JP 2005-507083 A 2005.3.10

(19) B EEHEFT (UP) 8 RIF F L EAN () SHEBLESS
$53%2005-507083
(P2005-507083A)
43 AEH  FRI7E3H 108 (2005.3.10)
(51) Int.CL." Fl F—7a—F (%)
GO1L 5/00 GO1L 5/00 1012 2F051
G018 7/00 GO1B 7/00 K 2F0O55
GO1G 3/00 GO1G 3/00 A 2F063
GO1L 1/14 GO1L 1/14 L 5BO87
GO1L 9/12 GO1L 9/12
SEER FHR TRETHX FBK (£ 82 H BHEECHS
(2l HEES $5$E2003-539020 (P2003-539020) |(71) HEE A 504162257
(86) (22) BEEH SERI4EE10H24H (2002.10.24) Flwie— - FuZrAfN - VATFLR
(85) BIRR B M H ERE165E4H 230 (2004. 4. 23) A ya—RL—F v R
(86) MEEHEEES  PCT/US2002/034135 TAYHERES Y 7+ A= THI00 4
87 EELHES ¥02003/036612 5, a#ryYIAA, BrFal)—. TF—
(67) EHIEAME PRy I5E5A LH (2003.5. 1) A=K 5757, A=} 700
(31) EAEEEHEE  60/347,599 (74 A 100089705
(32) & H ERE13FE10824H (2001.10.24) fHE+ #HE —Fk
(23) BREEEE  RE S (74) {IBA 100076601
(3l) BRETEEE 60/343,714 fELT gH BS
(32) ®%xH SERLI3EE10H24H (2001.10.24) (74 A 100075270
(33) BRBEEE  KRE S £EL M B
(74) 1A 100080137
#E+L T% BB
BAE R <
(c4) [REAOEH] 714 - 2T BFEE
GNHOO0O
Oodddooooooooooogooooooood
Oododdooooooooooogooooooood Pt
godddooooooooooogooooooood
Jgodddooooooooooggoooooooog
Jgodddooooooooodggoooooooog c2
Jo0dooooooooooobooooooooogono ~—F‘13 408
Jo0ooooooboooooboooooooooono Uz
Jo0oooooooooooboooooogoooono
Oodddooooooooooogooooooood R4
Oododdooooooooooogooooooood =
| —

ogooooooobobobooooooooooooo
ggoooooooboobobooooooooooooo
ugogoooobobobbootooooauoaoooo
goobOooooobobooooooboooooooo
gooObOooooobbooooooboooooooo
goooooooooon

®2



e R ey [ s R s [y |

e e e e e e e e s |

e e [ e e e e s e s s [ [ |

e e A s e e e e e s [ |

Oooooooo0 o0 oo oooo0 oo oDooo o0 oo oDo oo o0 oo oDooo0oo0 oo ooooooDoDoooQgooQgaoo

e [ ey e [ s [y [ |

Oooooooooooooogodg

O 0Oooo
O 0Oooo
O 0Oooo
O 0Oooo
O oOooo
O oOooo
O 0Oooo
O 0Oooo
O 0Oooo
O 0Oooo
O oOooo
O 0Oooo
O 0Oooo
O o0Oooo
O 0Oooo
O oOooo
O 0Oooo
O 0Ooo
O o0Oooo
O 0Oooo
O oOooo
O 0Oooo
O 0Oooo
O 0Oooo
O 0Oooo
O 0Oooo
O 0Oooo
O 0Oooo
O 0Oooo
O o0Oooo
O o0Oooo
O 0Oooo
O 0Oooo

OoooooogoQgg
Oooooooggg
OO0 oooooggg
OoooooooQgodg
OooooooogooQgodg
OooooooogoQgg
OoooooogoQgg

O
O
O
O
O
O
O

O
O
O

O

O
O
O
O
O
O
O

O 0o oo
I [
O 0o oo
O 0Ooogoo
O Ooogo
O 0o oo
I Y [

OoOoo0oooogod

O
O
O
O
O
O
O
O
O
O
O

O
O
O
O
O
O

O
O
O
O
O
O
O
O
O
O
O
O
O

(2)

|

JP 2005-507083 A 2005.

O
O
O
O
O
O
O
O
O
O
O

O
O

.10

10

20

30

40

50



e R ey [ s R s [y |

e e e e e e e e s |

O oOooo
O 0Oooo
O 0Oooo
O 0Oooo
O oOooo

[ s e e e e e e e e e e s s [ [ |

OO0 0o oDooogoooooogogdg
oo oooooooooooooQgodg
OO0 oo oooooooooooQgg
OO0 oD ooDoooooooooogooQgg

OO0 o0Dooo4dgUoooDooogogooao

Oooooocooooooao
Oo0oooooooooao
OoooooogooQooooao

O 0Oooo
O 0Oooo
O 0Oooo
O 0Oooo
O oOooo
O oOooo
O 0Oooo
O 0Oooo
O 0Oooo
O 0Oooo
O oOooo
O 0Oooo
O 0Oooo
O o0Oooo
O 0Oooo
O oOooo
O 0Oooo
O 0Ooo
O o0Oooo
O 0Oooo
O oOooo
O 0Oooo
O 0Oooo
O 0Oooo
O 0Oooo
O 0Oooo
O 0Oooo
O 0Oooo
O 0Oooo
O o0Oooo
O o0Oooo
O 0Oooo
O 0Oooo

OO0 ooooogod
Ooooooood
Oooooooodg

O

Iy |

O
O

O
O

O Ooo0oooao

O
OJ
O
O
O
O
O

O
O
O
O
O
O
O
O
O
O
O
O

O Ooogooo
O O0Oo0gogo
O 0Ooo0ooo
O 0Ooo0ooo
O 0Ooo0ooo
O Ooogooo
O O0Oogoog
O 0Ooo0ooo
O 0Ooo0ooOoo
O Ooo0ooo

OoOoo0oooao
O 0Oo0oooo
O0Ooo0oo0ooao

O
O
O

O Ooo0ooOoo
O Ooooo
O Ooooo
O OooOooo
O 0Oo0ooo
O Ooo0ooOoo
O Ooo0ooo
O Ooooo
O OoOooo
O O0Oo0ooOoo
O Ooo0ooo
O 0Oooo
O Oooo
OO oo
O 0Ooo
O 0Oooo
O 0Oooo

O oOooo
O 0Oooo
O 0Oooo
O o0Oooo
O 0Oooo
O oOooo
O 0Oooo
O 0Ooo
O o0Oooo
O 0Oooo
O oOooo
O 0Oooo
O 0Oooo
O 0Oooo
O 0Oooo
O 0Oooo
O 0Oooo
O 0Oooo
O 0Oooo
O o0Oooo
O o0Oooo
O 0Oooo
O 0Oooo

)

O
O

O
O
O
O
O
O
O
O
O
O
O
O
O

|

|

JP 2005-507083 A 2005.

ugboobooaooboodoboad

.10

10

20

30

40

50



oo oooocoooooooogogQgogoaoQg

Oo0ooooooooooooodg
oo ooooooooooooggogaoQg

O

Ooooooooooooogogoogoad

O

Ooooooooooooood
Ooooooooooooood

uo

rray Sensor
Oooooo
ooo0oO0oogo
zation of Linear ArrayO”

ooogao
oooao

d

Oooooliocogdg

Oooooooooooooogooooao

i

u
O
d
O
g
a
O
g

u
O
g
O
g
a
O
g
u
O
g
O
g
a
O
g
u
O

O0Ooo0ooino;od
O 0Oo0Ooi;oo

O 0Oooo
O oOooo

Ooooooooooooogogoooao

n an

O

Ooo0oooooooooooogooogoogo

OO0 oo ooooQgoooo

O
O
O
O
O
O
O
O
]
O
O
O
O
(]
O
O
O
O

O
O
O

ugooobooooooag®

ElectronicsO ”

(4)

OD0DO00O0OO0OD0ODDOO0OO00CQ0DOAO0OCapacitive A
ODO0O0O0O0OD0ODO0D0DO0OD0DDODD0OO0OO0OD0OD0ODG®Se0/347,59900 0

ocoosgooooOoooooDao

ooooo-

ooooooao
ooogoooao
Organism Over
ooogogogoao

oad

Oooooooooooooogoogoooao
Ooooocooooooooogooooao

O
O
O
O
O
O
O
O
O
O

O 0Ooogooog
[ Y |
OO ogogog
I [y |
I [y |
[ |
O Ooogogoog
OO ogogog
I [ |
I [y |
I [ |
[ Y |
OO ogogog
Y Y |
I [ |
I [ |
O 0OoogogooQg
O Ooogogoog
OO ogogog
I [ |
I [y |
I [ I |
O Ooogogoog
OO ogogog
O 0oo0oogoo
Iy |
I [ |
O Ooogogoog
O O ogogog
I [ |
I [y |
I s [ |
O OoogogooQg
OO ogogog

Oooooooogdg
Ooooooogd
OOoooooogd
OoOooooood
Oooooooogod
Oooooooogodg
Ooooooogd
OOoooooogd
OoOooooood
Ooooooood
Oooooooogd
Ooooooogod
OOoooooogd
O0o0Dooooogd
Ooooooood
Oooooooogod
Oooooooogd
OOoooooogd
OOo0Dooooogd
OoOooooood
Oooooooogod
Oooooooogod
OOoooooogd
O0oooooogd
Ooooooood
Oooooooogod
Oooooooogod
Ooooooogd
OOoooooogd
OoOooooood
Oooooooogod
Oooooooogod

O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O

oooooooao
oooogooao
ooooooooao
O O Visualization

TimeO "

googao
gbooogboaood

|

O
O

JP 2005-507083 A 2005.

O
O
O

oooooooao
oooooooao

goooobooan

gooobooan

goooobooan

O

.10

00000000 0oDoooDoDooooo0Ooano
O0O0D0O0ODODOO0OD0ODOTime Spatial Visuali

ooogogao
oooog-
of Values
ooooao
ooooao

[

O00000e60/343,7140 0 00O
gboooboobooboooboaoadab

of a Physical

g

O
O

O
O
O
O
O
O
O
O
O
O
O

Property Detecte
P00660.70004.USO 00O ODOO

O 0OooQgooooao
O O0goooao

10

20

30

40

50



e R ey [ s R s [y |

e e e e e e e e s |

Oo0ooooo4o0oooooo400 oo oDoooo oo oDoDoDo4ggoooDoooogogg
e A s e e e e e ) e e e A s s [
Ooooooooooooooo0 oo oDooooooDooooooooooQgodg
OoOooooooooooooo0 oo oDooo oo oDoooooooooogogoQgodg

O oOooo
O 0Oooo
O 0Oooo
O 0Oooo
O 0Oooo
O oOooo
O oOooo
O 0Oooo
O 0Oooo
O 0Oooo
O 0Oooo
O oOooo
O 0Oooo
O 0Oooo
O o0Oooo
O 0Oooo
O oOooo
O 0Oooo
O 0Ooo
O o0Oooo
O 0Oooo
O oOooo
O 0Oooo
O 0Oooo
O 0Oooo
O 0Oooo
O 0Oooo
O 0Oooo
O 0Oooo
O 0Oooo
O o0Oooo
O o0Oooo
O 0Oooo
O 0Oooo

Oooooooogooooodg
OO0 Oooooo4gogooooodg
OOo0ooooooooooood
Ooooooooooooodg
Ooooooooooooodg
Oo0ooooo4gogooooodg
OO0 oDoDooogogoooood
OOo0ooooooooooboood
Oo0ooooooooooodg
Ooooooooooooogdg
Oo0oooooogooooodg
OO0 ooooo4gogooooogodg
OOo0ooooooooooboood
OOoooooooooooodg
Ooooooooooooodg
Ooooooooooooodg
OO0 ooooogogooooogodg
OOo0ooooooooooboood
OOooooooooooood
Ooooooooooooodg
Ooooooooooooog
OO0 ooooogogooooodg
OO0 OoDoooo4gogoooood
OOo0ooooooooooood
Ooooooooooooodg
Ooooooooooooog
OO0 ooooogogooooodg
OO0 OoDoooogogooooodg
OOo0ooooooooooood
Oooooocooooooodg
Ooooooooooooodg
OOo0oooooogooooodg
OO0 ooDooogogoooood
OOo0ooooooooooboood
Ooooooooooooodg
Ooooooooooooodg
Ooooooooooooog
OO0 oooooogogooooodg

