!

Ùr?1u�

K

.G

%<B

:5C$

/

$<

?

%%):5C*

/

$<

&

% b

/

$<

?

%+

ª

:5C*

/

$<

&

% =

/

$<

?

%+

5»r�,-

(

Ê%

&

��',-r�J

1N%f

1ØAr�îI

&

�

N&V

%1¾r

&

�

"

'

�2Ïzr,-

&

ÊP�Jè`üý?1ØA,-

Yý=>Fw1(�`$

(

¶Ër,-þH1,ä

:D�ã

:

F9EG

X$!

)

:IA

D

%

!

&

zY

&

zr,-JØA

,-îzPP

(

¯°

&

sí=sh»?�Yh�¾

r,-

&

ø/�zr,-�

!

"<>#



!

8

"

8

#

8

$

8

%

8

& '

!"

(

K

G

$<% X

#

!

$K

$

6E

@G

.

)

(

&\#

L

&

$

)

%:5C*

/

$<

&

% =

/

$<

?

%+

GX#)!)" $>%

V%

$---

Ùr?Stq�

¶³V

$>%

�ã

!

sí`A=sh»?w�Y

[

K

G

$<%

%1ØÙr�,-}AÝõ�è

&

V�=

>Fw1¦Í

(

t¶-Ó2Ïr�,-�µ��=

>Fw,-1ËrB¿ØA,-

&

zYsíÍ�K

D�YY%=>,-B�

&

f?®

! !̀)" "̀

C®

?è0QØ³V

A$

)/

%

A

)

X=

!(

+)

F

)

!

&

st�HV�

=>Fw1¦ÍJüº,-1QØ

(

*#$ =#!+

FJ

´µf}�d2�

Y¯�zgÔÜ61�R:D�(��<×ø

}~

&

�r[�r���Ü61Oz£4<×}~

(

[

K

G

$<%

<×¶8ë@t

&

�ãIËr,-

:

F9EG

�

:

@

1ðÍ�(

&

`,-u�

&

I

!

+

XP

+

@

X

!

)+

A

@

!

&

+

$

!

&

=

+

A

@

@

X(

+

8( X$&#&!

{
1

$?%

(

&

u�,-`�PB�

(

V%

!

+

$

---1N%f

'

9»,-1·ûr�

&PX$&#&!1---

Û�1%Í

*Í*ÜÍ

&

)+

X!

+)

:&

+

X!

+

:

F9EG

(

I

PX#

(

&

¶³V

$?%

�ã

!:

F9EG

X!

)

:

!

&

:

@

X:

@

&

zY`

!

!

&JBL

X

#

!

*

:

$[%

V% !

JBL

---

Ü6��(��

¶°��-=>Fw&`1Fq��e¿�

!

F

JBL

X

=

!

JBL

!(

$#$%

V%

=X" #̀$

?

JWC---

F´

( X#8@Y---

Fq:H�

³V

$#$%

�µÜ61>`}?�

(

$#%

=>FwÍ*ÜÍ1÷§

8

I=>Fw1

Í*ÜÍØÙ(

&

þ'|=>Fw1Fqµ

F

JBL

1

ØÙðÍ�(

&

=>Fw1�H,-Jè`üý?

1ßà,-1(�ØÙ

(

ØÙ1(�[�pÜ6u

�,-1rÛÄ`zØÙ

(

�rY{=>Fw

&

)

:

X@$ N&V&:

@

X#$ g&V&

}Aõ

PX!&#$&!$&@$

��

<×ø}~

)

KJ

(

IÜ6ab¯tßÍ(

&

¶³V

$[%)

³V

$#$%

�YÜ61 !

&JBL

X#!7< LC)F

JBL

X#7!< J(

°(L5

u�,-rÛFG

"

zH

(

E

"8

Z[���ñE

¶}~?r�ã

!

=>Fw1Í*¸ì

$P

�¸

P

%&

Ü6(�¸P

&

Ù(uv,-î�õ¿[

P

�

1RutRP

&

X��¦ø=>Fw1OzÍ(

(

$!%

)

:

�Ü6Oz£41÷§

8

ÙD

&

Y{=>

Fw��

&

g

:

@

X#$ g&V&PX#$&

}Aõ )

:X#$&@$&

Y$&#$$ N&V&

)

:

1@�W�p !