OoooooooQooooao

O Oooo
O Oooo
OO oo
O 0ooo
O Oooo
O Oooo
O Oooo
OO oo
O 0Ooo
O 0Oooo
O 0Oooo
O Oooo
O 0Oooo
O 0O oo
O 0Oooo
O 0Oooo
O Oooo
OO oo
O 0Ooo

oo o oooooogoQgog

O
O
O
O
O
O
O
O

OooooooQgogoooao

Oooooooggg
OO0 oooooggg
OoooooooQgodg
OooooooogooQgodg
OooooooogoQgg
OoooooogoQgg
OO0 oooooggg
OoooooooQgodg
OooooooogooQodg
OooooooogQgdg
OooooooogoQgdg
Oooooooggdg
OoooooooOoadg
OooooooogoQodg
OooooooogoQgdg
OooooooogoQgg
OoooooogoQgg
OO0 ooooogogdg

OO0 ooDooogoQgogooao

Ooo0oooooOooOooOooao

OoooooooQooooao

Oo0oooooogogoQgogooQg
OoooooooggogooQg
OO0 ooooooggogodg
Ooo0oooooooogooOgoo
OooooooooQgoogoo
Oo0oooooogogogogooQg
Oo0oooooogogogoQg
OO0 ooooooggogog
OooooooooOooOood
OooooooooQgoogoao
OoooooooogogQgogooQg
Oo0oooooogogogogooQg
OO0 ooooooggogoQg
OO0 oooDoooggogdg
OooooooooQgoogoo
OO0 ooooooQgogooQg
Oo0oooooogogogogooQg
Oo0ooooooggogoQg
OO0 oooDoooggogodg
OooooooooOgoogod
OooooooooQgogooQo
Oo0oooooogogQgogooQg
Oo0ooooooggogooQg
OO0 ooooooggogog
Ooo0oooooooogoogood
OooooooooQgogogooQo
Oo0oooooogogogogoo-g
oo oooooogoggogooQg
OO0 ooooooggogodg

~
ol
~

O
O
O
O
O
O
O
O
O
O
O
(]
O
O
O

OooooooQgdg

Oo0oooogoQgdg

JP 2005-507083 A 2005.

OooooogQgog

Ooooooggdg

Oo0oooogogdg

Ooooooodgdg

Ooo0oooogoQgg

OooooogQgg

OooooogoQgdg

Oooooogogdg

OooOooooodgadg

OoooooogoQgdg

OoooooogQgdg

Oo0oooogoQgdg

AN
o

Ooooooggdg

10

20

30

40

50



Oooooooo0ooooooo00 oo oooo o0 UooonDoDooooUoDoooDoDoooo o0 oo oDoDoooDoDoDooogogQgoQgaoQm

e e e s ey e e sy [ |

e e e ey e ey e s e s e s s [y [ |

e s e e s e ) e e e s s s [ |

e e Iy
[y e e e e ey R e Iy

O O

O Ooooo
O Ooooo
O 0OooOooo
O O0oo0ooOoo
O 0Ooooo
O Ooooo
O Ooooo
O 0OooOooo
O 0Oo0ooOoo
O 0Ooo0ooo
O 0Ooooo
O Ooooo
O Ooooo
O 0Oo0ooOoo
O 0Ooo0ooo
O Ooooo
O Ooooo
O Ooooo
O 0OoOooo
O 0Ooo0ooo
O 0Ooooo
O Ooooo
O Ooooo
O 0OooOooo
O 0Ooo0ooOoo
O 0Ooooo
O Ooooo

OoOoo0ooood
OO0oo0ooood

O 0Ooogooog
[ Y |
OO ogogog
I [y |
I [y |
[ |
O Ooogogoog
OO ogogog

O Ooo0ooooao
O 0Ooo0ooooao
O 0O0Oooooao
O 0Ooo0oo0oooao
O 0Ooo0oo0oooao
O 0Ooo0ooooao
O 0Ooo0ooooao
O O0OoQgooooao
O O0Oo0oo0oooao
O 0Ooo0oo0oooo
O Ooo0ooooao
O 0Ooo0ooooao
O O0OoQgooooao
O O0Oo0oo0oooao
O 0Ooo0oo0oooao
O 0Ooo0ooooao
O 0Ooo0ooooo
O O0O0gooooao
O 0O0OooOoooao
O 0Ooo0oo0oooao
O 0Ooo0ooooao

O0Ooo0oooo

O Ooooo
O Ooooo
O 0OoOooo
O 0Oo0ooOoao
O 0Ooo0ooao
O 0Ooooo
O Ooooo
O 0Ooooo
O 0Oo0ooOoao
O 0Ooo0ooao
O 0Ooooo
O Ooooo

O
O
O
O
O
O
O
O
O
O
O
O

O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O

O0Ooo0oooao

O Oo0oooao
O 0Oo0ooO0oo0oao
O 0Ooo0oo0ooao
O Ooo0oooao
O Ooo0oooao
O Ooo0oooao
O 0Oo0oo0oo0oao
O 0Ooo0oooao
O Ooo0oooao
O Ooo0oooo
O Ooo0oooao
O O0Oo0oo0oo0oao
O 0Ooo0oo0ooao
O Ooo0oooao
O Ooo0oooo
O Ooo0oooao
O 0Oo0oooao
O 0Ooo0oo0ooao
O 0Ooo0oooao
O Ooo0oooo
O Ooo0oooao
O Oo0oooo
O 0Ooo0oo0oo0oao
O 0Ooo0ooOooao
O Ooo0oooo
O Ooo0oooao
O Oo0oooao
O 0Oo0oo0oo0oao
O 0Ooo0oo0ooao
O Ooo0oooao
O Oooooo
O Ooo0oooao

O 0Oo0oooao

O0Oo0oo0oo0oao

O0Ooo0oooao

O0Ooo0oooo

O0Ooo0oooao

O0Ooo0Ooooog

O 0Ooo
O O0ooo
O 0Oooo
O 0Oooo
OO oo
O 0o o
O 0Oooo
O O0ooo
O 0Oooo
O Oooo
OO oo
O 0Oooo
O 0Oooo
O oOooo
O Oooo
O 0Ooo
O 0Oooo
O 0Oooo
O 0Oooo
O 0Oooo
O Oooo

O0Oo0oo0oo0oao

O0Ooo0oo0ooao

OOoo0oooao

O0Ooo0oooo

O 0Oo0oooao

O 0Oooo
O 0O oo
O 0Oooo
O 0Oooo
O Oooo
OO oo
O 0Ooo
O 0Oooo
O 0Oooo
O Oooo
O Oooo
O 0Oooo
O 0Oooo
O Oooo
O Oooo
O Oooo
O 0Oooo
O 0Ooo
O 0Oooo
O Oooo
O Oooo
O Oooo

(6)

O 0Oo0oo0oo0oao

O0Ooo0oo0oo0oao

O0Ooo0oooao

O0Ooo0oooo

O0Ooo0oooao

O O0OoOgoogog
O O0Ooo0ooOoo
O 0Ooo0ooo
O Ooooo
O Ooogooo
O O0Oo0gogo
O 0Ooo0ooo
O 0Ooo0ooo
O 0Ooooo
O OooOgooo
O Oogoo
O 0Ooo0ooOoo
O 0Ooo0ooOoo
O Ooo0ooo
O Ooogooo
O O0Oogoo

|

JP 2005-507083 A 2005.

O Oooo
O 0Oooo
O 0ooo
O 0Oooo
O Oooo
O Oooo
O Oooo

O
O
O

O0Ooo0oooo
O0Ooo0oooao
O 0Oo0oooog
O0Oo0oo0oo0oao
O0Ooo0oooao
O0Ooo0oooo
O0Ooo0oooao
O 0OoO0oooaog
O0Oo0oo0oo0oao
O0Ooo0oo0ooao
O0Ooo0oooo

O
O
O
O
O
O
O
O
O
O
O

O
O

O0Ooo0oooao

O
O

.10

O 0Oo0oooao

10

20

30

40

50



» Do ooDooooooogoadg

o e e [ e e e e e o e e e s e s [ e [ i

OOo0ooooo40ooooooo4o0ooooDoDoooooooooogd

oo oooogo s

Ooooooo0ooooooooooDooooooooooogodg

OoooooogoQgogoooao

oo ooooo g

N

LS Y Y O 1 Y Y Y A

Oo0o0ooooUogUoooDoDoDoUgUooDoDooogogooao
OooooooooooooooooooooogogoooOoao
Oooooooo0oooooooooDooooogooooao

O

Oo0oooooooOo=2o0o00o0o00o0o00gao

OOoo0ooooao
OOoooooogdg

O

OO0Oo0ooooao
OO0Ooo0oo0oo0ooao
OoOoo0ooooao
OOoo0ooooao
OoOoooooogdg

0o«

of Values

O

Ooo0oooogQgoo
OooooogQgoao
OoooogQgogao
Oooo0ooogoao
Ooo0oooogoQgoo
Ooo0oooogogQgoao
Oo0oooogQgoo
Oooooggogao
Oooo0ooogoo
Ooo0ooooogooQgoo

OooDoooooooooogodg
Oooooooogooooogodg
OO0 oDoDooog4gogooooogod

O0Ooo0oo0oo0ooao
OoOoo0ooooao
OOoo0ooooaog
OOoooooaog
OO0Oo0ooooaog
O0Ooo0oo0oo0ooao
OoOoo0ooooao
OOoo0ooooao

oooao
gooao

I [y |
OOoo0oood
OoOoo0ooood
Oo0oo0ooood

OO o0oo0ooogod

O 0Ooo0oo0oo0oao
O0Ooo0oooao
OOoo0oooao
OOoo0oooao
O Ooo0oooao
O 0Oo0oo0oo0oao
O0Ooo0ooo0oao
O Ooo0oooao
OOoo0oooao
O Ooo0oooao
O Oo0oooao
O0Ooo0oo0oo0oao
OOoo0oooao
OOooooao
O Oooooao
O Oo0ooogoao
O 0Ooo0oo0oo0oao
O0Ooo0oooao
OOoo0ooooo
O Oooooao
O Oo0oooao
O 0Ooo0oo0oo0oao
O0Ooo0oooao

O

OOooooogdg

OO0Ooo0ooO0oo0ooao
OOoo0oo0oooao

O

O

O Oooo

O

ocooODO0oOooooOOooOoooODODO0OoOooDODOO0OODnVvi

g
a
O
g

O

of a Physical

OO ogogog
O0Ooo0Oo0oood

I [y |
OoOoooood
Oo0oo0ooood

Oooooooogd
Ooooooogd
OOoooooogd
OO0 ooooogd
Oooo0oooogod
Oooooooogd
Ooooooogd
OOooooogd
Oooooogd
OoOoo0oooood
Oooooooogd
Ooooooogd
OOooooogd
OOoooooogd
OoOoo0ooooogod
Oooooooogdg

O 0Ooo0oooo
O Ooogooao
O O0Oo0oogoao
O 0Ooo0oo0ooao
O 0Ooo0oooo
O 0Ooo0oooao
O Ooogooao
O O0OoOgogoao
O 0Ooo0oo0ooao
O 0Ooo0oooao
O 0Ooo0oooo
O Ooogooao
O O0Oo0gooao
O 0Oo0oo0ooao
O 0Ooo0oooao

€]