&JBL

�1@�

&

st÷

§Ü6u�rÛ

(

L5u�,-rÛFG

@

zH

(

E

@8

Z[���ñE

¶}~?r�ã

!

uv,-î�õ¿[ *

:

�1

RutN�

(

zY

&

VÆ�z(

&

��� ]"�¨

Rab¡P1 )

:

�

(

$"%:

@

�Ü6Oz£41÷§

8:

@

)�è`üý

?1`AßR

&

ÊP�{|÷§\FõØA?1u�

,-

(

zY

&

��¶-

:

@

1@�t�pÜ6u�@�

1"�øYàq

(

g)

:X@$$ N&V&PX#$&

}Aõ

:

@

X

<&#$&!$&@$ g&V(

L5u�,-rÛFG

<

zH

(

¶}~?r�ã

!

uv,-î�õ¿[

:

@

�1

RutuP

(

FrY

=@? A_

�,«ßÍ

&

�

:

@

�

�Põ

!$ g&V(

$@%

)

:)P

J

:

@

&`1$å}~

8

Y¯}~ø{

ÏßÍ�Ü6u�rÛ1÷§

&

�°,X¯� )

:)P

J

:

@

&`1$å<×ø}~

&

}~?rFG

Y

ªG

>

@<>#



'

#!

) ëRC

&

a

8

ì0

!

12

1N%f

#$6nínî�¬QUV¯��Qï«q9©ª

8

E

<8

Z[���ñE

zH

(

¶G

Y

ª

>

Gzã

!

I���� )

:

,

IP

,

:

@

X

)

:

;

IP

;

:

@

(

&

�ù+s¥Û�Í*Ø2¦îÙ

&

dÜ

6u� `îÙ1uv,-î�õ¿

(

�ä�%

!

)

:

#

IP

#

:

@#

X@$I$ #$ `#$ % X$8@)

)

:

!

IP

!

:

@!

X

?$I$!$ #̀$% X$8@)

)

:

"

IP

"

:

@"

X@$I$< !̀$% X$8@)

)

:

@

IP

@

:

@@

XY$I$#$ #̀<% X$8@&

uv,-î�õ¿û�

=<! A_&

tÊ+s¥Û�Í*}A�

#$)#$)!$)#$(

E

Y8

Z[���ñE

E

>8

Z[���ñE

$<%

Ü6=>FwOzÍR}~ ØàqF¥

)

FõØA?ª=>Fw12éßÍ�Ü6u�1÷

§

&

Y)

:X@$ N&V&:

@

X#$ g&V

���=>Fw�Ø

ÙÍ*(Ü6�POzÍR<×}~

(

Yuv,-

î�õ¿�P�

=@? A_

�,«

& PX!&@&Y&1

ª

P

X#&!&"&1

(

&

Ü6u�,-rÛFG

?

zH

(

E

?8

Z[���ñE

Îù

&

X»���

&

Fr=>Fw*-

P

�1¹

ÍÍÍ*(Ü6�POzÍR�

@

Ï

'

Fr=>F

wÍ*s

PX#

'9G*

&

Ü6�POzÍR�

?

Ï

(

¯°

&

VÆ�z(�¨�&�=>Fw'9

G*

(

¶{=>Fw1}~�ãRu )

:

ªN�

:

@

û

���uv,-1î�õ¿

&

�YÝ¾Ü61Oz

£4

(

�rY )

:X?$ N&V&:

@

X< g&V&PX#&!&"&1

��

&

�¶- *

:

1Ruª

:

@

1N�(t�Ü6�P

OzÍRzþH1÷§<×}~

(

_Yuv,-î

�õ¿�P�

=@? A_

�,«

&

Ü6u�,-rÛ

FG

[

zH

(

E

[8

Z[���ñE

[\)

:

1Ruª

:

@

1N�

&

Ü6�POzÍR

Ru

(

¶G

[

�ã

!

ä�%�

#Y

Ï

&

J¯�î�Ü

6�POzÍRRu

#

�

(

GJ

� �¡�óCi<=

,-

1N%f

-.1FqFwüºQØVWÜ

6òGFG

"

zH

&

FwÏÍ�

"(

VW%

&

=>FqFw

1_\#

ª

1_\!

ä|ÒØ

hu�)z�

&

FqFw

1_\"

I?�

%*k

#$;

VW

füº�¯

(

XÐ�A�(

"

ÏFw1%ò»e}

A�

# <<$8$?! LJ)# <<#7$"[ LJ

ª

# <<!7[![ LJ&

G%Fqe¿

F

#

X< J&F

!

X#! J&

,-ðH?r�

�

< g&V&

è`üý?1r����

<< N ]

#$$ N&V&

y}Ýy}r�

# N&V(

Ì¤Øð

%*k

#$;

VWf1r�ãªSTã

&

VWfüºr��

!@ &V&

IÜ6¥¦24(`�

&

��Y

"

Ï=>F

w1Ër,-FG

#$

zH

(

E

#$8

ð���E

<<>#



!

8

"

8

#

8

$

8

%

8

& '

!"

(

G

#$

%

&

Ër�

Y$ g&V

,-��=>Fw

1_\#&

Ër�

>< g&V

,-��=>Fw

1_\!&

Ër

�

#$$ g&V

,-��=>Fw

1_\"(

|\Øð=s

h»?