JP 2005-507083 A 2005.3.10

gboobooboobooboobooboooboad
goooooboboooooooao

ooooDooooOoooooao
oooDoDoooooDooooao
0 O Capacitive Array Sensor
60/347,5990 0 0 000000
oooDoDoooooDooooao
Time Spatial Visualization of Linear Arrayd " O
060/343,7140 0000 000000O0DODDODOOOOO

Property Detected

OO ogogog
OO0Oo0o0ooogod
OOoo0o0oood
OOoo0oood
OOoo0ooood
OO0Oo0oooogod
OO0Oo0oo0ooogod
Iy B
Oo0oo0oood
OoOoo0ooood
OO0Ooo0oooogod
OO0Oo0oo0ooogod
OoOoo0o0oood
OoOoo0oood

oooooooao

Oooooooao
oooooooao
ElectronicsO ”

ooDosgsoDoOoOoao
ooooo* oo

in an Organism Over Time[O
PO00660.70004.USO 00 0DO0DO0O0OOCODOOOOODOOODOGDO

gbooobodaoad
oooooooao
goooooaoan
oooooooao
goog*“ ooaon
gooooaoand
oooooooao
oooooooao
goooooaoan
oooooooao
gooooooaon
gooooaoand
oooooooao
goooboooan
gbooobodaoad
oooooooao
gooooooaon
gooooaoand
oooooooao
goooboooan
gbooobodaoad
goooooaoan
oooooooao
gooooooaon
gooooaoand
oooooooao
goooboooan

20

30

40

50



e R ey [ s R s [y |

e e e e e e e e s |

e e [ e e e e s e s s [ [ |

e e A s e e e e e s [ |

Oooooooo0 o0 oo oooo0 oo oDooo o0 oo oDo oo o0 oo oDooo0oo0 oo ooooooDoDoooQgooQgaoo

e [ ey e [ s [y [ |

O 0Ooogooog
[ Y |
OO ogogog
I [y |
I [y |
[ |
O Ooogogoog
OO ogogog
I [ |
I [y |
I [ |
[ Y |
OO ogogog
I [y
I [ |
I [ |
O 0OoogogooQg
O Ooogogoog
OO ogogog
I [ |
I [y |
I [ I |
O Ooogogoog
OO ogogog
O 0oo0oogoo

OooooogoQgoao
OooooogQgoao
OO0 ooooggogao
Oooo0oooQgoao
OooooooQgoo
OooooogoQgoao

O
O
OJ
O
O
O

O
O
O
O
O
O

O
O
O

Oo0oooooogogodg

O Ooooo
O Ooooo
O OooOooo
O 0Ooo0ooo
O 0Ooo0ooo
O Ooooo
O Ooooo
O OooOooo
O 0Oo0ooOoo
O 0Ooo0ooo
O Ooooo
O Ooooo
O OooOooo
O 0Oo0ooOoo
O 0Ooo0ooo
O Ooooo
O Ooooo
O Ooooo
O 0OoOooo
O 0Ooo0ooao
O Ooooo
O Ooooo
O Ooooo
O O0OoOgooo
O 0Ooo0ooOoo

OooooooogooQgooao
Oooooooogogogooao
OO0 ooDooogogooao
Oooooooooogooao
Oooooooogoogoooao
Ooooooooogooao
Oooooooogogogooao
OO0 ooooogogooao
OoooooooogoOooao
Ooooooooogooao
oo oooooogoogoooao
Oooooooogoogooao
OO0 oooooogogooao
OOoooooooOgooOooao
Ooooooooogooao
Oooooooogoogoooo
Oooooooogoogooao
Oooooooogogogooao
OO0 ooooogogooao
Oooooooooogooao
Oooooooogoogoooao
OooooooogoQgooao

Oo0oooooogogdg

OO0 oooooogogg

OoOoooooooOod

OoooooooogoOog

Ooo0oooooogoogog

Ooooooogd
OOoooooogd
OoOooooood
Ooooooood
Oooooooogd
Ooooooogod
OOoooooogd
OoOooooood
Ooooooood
Oooooooogod
Oooooooogd
OOoooooogd
OOo0Dooooogd
OoOooooood
Oooooooogod
Oooooooogod
OOoooooogd
O0oooooogd
Ooooooood
Oooooooogod
Oooooooogod
Ooooooogd
OOoooooogd
OoOooooood
Oooooooogod
Oooooooogod
Ooooooogd
OOoooooogd

Oo0oooooogogdg

OO0 ooooooggdg

OoOoooooooOod

OoOoooooooQodg

OoooooooogoQgodg

Oo0oooooogoQgg

OO0 oooooogogdg

(8)

OoOoooooooOod
Oooooooooodg

OoooooooogooQgog

Ooo0oooooogogodg

Oo0oooooogogg

O O

OooDoooodgogood

OooooooooOodg

OoooooooogooQgodg

JP 2005-507083 A 2005.

Oo0oooooogoQgog

OO0 oooooogogdg

OO0 oooooogogog
OO0 oooooogogogog
Oooooooooogoogo-g
OooooooooogogooQg
oo ooooooogogoog
OO0 oooooogogog
OO0 ooooooggogg
Oooooooooogoogod
Oooooooooogoogo-g
oo ooooooogogoo-g
OO0 oooooogogog
OO0 oooooogogogog

OO0 ooooogdg

OoooooooOodg

O 0Oooo
O 0Oooo
O 0Oooo
O Oooo
O 0Ooo
O 0Oooo
O 0Oooo
O 0Oooo
O Oooo

oo ooooooQgodg

O Oooo

OO0 oooooogodg

O Oooo

OO0 oooooogdg

O Oooo

OO0 oooooogdg

O Oooo

Oo0oooooood

O 0ooo

oo oooooodg

O 0Oooo

oo ooooooQgodg

O Oooo

OO0 oooooogdg

O Oooo

O oo oooogdg

O Oooo

10

20

30

40

50



e R ey [ s R s [y |

e e e e e e e e s |

e e [ e e e e s e s s [ [ |

e e A s e e e e e s [ |

Oooooooo0 o0 oo oooo0 oo oDooo o0 oo oDo oo o0 oo oDooo0oo0 oo ooooooDoDoooQgooQgaoo

e [ ey e [ s [y [ |

OoOoo0ooood
OO0oo0ooood
OO0Oo0oo0ooogod

OoOoo0ooood
OO0oo0ooood
OO0Oo0oo0ooogod
O0Ooo0Oo0oood
Ooo0oo0oood
Ooo0ooood
OO0oo0ooood
OO0Oo0oo0ooogod
O0Ooo0Oo0oood
Ooo0oo0oood
OoOoo0oood
OoOoo0ooood
OO0oOo0oooogod
O0Ooo0Oo0oood
Ooo0Ooo0o0oood

OoooooogoQgogoaoQg
OoooooogQgogaoQg
Oo0oooooggogodg

OoooooogooQogoooao

O Ooo0oooo
O Oooooao
O Oo0oooao

O
O
O

O
O
OJ
O
O
O
O
O
O
O
O
O
O

OoooooogQgoooao

OO0 ooDooogQgoooao

O 0Oo0ooO0oo0oao
O 0Ooo0oo0ooao
O Ooo0oooao
O Ooo0oooao
O Ooo0oooao
O 0Oo0oo0oo0oao
O 0Ooo0oooao
O Ooo0oooao
O Ooo0oooo
O Ooo0oooao
O O0Oo0oo0oo0oao
O 0Ooo0oo0ooao
O Ooo0oooao
O Ooo0oooo
O Ooo0oooao
O 0Oo0oooao
O 0Ooo0oo0ooao
O 0Ooo0oooao
O Ooo0oooo
O Ooo0oooao
O Oo0oooo
O 0Ooo0oo0oo0oao
O 0Ooo0ooOooao
O Ooo0oooo
O Ooo0oooao
O Oo0oooao
O 0Oo0oo0oo0oao
O 0Ooo0oo0ooao
O Ooo0oooao
O Oooooo
O Ooo0oooao

Ooooooooogoad
OooooooQogoQgQd
OoooooogogoaoQg
OooooogogoaoQg
Oooooogogodg
OoOooooooogoad
Oooo0oooOgooQgaQg
OoooooogogooQg
OooooogogaoQg
Oooooogogodg
OoOooooooOoand
OooooooQgoQgad
OooooooQgogoQg
OooooogogaoQg
Oooooogogog
OO0 ooooogogdg
OooooooOogao
OooooooQgoQgaog
OooooogoQgaoQg
OooooogogaoQg
Oooooogogodg
Oooooooogoogod
OoooooooQgoQgQd
OooooogogaoQg
OooooogogaoQg
Oooooogogog
Oooo0ooooogogoad
OooooooQogoQgQd
OoooooogogoaoQg
OooooogogoaoQg
OOooooogogdg

OooooooogooOoooOoao

I [y |
I [y |
[ |
O Ooogogoog
OO ogogog
I [ |
I [y |
I [ |
[ Y |
OO ogogog
I [y
I [ |
I [ |
O 0OoogogooQg
O Ooogogoog
OO ogogog
I [ |
I [y |
I [ I |
O Ooogogoog
OO ogogog
O 0oo0oogoo
Iy |
I [ |
O Ooogogoog
O O ogogog
I [ |
I [y |
I s [ |
O OoogogooQg
OO ogogog

OoooocoooQogoooao

OoooooogooQogoooao

Oooooooogogogogoao
OoDooooooggogaog
OooooooooogoOoao
Oooooooooogogoao
OoooooooogooQgogoao
Oooooooogoogogoao
Oooooooogogogaog
OoooooooooOooOoao
Oooooooooogoao
Ooooooooogogogogoao
Ooooooooogoogogoao
Oooooooogogogoao
OO0 oooooogogogaog
OooooooooQgogoao
OooooooooQgoao
Ooooooooogoogogoao
Oooooooogogogogoao
OO0 ooooooggogaog
OooooooooogooOgoao
OooooooooQgogoao
Ooooooooogoogogoao
Oooooooogogogogoao
OoDoooooogogogaog
Oooooooooogogoao
Oooooooooogoao
Ooooooooogogogogoao
Oooooooogogogogoao
OoDoooooogogogaog

(9

O
O

O Ooo0oooao
O Ooo0oooo
O Ooo0oooao
O 0Oo0oooao
O 0Ooo0oo0ooao
O 0Ooo0oooao
O Ooo0oooo
O Ooo0oooao
O Oo0oooo
O 0Ooo0oo0oo0oao
O 0Ooo0ooOooao
O Ooo0oooo
O Ooo0oooao
O Oo0oooao
O 0Oo0oo0oo0oao
O 0Ooo0oo0ooao
O Ooo0oooao
O Oooooo
O Ooo0oooao

O
O
O
OJ
O
O
O
O
OJ
O
O
O
O
OJ
O
O
O
O
O

O

JP 2005-507083 A 2005.

10

20

30

40

50



e R ey [ s R s [y |
e e e s e e e e [ s [ |
e s e e s e e e e e e e e [ A s o |
e s e e A s e e s e e e e R e e I s [ |

Ooooooooooooooo0 oo oDooooooDooooooooooQgodg
OoOooooooooooooo0 oo oDooo oo oDoooooooooogogoQgodg

O Ooooo
O Ooooo
O 0OoOooo
O 0Oo0ooOoao
O 0Ooo0ooao
O 0Ooooo
O Ooooo
O 0Ooooo
O 0Oo0ooOoao
O 0Ooo0ooao
O 0Ooooo
O Ooooo
O 0Ooooo

OOo0ooooocooooooao
Ooooooooooooao

Oo0oooogoQgg

O
O
O
O
O
O
O

O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O

OooooooogogQgogooQg
Oo0ooooooggogooQg
OO0 oooDoooggogog
Ooo0oooooooOoogoo
OooooooooQgogogoaoQo
Oo0oooooogogoQgogooQg
OoooooooggogooQg
OO0 ooooooggogodg
Ooo0oooooooogooOgoo
OooooooooQgoogoo
Oo0oooooogogogogooQg
Oo0oooooogogogoQg
OO0 ooooooggogog
OooooooooOooOood
OooooooooQgoogoao
OoooooooogogQgogooQg
Oo0oooooogogogogooQg
OO0 ooooooggogoQg
OO0 oooDoooggogdg
OooooooooQgoogoo
OO0 ooooooQgogooQg
Oo0oooooogogogogooQg
Oo0ooooooggogoQg

O Ooooo
O Ooooo
O OoOgooo
O Ooo0ooOoo

O Oooo
O Oooo
OO oo
O 0ooo
O 0Oooo
O Oooo
O Oooo
O Oooo
O 0Ooo
O 0Oooo
O Oooo
O Oooo
O Oooo
O 0O oo
O 0Oooo
O Oooo
O Oooo
O Oooo
O 0O oo
O 0ooo
O Oooo
O Oooo
O Oooo
OO oo
O 0ooo
O 0o x O

O Ooooo
O Ooooo
O OooOooo
O 0Ooo0ooo
O 0Ooo0ooo
O Ooooo
O Ooooo
O OooOooo
O 0Oo0ooOoo
O 0Ooo0ooo
O Ooooo
O Ooooo
O OooOooo

Oooooogogdg

Ooooooggdg

OooOoooooQdgdg

Ooo0oooogoQgdg

O O0ooo

OoooooogoQgog

O 0Oooo

Oo0oooogoQgdg

O Oooo

OO0Oo0ooooaog
O0Ooo0oo0oo0ooao
OoOoo0ooooao
OOoo0ooooao
OOoooooaog
OO0Ooo0ooooaog
O0Ooo0oo0oo0ooao
OoOoo0oo0oooao
OoOoo0ooooao
OOoo0ooooog
OOoo0ooooaog
OO0Oo0ooooaog
OoOoo0oo0oooao
OoOoo0ooooao
OOoooooaogo
OOoooooaog
OO0Oo0ooooaog
O0Ooo0oo0oo0ooao
OoOoo0ooooao
OOoo0ooooog
OOoo0ooooaog
OO0Oo0ooooaog
O0Ooo0oo0oo0ooao
OoOoo0ooooao
OOoo0ooooao
OOoooooog
OOoo0ooooaog

O Ooogo

O O0ooo

O O0ooo

O Oooo

O Oooo

O Ooogo

(10)

O 0ooo

O 0oo o

g
O
g

O O0ooo

O 0Oooo

g
O
g

O O0ooo

O Oooo

a
O
g

O Oooo

O Oooo

a
O
g

O Oooo

O Oooo

u
O
g

|

]

O o0ood

O Oood

O
O
0

O O0ooo

O 0Oooo

g
O
g

O Oooo

O Oooo

a
O
a

JP 2005-507083 A 2005.

O Oooo

O Oooo

a
O
g

O Oooo

O Oooo

u
O
g

Oo0DoDooooggogog
OoooooooOooQgoo
OooooooogogoQoogoo
OoooooogoQgogoog
OoooooogQgogooQg
Oo0ooooggogog
OoooooooOoogood
OooooooogoQoogoo
OoooooogQgogoaoQg
OoooooogQgogooQg
Oo0oooooggogog

O 0O oo

O 0Ooogo

t
O
g

O O0ooo

O 0ooo

g
O
g

O O0ooo

O Oooo

a
O
a

O Oooo

O Oooo
O Oooo
O 0Oooo
O 0ooo

O Oooo

a
O
a

O Oooo

O Oooo

t
O
g

O O oo

O Oooo

u
O
g

O O0ooo

O 0ooo

g
O
g

(phase-corrected multiplication)O
O0D00oooODoDo0oooooDoooao

O O0ooo

O
O
O
O

O 0Oooo

O oOoo0ooo
O 0Ooooo
O Ooooo
O 0o ooo

O 0Oooo

O Oooo

O Oooo

O Oooo

.10

O Ooogo

O Oooo

10

20

30

40

50



e R ey [ s R s [y |

e e e e e e e e s |

e e [ e e e e s e s s [ [ |

e A s e e e e e ) e e e A s s [
Ooooooooooooooo0 oo oDooooooDooooooooooQgodg
OoOooooooooooooo0 oo oDooo oo oDoooooooooogogoQgodg

OO0 Oooooo4gogooooodg
OOo0ooooooooooood
Ooooooooooooodg

O Ooo0oooo
O Oooooao
O Oo0oooao
O 0Oo0ooO0oo0oao
O 0Ooo0oo0ooao
O Ooo0oooao
O Ooo0oooao
O Ooo0oooao
O 0Oo0oo0oo0oao
O 0Ooo0oooao
O Ooo0oooao
O Ooo0oooo
O Ooo0oooao
O O0Oo0oo0oo0oao
O 0Ooo0oo0ooao
O Ooo0oooao
O Ooo0oooo
O Ooo0oooao
O 0Oo0oooao
O 0Ooo0oo0ooao
O 0Ooo0oooao
O Ooo0oooo
O Ooo0oooao
O Oo0oooo
O 0Ooo0oo0oo0oao
O 0Ooo0ooOooao
O Ooo0oooo
O Ooo0oooao
O Oo0oooao
O 0Oo0oo0oo0oao
O 0Ooo0oo0ooao
O Ooo0oooao
O Oooooo
O Ooo0oooao

OoOoo0ooood
OO0oo0ooood
OO0Oo0oo0ooogod
O0Ooo0Oo0oood

O 0Ooogooog
[ Y |
OO ogogog
I [y |
I [y |
[ |

O Ooo0ooo
O Ooogooo
O O0Oo0gogo
O 0Ooo0ooo
O 0Ooo0ooo

oo oooooogodg

O Ooo0ooo
O Ooogooo
O O0Oo0gogo
O 0Ooo0ooo
O 0Ooo0ooo
O 0Ooo0ooo
O Ooogooo
O O0Oogoog
O 0Ooo0ooo
O 0Ooo0ooOoo
O Ooo0ooo
O Ooooo
O Ooogoao
O 0Ooo0ooo
O 0Ooo0ooOoo
O Ooo0ooo
O OooOooo
O Ooogoo
O O0OoOgoogog
O O0Ooo0ooOoo
O 0Ooo0ooo

O Ooooo
O Ooooo
O OoOgooo
O Ooo0ooOoo
O Ooo0ooOoo
O Ooooo
O Ooooo
O OooOooo
O 0Oo0ooo
O Ooo0ooOoo
O Ooo0ooo
O Ooooo
O OoOooo
O O0Oo0ooOoo
O Ooo0ooo
O Ooo0ooo
O Ooooo
O Ooooo
O OoOgooo
O Ooo0ooo
O Ooooo
O Ooooo
O OooOooo
O OoOgooo
O Ooo0ooo
O Ooo0ooo
O OooOooo
O Ooooo
O OoOooo
O 0Ooo0ooOoo
O Ooo0ooo

O oo ooooogdg

OO0 oooooogdg

Oooooooood

O 0Ooo0oo0ooao
O Ooo0oooao
O Ooo0oooao
O Ooo0oooao
O 0Oo0oo0oo0oao
O 0Ooo0oooao
O Ooo0oooao
O Ooo0oooo
O Ooo0oooao
O O0Oo0oo0oo0oao
O 0Ooo0oo0ooao
O Ooo0oooao
O Ooo0oooo
O Ooo0oooao
O 0Oo0oooao
O 0Ooo0oo0ooao
O 0Ooo0oooao
O Ooo0oooo
O Ooo0oooao
O Oo0oooo
O 0Ooo0oo0oo0oao
O 0Ooo0ooOooao
O Ooo0oooo
O Ooo0oooao
O Oo0oooao
O 0Oo0oo0oo0oao
O 0Ooo0oo0ooao
O Ooo0oooao
O Oooooo
O Ooo0oooao

oo oooooogodg

O oOooo
O oOooo
O 0Oooo
O 0Oooo
O 0Oooo
O 0Oooo
O oOooo
O 0Oooo
O 0Oooo
O o0Oooo
O 0Oooo
O oOooo
O 0Oooo
O 0Ooo
O o0Oooo
O 0Oooo
O oOooo
O 0Oooo
O 0Oooo
O 0Oooo
O 0Oooo
O 0Oooo
O 0Oooo
O 0Oooo
O 0Oooo
O o0Oooo
O o0Oooo
O 0Oooo
O 0Oooo

oo oooooogodg

O Oooo
O Oooo
O 0Ooo
O O0ooo
O 0Oooo
O 0Oooo
OO oo
O 0o o
O 0Oooo
O O0ooo
O 0Oooo
O Oooo
OO oo
O 0Oooo
O 0Oooo
O oOooo
O Oooo
O 0Ooo
O 0Oooo
O 0Oooo
O 0Oooo
O 0Oooo
O Oooo
O 0Ooo
O 0Oooo
O 0Oooo
O 0Oooo
O Oooo

OO0 oooooogdg

OO0 ooooogdg

Oooooooood

Ooooooooodg

oo ooooooQgodg

OO0 oooooogdg

OO0 oooooogdg

(11)

Oooooooood
Oooooooodg

OO0 ooooooQgdg

oo oooooogdg

OoOooooogdg

Ooooogoood

OoOoo0oooOodg

OooooooQgdg

JP 2005-507083 A 2005.

Oooooogdg

O oOooo
O 0Oooo
O 0Oooo
O 0Oooo
O 0Oooo
O 0Oooo
O 0Oooo
O 0Oooo
O 0Oooo
O o0Oooo
O o0Oooo
O 0Oooo
O 0Oooo

OOooooogdg

Oooooogdg

OoOoo0ooooOod

OoooooQgodg

Ooooooogdg

Ooooooogdg

Oooooogdg

OoOoo0ooooOod

Ooo0oooOodg

Oooooogdg

O 0Oooo

Ooooooogdg

O Oooo

OOooooogdg

O Ooogo

10

20

30

40

50



e R ey [ s R s [y |

e e e e e e e e s |

OooooogoQgdg

e e e e e s e I A
e s e e s e e e s s e A
Ooooooooo0oooooo o0 oo ooooooDoDooooDooDoDooooooooofdg
Ooo0ooooooo0oooooo o0 oo ooDoo0o oo oDoDooooDooDoDoDoooooooodg

O Oooo
O Oooo
OO oo
O 0ooo
O Oooo
O Oooo
O Oooo
OO oo
O 0Ooo
O 0Oooo
O 0Oooo
O Oooo
O 0Oooo
O 0O oo
O 0Oooo
O 0Oooo
O Oooo
OO oo
O 0Ooo
O 0Oooo
O 0Oooo
O Oooo
O Oooo
O 0Oooo
O 0Oooo
O Oooo
O Oooo
O Oooo
O 0Oooo
O 0Ooo
O 0Oooo
O Oooo
O Oooo
O Oooo

Oo0Doooogogdg

Ooooooodgdg

Ooo0oooogoQgdg
Ooo0ooood
OoOoo0oooogod
OOo0o0oooogod
OooOoo0ooood
OooOoo0oood
Ooo0ooood
Ooo0oooogod
OoOoo0oooogod
Ooo0Ooo0oood
OooOoo0ooood
Ooo0ooood
OoOoo0oooogod
OoOoo0oooogod
Ooo0Ooo0Oooood
OooOoo0oood
Ooo0oood
OoOoo0ooood
OoOoo0oooogod
OOo0o0oooogod
OooOoo0ooood
OooOoo0oood
OoOoo0ooood
OoOoo0oooogod
OOo0o0oooogod
OoOoo0ooood
Ooo0o0o0oood
OoOoo0ooood
OoOoo0oooogod
OoOoo0oooogod
OooOoo0ooood
OooOoo0oood
OoOoo0ooood
OoOoo0oooogod
OoOoo0oooogod