&

�Ê§G9

1_\"

1Ër,-sí

&

�ºy

}Ý<×y}

(

y}Í�KD�1VW?rFG

##

zH

&%*k

#$;

VWf1üºr��

!"8@< &V&

J

%*k

#$;

VWf1r�nã@¦�

!@ &V

,ä2p

(

E

##88

îï´µE

QJ

PS

ä%?®'9»Ør-.ªFqFw=>D

N

&

gÔø}�VFqFwüºQØÜ6

(

}A}~

ø=>FwÍ*ÜÍ

E)

ØAr�1�P�)

:)

è`ü

ý?1`AßR

:

@

�Ü6Oz£41÷§

(

�Ü6g

Ô(��� ]"�

&

�¨�&s

PX#

9©�=>F

w'9G*

'

Ù(ab `¡P)

:

ª¡�

:

@

1è`ü

ý?

&

YwÜ6?Y�mOzqr

(

��VWY�

%*k

#$;

VWf1VWüºr�J@¦r�,ä2p

(

qr56

!

*#+8S9LRS:LRP%IKL& 3C9LR&5LRPkBI& %IB*B9L705LRP2BCGEL:91_\

*9LC5H*OCG9J-CBLRE0BL9EHP%ETBGO1BF9H.EJEL 0EC9H*:I9J9*++7

')))SI5G5LB:C39:IL565RO09GG9HC& !$$@& !$#Y%! <>< =<>>7

*!+

ÿ!

&

�»

&

9"Ø

&

J

7

FqFw:üº¾´Ö×��Ü6

1@p

*++7

Fo)

&

SF

&!$$Y&#>$#%!#$! =#$Y7

*"+ %IBk5KLR.OK& %IELR*KL &5LR729T965DJ9LG5M1BF9H_HERR

\HEGBLR*9LC5H-CBLRfET969LRGIP*Q9DG1BF9H0EC9H*++7*JEHG

NEG9H*GHK:G& !$$!&$##%! @Y? =@>"7

*@+ jBE5\E5VIB& ;IE5SBLR& *KL 19LRRK5& 9GE67;IBOB;IELR/HP

HEO9APfET9RKBA9P\HEGBLRP_EC9A 'LG9HH5REG5HM5HfET969LRGIPN5AP

K6EG9A NK6GBP1BF9HP,DGB:*9LC5H/DD6B:EGB5LC*++7')))SI5G5LB:C

39:IL565RO09GG9HC& !$$<& ?$#>%! #>#$ =#>#!7

*<+ i9HC9O/2& _9Hg5MM3/& N5HB9f f7NK6GBD69U9A _HERR\HEGP

BLR1BF9HP/C9H*GHEBLP*9LC5H*OCG9JQBGI E1BF9H1PSfET969LRGI

1B6G9H*++7,DG09GG& #[["& #?$#Y%! #">$ =#">!7

*Y+ S9G9Hi& %I9L %& +BL f& 9GE67NK6GBD69UBLR5M1BF9H_HERR\HEGP

BLR*9LC5HC-CBLREL 1N%f39:ILBhK97')))SI5G5LB:C39:IL56P

5RO09GG9HC& ##$##%! #@>$ =#@>!7

*>+

�¹î

&

��J

&

#¾Ñ

7

2»

01N%f

Õ^(\OPÝõ:

�

7

Û:DEPFF�

&!$$Y&">$<%!<$< =<$>7

*?+

»í½

&

¨�<

&

»"�

701N%f

Õ^(\öº>Õm:�

7

�3Õ^

&!$$Y&!?$>%!"> =@$7

*[+

��T

&

Ú!

&

9J$

&

J

7

}�VFqFw=>kþ1Oz

QØ-.

*++7

Fo)-.J,�

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

*#$+

�d%

7

}�VFqFw=>?»e��m-.vt

*++7

=>?Ö:

&!$$"&'#$<%!# =<7

*##+ /6EL 2i9HC9O& NB:IE96/2ETBC& &9EGI9H+SEGHB:g71BF9H\HEGP

BLR*9LC5HC*++7+5KHLE65M0BRIGQET939:IL565RO& #[[>& ?$#<%!

#@@! =#@Y"7

*#!+ i9HC9O/2& _9Hg5MM3/& N5HB9f f7&BRIP.9C65KGB5L 1BF9HP

\HEGBLR_EC9A *GHEBL *9LC5HQBGI 'LG9HM9H5J9GHB:fET969LRGIP*IBMG

29G9:GB5L*++7)69:GH5L 09GG& #[[!& !?$"%! !"Y =!"?7

¢�,

$#[YY =%&

à

&

eÝâ

&

áÜ

&

+

,@p:d�FqFwQØ-.1@

p

'

FqFw=>Ü6kþ�JEM

4�z@p

&G9LRM9LR:I9LRm#Y"7:5J'

H

8

£

$#[?@ =%&

à

&

Z¾PFo�Ü

6ýÊÕº�Ëû

&

ÛÜ@pH

(

Y<>#