OoooooogoQgogoaoQg
OoooooogQgogaoQg
Oo0oooooggogodg
OoooooooOooOgoo
OooooooogooQoogoo
OoooooogoQgogoaoQg
OoooooogQgogooQg
Oo0oooooggogog
OoooooooOooOoo
OooooooogoQoogoo
OoooooogogQgogoog
OoooooogQgogooQg
Oooooooggogaog
OoooooooOooOono
OooooooogoQooOgoo
OoooooogogQgogooQg
OoooooogQgogooQg
OooooooggogaoQg
OO0 oooogQgogog
OoooooooOooOgoo
OooooooogogQgogooQo
OoooooogoQgogooQg
OoooooogQgogoQg
Oo0DoDooooggogog
OoooooooOooQgoo
OooooooogogoQoogoo
OoooooogoQgogoog
OoooooogQgogooQg

Oooooood
Ooooooogod
OOoooooogod
OoOooooood
Oooooooodg
Oooooooodg
Ooooooogod
OOoooooogod
OoOoooOooood
Oooooooodg
Ooooooood
Ooooooogodg
Ooooooogod
OoOoooOooood
Ooooooood
Ooooooood
Oooooooogodg
Ooooooogod
OOo0Dooooogod
Ooooooood
Oooooooodg
Ooooooodg

Ooooooogdg

OOoo0ooood
O0Ooo0ooood
OO0Oo0ooood
O0Ooo0o0oood
OOoo0oood
OOoo0oooodg

OOoooooogdg

OOooooogdg

OOoo0ooooOod

Ooo0oooQgodg

Ooooooogdg

OoOoooooogdg

O Ooo0oooo
O O0Oo0gooao
O 0Oo0oo0ooao
O 0Ooo0oo0ooao
O 0Ooo0oooo
O Ooo0oooo
O Ooo0gooo
O 0Oo0oo0ooao
O 0Ooo0oo0ooao
O Ooo0oooo
O Ooo0oooo
O Ooo0oooao
O O0Oo0gooao
O 0Ooo0ooOooao
O 0Ooo0oooao
O Ooo0oooo
O Oooooao
O O0Oo0gooao
O 0Ooo0oo0ooao
O 0Ooo0oooo
O 0Ooo0oooo
O Ooo0oooao
O O0Oo0ogooao
O 0Oo0oo0ooao
O 0Ooo0oooao
O 0Ooo0oooo
O Ooo0oooo
O O0Oo0gooao

OOooooogdg

OoOoo0ooooOod

Oooo0oooOodg

Oooooogdg

Ooooooogdg

OOooooogdg

~
[EnN
N
~

OOoo0oooood

Oooo0oooOodg

Ooo0oooQgdg

Ooooooogdg

OoOooooogdg

Ooooogoood

OoOoo0oooOodg

OooooooQgdg

JP 2005-507083 A 2005.

Oooooogogog
Oooo0ooooogogoad
OooooooQogoQgQd
OoooooogogoaoQg
OooooogogoaoQg
OOooooogogdg

OoOoo0oooogod
OOo0o0oooogod
OoOoo0ooood
Ooo0o0o0oood
OoOoo0ooood
OoOoo0oooogod
OoOoo0oooogod
OooOoo0ooood
OooOoo0oood
OoOoo0ooood
OoOoo0oooogod
OoOoo0oooogod

Oooooogdg
OOooooogdg
Oooooogdg
OoOoo0ooooOod
A OO OoO0goo

OoOoo0oooaoo
O Ooo0ooooao
O 0Oo0ooooao
O Ooo0oo0oo0ooao
OOoo0ooooao
O Ooooooao
O Ooooooao
O 0Oo0ooooao

AN
o

10

20

30

40

50



OO0 ooooooQgoooo

QD
o

e e e s [ e e e e e e e s e Y [ s [ e e [ i

OoOoooooo0o0oooooo oo oDoDoooo0 oo oDoooo0ooDoooogdg

o

OO0 oo oDooogogogooo

Oo0ooooo04ooooooUoo Do oDoDooooUoDoooDoDoDoogggooooogdg

t

Y Y Y Y Y Y

O D Do oooooooooo-g

Ooooooooo0ooooooooooDoooooooDooooooooooodg
OoOooooooooooooo0 oo oDooo oo oDoooooooooogogoQgodg
O

O
O

O 0OooOgooo
O Ooogoo
[ Y
O 0Ooo0ooo
O 0Ooo0ooo
O 0Ooogoo
O Ooogoo
O O0OoQgogog
O 0Oo0ooo
O 0Ooo0ooo
O 0Ooogooo
O Ooogoo
O OooQgoaog
O 0Oo0oo0oo
O 0Ooo0ooo
O 0Ooo0gooo
O Ooogoo
O Ooogoog
O O0OoQgogog
O 0Ooo0ooo

[ Ry |
O OO
O O o0
O O O
O 0Ooogoo
O Ooogo
O 0o oo
I Y [
O 0o o0oo
O 0o oo
O Ooogo
O Ooogoo
I [ [
O 0o 0o o
O 0o oOoo
O 0o oo
O Oooo
O O oo
I ) [
O 0o oOoo
O Ooogoo

OO0 oo ooooQgoooo
O Oooo

O

O

O

O

(13)

O

O 0Oooo
O oOooo
O Oooo
O 0Ooo

JP 2005-507083 A 2005.3.

10

gbooobooooobaoad

O OO

0

O

O

O

O

oo
ooaod
oo
oogaod

ogagaod

oo

O 0Oooo
O o0Oooo
O 0Oooo

O

O

ooooooooooooooooooobooooooooooooboDoao

O O

oo oooooogodg

O
O
O
O
O
O
O
O
O
O
O
O
O
(]
O
O
O
O
O
O
O

O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O

O Oooo
O Oooo
OO oo
O 0ooo
O 0Oooo
O Oooo
O Oooo
O Oooo
O 0Ooo
O 0Oooo
O Oooo
O Oooo
O Oooo
O 0O oo
O 0Oooo
O Oooo
O Oooo
O Oooo
O 0O oo
O 0ooo

O Oooo

O Oooo

O oo ooooogdg

O
OJ
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
OJ
O

O Oooo

O Ooogoo

OO0 oooooogdg

O 0Ooogo

O 0O oo

Oooooooood

O 0Oooo

O O0ooo

oo oooooogodg

O 0Oooo

O O0ooo

oo oooooogodg

O Oooo

O 0Oooo

OO0 oooooogdg

O Oooo

O Oooo

OO0 ooooogdg

O Ooogoo

O Ooogo

Oooooooood

O
O
O
O
O
O
O
O
O
O
O
O

O
O
O
O
O
O
O
O
O
O
OJ
O
O

O O0ooo

Ooooooooodg

O O0ooo

oo ooooooQgodg

O Oooo

OO0 oooooogdg

O Oooo

OO0 oooooogdg

Oooooooood

Oooooooodg

OO0 ooooooQgdg

oo oooooogdg

OO0 oooooogdg

|

Ooocogooogoo

Ooooooooodg

OO0 ooooooQgodg

O

OO0 oooooogodg
O oo oooogdg
OO0 ooooogdg

O O
O d
O d

O
O
[

O
O
OJ

OoooooooOodg

O

O
O
O
O
O
O
O

O
O
O
O
(]
O
O

O
O
O
O
OJ
O
O

OoooooQgodg

Ooooooogdg

Ooooooogdg

Oooooogdg

OoOoo0ooooOod

Ooo0oooOodg

O oOooo
O 0Oooo

oo

OD0O0O0D00O0OD0OAO (cross-c
e effects)D 000000000 ODODOO0DODODODODODODODODOODOOOOO

Oooooogdg
Ooooooogdg
OOooooogdg

O
O
O

O
O
O

O
O
O

10

20

30

40

50



e R ey [ s R s [y |

e e e e e e e e s |

e e [ e e e e s e s s [ [ |

e e A s e e e e e s [ |

Oooooooo0 o0 oo oooo0 oo oDooo o0 oo oDo oo o0 oo oDooo0oo0 oo ooooooDoDoooQgooQgaoo

e [ ey e [ s [y [ |

Oooooooog
Ooooooodg
OO0 ooooodg
Oooooood
Ooooooood
Oooooooodg
Ooooooodg
OOoooooogodg
Ooooooood

OOoo0ooooao
O0Ooo0ooooao
O O0Oo0ooooao
OO0Oo0oo0oo0ooao
OOoo0ooooao
OOoo0ooooao
OOoo0ooooao
O 0Oo0ooooao
OO0Oo0oo0oooao
OO0Oo0oo0oooao
OOoo0ooooao
OO0Ooo0ooooao
O O0Oo0ooooao
OO0Oo0oo0oo0ooao
O0Ooo0oo0oooao
OOoo0ooooao
OO0O0oo0ooooao
O O0Oo0ooooao
O O0Oo0Oooooao
OO0Ooo0oo0oooao
OOoo0ooooao
OOoo0ooooao
OOoo0ooooao
O O0Oo0Oooooao
OO0Ooo0oo0oooao
OOoo0oo0oooao
OOo0o0ooooao
OOoo0ooooao
O 0Oo0ooooao
OO0Oo0oo0oo0ooao
OO0O0oo0oo0oooao
OOoo0ooooao
OO0Oo0ooooao
O O0Oo0ooooao

O Ooooo
O Ooooo
O 0OooOooo
O O0oo0ooOoo
O 0Ooooo
O Ooooo
O Ooooo
O 0OooOooo
O 0Oo0ooOoo
O 0Ooo0ooo
O 0Ooooo
O Ooooo
O Ooooo
O 0Oo0ooOoo
O 0Ooo0ooo
O Ooooo
O Ooooo

O 0Ooogooog
[ Y |
OO ogogog
I [y |
I [y |
[ |
O Ooogogoog
OO ogogog
I [ |
I [y |
I [ |
[ Y |
OO ogogog
I [y
I [ |
I [ |
O 0OoogogooQg
O Ooogogoog
OO ogogog
I [ |
I [y |
I [ I |
O Ooogogoog
OO ogogog
O 0oo0oogoo
Iy |
I [ |
O Ooogogoog
O O ogogog
I [ |
I [y |
I s [ |
O OoogogooQg
OO ogogog

O
O
O
O
O
O
O
O
O
O
O
O
O

O
O
O
O
O
O
O
O
O
O
O
O
O

O
O
OJ
O
O
O
O
O
O
O
O
O
O

O 0Ooo0oooao
O OooQgooao
O O0OoQgooao
O 0Oo0oo0ooao
O 0Ooo0oooao
O 0Ooo0oooao
O Ooogooao
O OooQgooao
O 0Oo0oo0ooao
O 0Ooo0oo0ooao
O 0Ooo0oooao
O 0Ooo0oooo
O Ooogooao
O 0Oo0oo0ooao
O 0Ooo0oo0ooao
O 0Ooo0oooo
O 0Ooo0oooao
O Ooogooao
O O0OoOgogoao
O 0Ooo0oo0ooao
O 0Ooo0oooao
O 0Ooo0oooo
O Ooogooao
O O0Oo0gooao
O 0Oo0oo0ooao
O 0Ooo0oooao
O 0Ooo0oooao
O 0Ooogoooao
O O0OoQgooao
O 0Oo0ooOooao

O
O
O
O
O
O
O
O
O
]
O
O
O

O
O
O
O
O
O
O
O
O
O
O
O
O

O
O
O
O
O
O
O
O
O
O
O
O
O

O Oooo
O Oooo
OO oo
O 0ooo
O Oooo
O Oooo
O Oooo
OO oo
O 0Ooo
O 0Oooo
O 0Oooo
O Oooo
O 0Oooo
O 0O oo
O 0Oooo

Ooo0oo0oood
OoOoo0oood
OoOoo0ooood
OO0oOo0oooogod
O0Ooo0Oo0oood
Ooo0Ooo0o0oood
Oo0o0o0ooood
OOoo0ooood
OO0O0Oo0oooogod
OO0Oo0oooogod
O0Ooo0o0oood
Oo0oo0ooood
OoOoo0ooood
OoOoo0oooogod
OO0Oo0oooogod
O0Ooo0o0oood
Oo0oo0oood
OoOoo0ooood
OoOoo0ooood
OO0Oo0oooogd
O0Ooo0Oo0oood
OoOoo0ooood
OoOoo0ooood
OOoo0ooood
O0O0Oo0oooogod

(14)

O 0O O
[ Ry |

O 0O O
O OO

O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
(]
O
O
O

O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O

O
O
O

O
O
O
O
O
O
O
O
O
O
O
O
O
O
O

O
O
O
O

O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
(]
O
O
O

O Oooo
O 0O oo
O 0ooo
O Oooo
O Oooo
O Oooo
OO oo
O 0ooo
O 0Oooo
O Oooo
O Oooo
O 0Oooo
O 0ooo
O 0Oooo
O Oooo
O Oooo
O Oooo

JP 2005-507083 A 2005.

O 0Ooooo
O Ooooo
O Ooooo
O 0OooOooo

10

20

30

40

50



e R ey [ s R s [y |

e e e e e e e e s |

e e [ e e e e s e s s [ [ |

e e A s e e e e e s [ |

Oooooooo0 o0 oo oooo0 oo oDooo o0 oo oDo oo o0 oo oDooo0oo0 oo ooooooDoDoooQgooQgaoo

O 0Oooo

Ooooooooooooood

O oOooo
O oOooo
O 0Ooo
O 0Oooo
O oOooo
O oOooo
O oOooo
O Oooo
O 0Oooo
O o0Oooo
O oOooo
O oOooo
O 0Oooo
O 0Ooo
O 0Oooo
O 0Oooo

I s e e s A

O 0Ooogooog
[ Y |
OO ogogog
I [y |
I [y |
[ |
O Ooogogoog
OO ogogog
I [ |
I [y |
I [ |
[ Y |
OO ogogog
I [y
I [ |
I [ |
O 0OoogogooQg
O Ooogogoog
OO ogogog
I [ |
I [y |
I [ I |
O Ooogogoog
OO ogogog
O 0oo0oogoo
Iy |
I [ |
O Ooogogoog
O O ogogog
I [ |
I [y |
I s [ |
O OoogogooQg
OO ogogog

OoooooogoQgogoaoQg

OOoo0ooooao
O0Ooo0ooooao
O O0Oo0ooooao
OO0Oo0oo0oo0ooao
OOoo0ooooao
OOoo0ooooao
OOoo0ooooao
O 0Oo0ooooao
OO0Oo0oo0oooao
OO0Oo0oo0oooao
OOoo0ooooao
OO0Ooo0ooooao
O O0Oo0ooooao
OO0Oo0oo0oo0ooao
O0Ooo0oo0oooao
OOoo0ooooao
OO0O0oo0ooooao
O O0Oo0ooooao
O O0Oo0Oooooao
OO0Ooo0oo0oooao
OOoo0ooooao
OOoo0ooooao
OOoo0ooooao

Oooooooooooogdg
Oooooooooooogdg
OO0 oDoDooogooooogd
Ooooocoooooooogod
Ooooocoooooooogdg
Oooooooooooogdg
Ooooooooooooogdg
OoDoDoDooogooooogdg
Oooooooooooood
Ooooooooooooogd
Oooooooooooogdg
Ooooooooooooogdg
OO0 oDoDoo4gogooooogdg
Ooooocooooooood
Ooooocoooooooogodg
Oooooooooooogdg
Ooooooooooooogdg
OooDoooogooooogdg

O
O
OJ
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
OJ
O
O
O
O
OJ
O
O
O
O
OJ
O
O
O
O
O

OooooogogoQg

u
0
g
0
g

orificeDOOODODcavityDODOOOOOQOOOOODODOOODOODO

goodaao
oooggao
gooagao
oooogao
googao

goodaao
ooogao
gooaoao
oooogao
googao

(15)

goodaao
oooggao
gooaao
ooooao
googao

I I B

JP 2005-507083 A 2005.

uod
ogagaod
oond
oo
ooof

goodaao
oooggao
gooagao
ooooao
googao

uoano
oogdd
ooano
ood
oono

u
O
a
O
g

OO ogogog

gooooobooOoocoooooooboooboboooooobobDbooood
oooooooooooogao
ooooooao

g
u

g
u

a
u

a
u

g
u

g
u

g
u

g
u

oono

O

O

O

g
a

g
u

O

ugoaoadg

(linear
oooao
ooao

O
O

O

0

OO0 o0ooooogogogoooao
OOo0ooooocooooooao
Ooooooooooooao
Oo0ooooooOoooooao
OO0 ooooogogogooooao
OO0 ooooogogogoooao
OOo0ooooooooOogoooao
OoooooooOoooooao
Oo0ooooooOoooooao
OO0 oooooogogogoooao
OO0 ooooogogoooao
OOo0ooooooooOogoooao
Ooooooooooooao
Oo0ooooooooooao
OO0 oooooogoogoooao
OO0 ooooogogogoooao

O

O

form factor)O
Ooo00oo0ooo
oooao

O

O

O

O

O0Oo0Oooo
O0Ooo0oo0ooao
O0Ooo0oo0ooao
OOoo0oooao
O0Ooo0oooao
O0Oo0oooaog
O0Ooo0oo0ooao
O0Ooo0oooao
OOoo0oooaoo
O0Ooo0oooao
O0Oo0oooao

ooano

O

O

O

O

O Oooo
O Oooo
O 0ooo
O 0Oooo
O 0Oooo

0

g
u

a
u

t
u

g
u

O oOooo
O Oooo

g
U

10

20

30

40

50



(16)
uboobooboboobdooboooboooboaoadao
ooooao
ooooboooogan
oooooao
gooobooobooboobooboobooboao
ogooad
oooooooobOoocoooooooobooboobooan
ooooboobobooboobooboobodan
uboobooboboobdooboooboooboaoadao
oooooooooboooan
oboooboobooboobooboobooboaodao
oooooooooOooooooooooao
gooobooobooboobooboobooboao
gbooobooboooboogobooboaooad
oooooooobOoocoooooooobooboobooan
ooooboobobooboobooboobodan
uboobooboboobdooboooboooboaoadao
ooooooao
oboooboobooboobooboobooboaodao
oooao ooogao

130

120

302

JP 2005-507083 A 2005.

ugboobooaooboodoboad

100 121

) "’ ’— (
N PUA -
102 - TUXk
T — ; 200

300

L[ 11

oooag

0

308

310

.10

10



(17) JP 2005-507083 A 2005.3.10

agoono godoaod
255 265
130 '/ 131 x
NI mrl |
120 100 ”1 401
402
320

~\-307
oot 130{ 120 21 f}131

aii 407
403
50 300 404
10 141 406
142
45
405
Oo00o0oao Oo0ooao
200 38
wn
Csg Cdg 265 -
,{F =] —2 Y
™~ =
wgpLr L < moT =3
= EFI - 2 B

w
300 ——;{3‘— 406 =
404 LA —4——AAn—— 4 \
- U2
145{
R4
S
[Ts)
-
2
oooao 2
275
s — N
501 £k
B
A0
265 500 502 504 [ Al
il
408A 503 505

500




L T e T e T e T e T e T s T T T e T e T s T e T e T e T e T e T e T e T e B e R T e T e T e T e T e R e T e B e

ugbooobooodoboado

=~

3/036612 Al

=

(19) World Intellectual Property Organization

(18)

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

Tniernational Bureau

(43) International Publication Date

(10) International Publication Number

1 May 2003 (01.05.2003) PCT WO 03/036612 Al
(51) International Patent Classification’: GO9G 5/08 Agoura Hills, CA 91301 (US). SON, Jae, S. [US/US]:
Apartment D101, 6542 Ocean Crest Drive, Rancho Palos
(21) Taternational Application Number:  PCT/US02/34135 Verdes, CA 90275 (US).
(22) International Filing Date: 24 Octobor 2002 (24.10.2002)  (74) Agent: ENGELSON, Gary, S.; Woll, Greenlicld & Sacks,
P.C., 600 Atlantic Avenue, Boston, MA 02210 (US).
(25) Filing Language: Linglish . )
(81) Designated States (nationai): AE, AG, AL, AM, AT, AU,
. - AZ, BA, BB, BG, BR, BY, BZ, CA, CII, CN, CO, CR, CU,
(26) Publication Language: Linglish CZ, DL, DK, DM, DZ, LiC, Lili, LS, I'l, GB, GD, GL, GH,
. GM, HR, HU, 11D, [, IN, I8, JP, KU, KG, KP, KR, K7, 1.,
{30) Priority Data: LK, LR, 1.8, IT, LU, LV, MA, MD, MG, MK, MN, MW,
60/347.599 24 October 2001 (24.102001)  US MX, MZ, NO, NZ OM, PIL PL, PT. RO, RU. SD, SE. SG.
60/343.714 24 October 2001 (24.102001)  US SI SK, SL, TJ, TM, TN, TR, TT, T2, UA, UG, US, UZ,
VC, VN, YU, ZA, ZW.
{71) Applicant or all designated States except USj: PRES-
SURE PROFILE SYSTEMS, INC. |US/US|; 5757 Cen-  (84) Designated States (regional): ARIPO patent (GIL, GM,

2)
75)

tury Boulevard, Suite 700, Tos Angeles, CA 90045 (US).

Toventors; and

Inventors/Applicants (for US only); PEINE, William
[USAUS]; 163 Locust Street, ITolliston, MA 01746 (US).
PRATICO, Robert |US/USJ; 27515 lircctown Lanc,

KL, LS, MW, MZ, SD, SL, SZ, 1Z, UG, ZM, ZW),
liurasian patent (AM, AZ, BY, KG, KZ, MDD, RU, 1, TM),
European patent (AT, BE, BG. CH, CY, C7, DE, DK, EE.
ES, FL, FR, GB, GR, IE, IT, LU, MC, NL, PT, SE, SK,
TR), OAPI patent (BF, BI, CF, CG, CI, CM, GA, GN, GQ,
GW, ML, MR, NL, 8N, ID, TG).

[Continued on next page]

4

Title: ARRAY SENSOR ELECTRONICS

1%

osc:
1o

/‘*é‘é"

c2

1

i

- w.wod
3 1%

- ol

I+2

(57) Abstract: Circuits and methods for detecting and amplifying sensor and sensor array (102, 104) output signals are presented.
According 1o some aspects, a nonlinear feedback Toop conlaining a sensor element provides a nonlinear transformation that com-
& pensates for a comesponding nonlinear response of the sensor element thereby providing  linerized final output signal. In other
aspects, idle sensors are coupled to a reference on non-idle sensor elements. Other aspects include sensor and amplification circuits
which operate without traditional filtering or switching elements, such that a higher throughput is achicved and no settling time is
required due to traditional transients, thus allowing for faster scanning of larger sensor arrays. Some embodiments of the present
invention are direcled 1o variable gap capacitive sensor arrays and the signal processing electronics.

JP 2005-507083 A 2005.3.10



L T e T e T e T e T e T e T e T T e T e T s O s O s O e TR s T e O e, T s T e, O e, T e, O e T e TR e O e, IO e T e T s R |

WO 03/036612

(19)

A O 0O A O

Published:

with international search repori

before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of
amendments

For two-letter codes and other abbreviations, refer to the "Guid-
ance Notes on Codes and Abbreviations” appearing af the begin-
ning of each regular issue of the PCT Gazette.

JP 2005-507083 A 2005.3.10



L T e T e T e T e T e T e T e T T e T e T s O s O s O e TR s T e O e, T s T e, O e, T e, O e T e TR e O e, IO e T e T s R |

(20)

WO 03/036612 PCT/US02/34135

ARRAY SENSOR ELECTRONICS

RELATED APPLICATIONS

This application claims priority under 35 U.S.C. § 119(e) to co-pending U.S.
Provisional Patent Application Serial No. 60/347,599, entitled “CAPACITIVE
ARRAY SENSOR ELECTRONICS,” filed on October 24, 2001. This application
further relates to co-pending U.S. Provisional Patent Application Serial No.
60/343,714, entitled “TIME SPATIAL VISUALIZATION OF LINEAR ARRAY
DATA,” filed on October 24, 2001. This application also relates to a co-pending U.S.
Patent Application entitled “VISUALIZATION OF VALUES OF A PHYSICAL
PROPERTY DETECTED IN AN ORGANISM OVER TIME,” filed on even date
herewith under attorney docket number P00660.70004.US. Each of the above-cited

applications is hereby incorporated by reference in its entirety.

TECHNICAL FIELD
The present application relates to sensor systems such as capacitive array
Sensors. More particularly, the present application relates to circuits and systems for

capturing, amplifying and processing signals received from sensors and sensor arrays.

BACKGROUND

Sensors are devices that respond to a stimulus and produce a signal indicative of
the stimulus’ magnitude or other characteristic related to the stimulus. The stimulus
may be any physical quantity or parameter which can affect a sensor and is usually a
measurable parameter or effect. An array of sensors is a collection of individual
sensors that are positioned at discrete locations and are related to one another in at least
some aspects.

Sensor arrays are used in applications such as imaging, and generally involve a
plurality of individual sensors placed in relation to one another such that an effectively
larger sensor is formed by the array of sensors. That is, when placing sensors at a
plurality of discrete locations over a region of interest it is possible to make some
determination or estimate of the stimulus over the entire region of interest.

Extrapolation or interpolation can provide an estimate of the magnitude of the stimulus

JP 2005-507083 A 2005.3.10
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at a spot which does not itself contain a discrete sensor. Furthermore, aggregate
measures of the stimulus over the entire region of interest or smaller regions within the
region of interest may be obtained by averaging or other operations performed on
signals derived from individual sensors.

Applications in which such sensor arrays are useful include touch pads and
distributed sensors that provide an indication of the location and magnitude of a force
or a pressure applied to a region of interest.

One type of sensor array is a capacitive sensor array. This array employs a
number of discrete capacitors distributed over a region of the array which may be
arranged in a pattern forming a grid. A grid of sensors may comyprise a plurality of
capacitive sensors which may be individually addressable or addressable in groups or in
their entirety. Addressing specific sensors may be accomplished using multiplexers
coupled to the sensor array according to data or select signals on multiplexer select
lines to determine the individual sensors to be driven or sampled. By driving a sensor it
is meant the process of generally exciting the sensor or energizing the sensor so as to
produce a measurement of the stimulus at the sensor. By sampling a sensor it is meant
receiving an output signal from the sensor to read or detect the sensor response to the
stimulus. Thus, it is possible to selectively measure a signal from a given capacitive
sensor element located at a particular column and row of the capacitive array.
Multiplexers may be used to determine the particular row and column from which a
measurement is desired.

Capacitive array sensors have been constructed of rows and columns of
conductive strips separated by a dielectric material. Figure 1 illustrates a capacitive
array 100 having conductive strips arranged along rows 102 and columns 104. The
tows 102 and columns 104 of the capacitive array 100 may be separated by a flexible
deforrhable material such as a silicone gel. The silicone gel (not shown) will deform in
response to pressure applied to a surface of the capacitive array 100. The deformation
of the silicone gel or other flexible substance can cause the rows 102 and columns 104
of the capacitive atray 100 to become nearer or more distant to one another. Gap
distance (d) is a factor which determines the capacitance of the capacitors 200 formed
by an intersection of the rows 102 and columns 104 of the capacitive array 100. If the

rows 102 and columns 104 of the capacitive array 100 are coupled to electrical

JP 2005-507083 A 2005.3.10
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connections and to an external circuit, the capacitance of each of the capacitors 200
formed by the intersection of the rows 102 and columns 104 can be measured
individually.

A sensor array can be driven and sampled, one sensor at a tirae or in. groups, or
in its entirety. By scanning the capacitive array 100 to obtain a signal or measurement
from each of its individual elements 200, it is possible to form a real-time picture of the
pressure applied to the capacitive array 100.

Figure 2 illustrates a single capacitive array element 200. The element 200 is
formed by an intersection of a row 102 and a column 104 of the capacitive array 100.
The figure illustrates a distance or gap (d) that separates the row 102 and column 104
conductive strips. The capacitance of the capacitor 200 is generally proportional to the
area formed by the intersection of the row 102 and column 104 divided by the distance
d. Hence, changes in the distance d result in changes in the value of the capacitor 200.
The relationship between the capacitance of the capacitor 200 and the stimulus, e.g.,
applied pressure, may be nonlinear for a variety of reasons. These reasons include the
deformation response of the flexible deformable material, e.g., the silicone gel, as well
as other physical and electrical responses of the variable gap capacitance element 200,

For large arrays, technical challenges arise in making fast measurements or
scans of the entire sensor array. For example, a sampling circuit such as a multiplexer
that samples a selected row and column on which to perform a measurement would
have to cycle through all rows and all columns (all elements of the array) at a rate )
sufficient to provide the measurements as required by the specific application.

Nonlinear responses in the signals derived from the individual capacitors and
the stimulus, e.g., applied pressure, complicate the design of an overail sensor circuit.
Furthermore, the measured signal is typically small compared to the driving signal
which drives the capacitive array. This results in a poor signal-to-noise ratio when
attempting to derive a useful modulation signal reflecting the quantity being measured.
This is because noise becomes amplified as well as the signal being measured when
using simple signal amplification.

Traditional sensor circuits employ filters and switches that slow acquisition
times by causing transients which need to decay between acquiring measurements from

the various elements of an array. For example, in scanning a sensor array, a switch
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switches between the individual sensors of a traditional array, causing a transient signal
to occur. Not only do transients siow the acquisition of a complete sensor array scan,
but they can affect the quality of a measurement of a stimulus by introducing noise into
sensed signals.

Furthermore, conventional sensor arrays contain considerable parasitic
capacitances between sensor elements and other parts of the circuit, such as ground.
These parasitic capacitances can contaminate sensed signals with noise and extraneous

signal components and can require extra filtering circuitry and processing time to

_ compensate for the parasitic capacitance.

SUMMARY

Aspects of one embodiment of the present invention are directed to a sensor
system, comprising a sensor array having a plurality of sensor elements; at least one
sensor element of the sensor array, having addressable connections designating the
sensor element, that senses a stimulus; and an amplifier, disposed in a feedback
arrangement around the sensor element, the amplifier receiving an input signal
corresponding to an output of the sensor element and providing an output signal that
drives the sensor element.

Another embodiment comprises aspects directed to a method for measuring a
stimulus on a sensor array, comprising sensing the stimulus using at least one sensor
element of the sensor array; generating a sensor element output signal corresponding to
the sensed stimulus; amplifying the sensor element output signal to generate an
amplified signal representative of the physical property; and feeding back the amplified
signal to drive the sensor element.

Still another embodiment comprises aspects directed to a method for linearizing
a non-linear sensor response, comprising sensing a stimulus using a sensor element;
generating a sensor output signal corresponding to the stimulus; feeding back the sensor
output signal to an input of the sensor through a non-linear transformer feedback loop
corresponding to the non-linear sensor response.

Another embodiment of the invention comprises aspects directed to a method

for reducing parasitic capacitance in a capacitive sensor array, comprising selectively
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coupling at least one sensor element in the sensor array to a common potential during a

time period in which the sensor element is idle.

BRIEF DESCRIPTION OF THE DRAWINGS

In the drawings, each similar component that is illustrated in various figures is
represented by a like numeral, although this does not necessarily signify that the
components are identical. For purposes of clarity, not every component may be labeled
in every drawing. In the drawings:

Figure 1 illustrates an overview of a capacitive sensor array having several rows
and columns of conducting strips;

Figure 2 illustrates an overview of a sensor element formed by the overlap of
two conducting strips separated by a dielectric gap of size (d);

Figure 3 illustrates a schematic representation of an exemplary system for
driving and sampling a sensor array and amplitude detection;

Figure 4 illustrates a schematic representation of an exemplary system for
driving and sampling a sensor array, including a feedback loop;

Figure 5 illustrates a schematic representation of an exemplary system for
driving and sampling a sensor array, including bias cancellation;

Figure 6 illustrates an exemplary circuit for driving and sampling a sensor array,
including a feedback loop and bias cancellation capability;

Figure 7 illustrates a schematic representation of an exemplary second stage
amplification and rectification apparatus which can be used with sensor arrays; and

Figure 8 illustrates an exemplary circuit according to the schematic

representation of Figure 7.

DETAILED DESCRIPTION
The present description describes various aspects of preferred embodiments of
the invention. Some aspects have been described in other co-pending applications.
Specifically, this application claims priority under 35 U.S.C. § 119(e) to co-pending
U.S. Provisional Patent Application Serial No. 60/347,599, entitled “CAPACITIVE
ARRAY SENSOR ELECTRONICS,” filed on October 24, 2001. This application
further relates to co-pending U.S. Provisional Patent Application Serial No.
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60/343,714, entitled “TIME SPATIAL VISUALIZATION OF LINEAR ARRAY
DATA,” filed on October 24, 2001. This application also relates to a co-pending U.S.
Patent Application entitled “VISUALIZATION OF VALUES OF A PHYSICAL
PROPERTY DETECTED IN AN ORGANISM OVER TIME,” filed on even date
herewith under attorney docket number P00660.70004.US. Each of the above-cited
applications is hereby incorporated by reference in its entirety.

The present invention is not limited in its application to the details of
construction and the arrangement of components set forth in the following detailed
description of the preferred embodiment and drawings. Rather, the invention
encompasses other embodiments and may be practiced and carried out in various ways.
Also, the terminology used herein is for the purpose of description and should not be
regarded as limiting when used to describe aspects and embodiments of the invention.

s

The use of “including,” “comprising,” or “having,” “containing,” etc., and variations
thereof are meant to be open-ended and encompass at least the items listed thereafter.

Figure 3 illustrates aspects of a capacitive array scanning system 250 used to
drive and sample a capacitive array 100. An oscillator 110 provides an oscillator signal
300 to an input multiplexer (MUX) 120 which selects from the elements of capacitive
array 100 one or more elements to be driven by at least the oscillator signal 300.
Selection of the one or more elements to be driven is made using data on the input
select lines 130. By proper identification of the individual or group of elements to be
driven, a voltage or current may be supplied to selected sensor elements 200 as
described previously. Oscillator signal 300 may be one of a plurality of signals driving
elements 200.

Array input signal 302 provides a driving signal which is delivered to selected
sensor elements 200. Once excited or driven by the array input signal 302, the
capacitive array provides an array output signal 304. An output multiplexer 121
receives the array output signal 304 and, depending on the data provided to output
select lines 131, the output multiplexer 121 provides a selected signal 306. Again, the
selected signal 306 may comprise one or more selected samples from the capacitive
array 100,

In some embodiments, the selected signal 306 be amplified by an amplifier 140.
The amplifier 140 may be of any type, including analog or digital types, that provides
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an amplified signal 308. According to some aspects, amplification of the selected
signal 306 improves resolution and accuracy of the measurement of the stimulus. An
amplifier 140 may provide any gain, including gains greater than or less than unity and
unity gains. The amplified signal 308 is therefore not constrained to be a signal having
an amplitude greater than the selected signal 306.

The amplified signal 308 is detected by an amplitude detector 150, which is
typically matched to the range of expected amplitudes provided in the amplified signal
308. Note that some embodiments may employ transconductance amplifiers, energy
converters, or other elements that convert one type of signal into another. For example,
an electrical signal such as a voltage may be converted into a corresponding optical
signal.

The amplitude detector 150 may be any suitable amplitude detector that may
detect the size, strength or amplitude of a signal. For example, the amplitude detector
150 may comprise a voltage-measuring circuit or a current-measuring circuit or a
frequency measuring circuit, together described herein as amplitude detectors for the
sake of simplicity. It should be appreciated that the amplifier 140 may amplify any
type of characteristic of the selected signal 306 and that the amplified signal 308 merely
indicates that characteristic is enhanced to generally make it simpler o read or measure
the characteristic. As mentioned, the amplitude of an alternating current (AC) voltage
signal may be a convenient characteristic to amplify and measure using the amplitude
detector 150, however, the present invention is not so limited.

The amplitude detector 150 provides a detector output signal 310 corresponding
to the amplified signal and in turn corresponding to the selected signal obtained from
the element or elements of the capacitive array 100.

It is to be appreciated that Figure 3 is merely one schematic embodiment of a
capacitive array scanning system, and that various configurations and equivalent
circuits may be constructed accordingly. Other auxiliary elements and circuit
components, not described herein, may be used in various applications and
embodiments, depending on the need at hand. For example, filters such as high-pass
filters, band-pass filters and low-pass filters may reduce unwanted noise or provide
other signal conditioning functions to the overall scanning system 250, Furthermore,

signal processing techniques, implemented in hardware and/or software may be used at
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one or more positions in the scanning system 250 to add or remove spectral
characteristics or other features to or/from the various signals described above.

Figure 4 illustrates an embodiment showing aspects of the present invention
used in a capacitive array scanning system 255. Again, the scanning system is not
limited in applicability to the capacitive array sensors described herein, but is more
generally applicable to other types of sensors as well. The scanning system 255
comprises a feedback loop 320, which in some embodiments provides a linearizing
function, as will be described below.

An oscillator 110 provides an oscillator signal 300 to amplifier 141. The
amplifier 141 amplifies the oscillator signal 300 and provides an amplified input signal
to input multiplexer 120, sometimes referred to as a driving multiplexer (DMUX). The
input multiplexer 120 receives the amplified input signal 301 as well as data on input
select lines 130, as described earlier. The array input signal 303 is provided by the
input multiplexer 120 to selectively drive array element members 200 (not shown) of
the capacitive array 100. The capacitive array 100 is driven or excited selectively by
the array input signal 303, as was described above. An array output signal 305 is
provided from the capacitive array 100 to an output multiplexer 121, sometimes
referred to as a sampling multiplexer (SMUX). The output multiplexer 121 samples the
selected array elements according to the data on output sampling lines 131.

The output multiplexer 121 provides a selected signal 307 back to the amplifier
141. In this way, the amplifier 141, the capacitive array 100 and other elements, are
arranged in a feedback loop 320 by which the amplified input signal 301 and the
selected signal 307 act to return a portion of the capacitive array’s output to its input.
In the embodiment of Figure 4, input and output multiplexers, 120 and 121
respectively, are the elements to which and from which the feedback loop 320 couples
the amplifier 141 and the capacitive array 100.

The selected signal 307, once provided to amplifier 141 is also amplified and
provided as an amplified output signal 309 to amplitude detector 150. In some
embodiments, signals 301 and 309 are the same or have the same value. The amplitude
detector 150 provides a detector output signal 311, similar to that which was discussed

with regard to Figure 3. Again, the exact embodiment disclosed in Figure 4 is not
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limiting, but may be adapted and substituted with one or more elements or auxiliary
circuits, filters, amplifiers, etc., as called for by the application at hand.

It is also to be appreciated that the arrangement shown in the present
embodiment does not depict a physical layout of the elements of the scanning system.
For instance, some elements of the scanning system 255 may be implemented on
remote circuits, as opposed to being implemented on the same circuit. Also, the entire
scanning system 255 may be implemented on a microchip or other integrated circuit
that performs the scanning system’s function. Furthermore, various functions of the
scanning system 255 may be carried out in software or in firmware or in any
combination of hardware and software suitable. Examples include digital signal
processing (DSP) hardware and/or software to perform various functions, e.g. filtering
and amplification and application-specitic integrated circuits (ASICs).

The oscillator 110 provides an output voltage signal such as an AC waveform.
In some embodiments, the oscillator output signat 300 substantially comprises a single
frequency sinusoid. The oscillator 110 may be free-running or may be used in a burst
mode depending on the application. According to some aspects of the invention, the
amplitude and/or frequency of the oscillator output signai 300 may be altered to
improve measurement quality or scan rate or another operating parameter of the
scanning system 255, Furthermore, the oscillator 110 may be replaced by another
suitable component that can provide a periodic driving signal in a steady or pulsed or
programimed mode. One example may be to replace the oscillator 110 with a
microcontroller or other digital processing control unit that provides a signal
substantially equivalent to that described as the oscillator output signal. The oscillator
110 may be controlled by a microprocessor 400 that supplies a control signal 411.

The input multiplexer 120 and the output multiplexer 121 may be of
substantially similar design in some aspects of the present invention. According to
some embodiments, the multiplexers 120, 121 select a single row 102 and column 104
from the capacitive array 100. This selection designates a single element 200 of the
array 100. However, the input and output multiplexers 120, 121 may also be used to
select multiple rows and columns simultaneously.

Multiplexer designs having a fast settling time are preferred in some

embodiments because they allow for fast switching between sensor elements at a high
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sampling rate, thus improving the overall bandwidth for the scanning system 255.

The data on the input select lines 130 and the output select lines 131 of the
multiplexers 120 and 121 respectively, may be provided in a number of ways. For
example, the selection lines 130 and 131 may be set by a microcontroller or digital
signal processing unit 400 and may also be set to increment automatically as would be
done with a finite state machine. Additionally, separate amplifiers may be included in
either or both of the multiplexers 120 and 121 at any of the inputs and outputs of said
multiplexers. Also, an amplifier may be constructed as part of the multiplexing scheme
used by the multiplexers 120 and 121.

According to some aspects of the present invention, placing the amplifier 141 in
the feedback loop 320 comprising the capacitive array 100 and the multiplexers 120
and 121, allows for a higher gain and thus a higher sensitivity in the overall scanning
system 255.

Amplifiers 140 and/or 141 may be implemented as described above and can
also include provisions for adjusting the gain and offset of said amplifiers. Said gain
and offset of amplifiers 140 and/or 141 may be prescribed on an element-to-element
basis or as a single setting suitable for all elements. That is, the amplification gain or
scheme used for each individual sensor element may be individually tailored to that
element, or the gain may be held constant for the entire array 100. An approach
combining the element-to-element setting and the single setting for all elements may be
used as appropriate. A microcontroller or digital signal processing unit 400 may
control said offset and gain corrections for best overall results using contro] signal 412.

Figure 4 illustrates a microcontroller or digital signal processing unit 400 which
provides control signals 411 and 412 to the oscillator 110 and to the amplifier 141,
respectively. The microcontroller 400 may be implemented in hardware or in software
or in a combination of hardware and software, including a DSP component, as best
suits the application at hand.

The amplitude detector 150 samples the selected signal 307 at a sampling rate
which is typically greater than the array scan rate. According to one embodiment, if a
10 by 10 array is scanned at 100Hz, then the scan rate is 10kHz. In this embodiment,
the amplitude detector 150 would complete individual measurements at a rate greater

than 10kHz.
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According to some embodiments of the present invention, the amplitude
detector 150 is implemented using a rectifier that rectifies the output of the output
multiplexer 121, thereby acting as a nonlinear transformer. The nonlinear
transformation achieved thereby may be subsequently augmented by integtating the
resulting transformer output signal over an integer number of periods. In one
embodiment the integration is carried out over 10 cycles.

The nonlinear transformation mentioned above may comprise a function that
creates a DC component in the signal proportional to the amplitude of the sensed signal
305 or the selected signal 307. While not recited herein for purposes of limitation,
examples of such nonlinear transformation include full-wave or half-wave rectification,
phase-corrected multiplication with the original driving AC signal, as well as
multiplying the output signal with itself to obtain the output signal squared. The
amplitude detector 150 may further comprise a root-mean-square (RMS) measuring
circuit, a peal detector citcuit an envelope detector circuit, or an amplitude modulation-
cireuit and a low-pass filter circuit. Amplitude detection could also be accomplished in
some embodiments by sampling the AC waveform using an analog to digital (A/D)
converter and using a digital signal processor or microcontroller to compute the
measured signal amplitude from the sampled data. As mentioned above, both digital
and analog methods may be used for amplitude detection.

Figure § illustrates an exemplary embodiment of a sensor system 265 having a
bias-canceling capability. In some embodiments it is advantageous to cancel a bias due
1o the driving oscillator signal so that a sensed sensor signal may be better amplified
and discriminated from other signals. The system shown in Figure 5 is only an
illustrative embodiment, and will be described below with respect to a capacitive array
scanning system, however the system is not so limited and the sensor may be a sensor
other than a capacitor, as described previously.

An oscillator 110 provides an oscillator signal 300, as mentioned earlier. The
oscillator signal 300 is amplified using amplifier 141 to produce an amplified input
signal 407. The amplified input signal 407 is provided to input multiplexer 120 as
previously described and the input multiplexer 120 subsequently provides a sensor

input signal 401 based on data at input select lines 130.
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Figure 5 illustrates a single sensor 200 rather than an entire sensor array such as
a capacitive array 100 discussed earlier. However, it should be understood that one or
more sensors or an array of such sensors may receive an input signal such as an array
input signal or, in the present embodiment, a sensor input signal 401 from the input
multiplexer 120.

As discussed previously, sensor 200 will provide a sensor output signal 402
based on the sensor input signal 401 and corresponding to a sensed stimulus, such as
force, pressure, etc. The sensor output signal 402 is received by an output multiplexer
121 which selects the particular sensor 200 from among a plurality of sensors in a
sensor array such as a capacitive sensor array 100 (not shown). The output multiplexer
121 selects the sensor output signal 402 on the basis of data presented on output select
lines 131. The selected data 403 is provided from the output multiplexer 121 to the
amplifier 141 and may form a feedback loop as previously described. The amplifier
141 provides an amplified output signal 404 which typically corresponds to the selected
signal 403 and being amplified in its magnitude.

In the embodiment shown if Figure 5, the amplified output signal 404 is further
processed rather than merely being delivered to an amplitude detector. Here, a second
branch of the oscillator signal 300 is received by a phase-shifter 145 which provides a
phase-shifted signal 405. Both the amplified output signal 404 and the phase-shifted
signal 405 are input to an integrator 142 that substantially sums the two signals 404 and
405.

The integrator 142 may integrate the signals 404 and 405 over several cycles of
the oscillator. The integrator 142 provides a time-integrated signal 406 as an output.
The integrator 142 may comprise a summing circuit having an amplifier and an
integrating feedback capacitance., The symbol at the output of the integrator 142
indicates that the sensing system 265 may comptise only a portion of a larger overall
sensing system such as a capacitive array scanning system.

Figure 6 illustrates a more detailed example of a sensor system 265 similar to
that described above in Figure 5. In this embodiment, a charge amplifier circuit is
disclosed having a variable capacitance sensor Csense 200 which has a variable
capacitance in response to applied pressure on the sensing capacitor 200. A sine wave

oscillator 110 provides an oscillator signal 300 to the sensor 200 and to the rest of the
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charge amplifier circuit 265. The oscillator signal 300 passes through a reference
capacitor Cref and is provided to the sensing capacitor 200 through a drive multiplexer
120 (DMux). The sensing capacitor 200 then provides a sensor output signal
corresponding to the stimulus to the select multiplexer 121 (SMux). Amplifier Ul
operates as amplifier 141 in the previous figures. Thus, a feedback loop between the
sensing capacitor 200 and amplifier U1 going through multiplexers 120 and 121 is
created.

A bias cancellation circuit is provided by use of bias-canceling capacitor Ctune
and gain-adjusting capacitor Gref. The bias-canceling capacitor is adjusted at the time
of manufacture and is set in a way such as to cancel or reduce the AC amplitude of the
driving carrier signal 300. Oscillator signal 300 passes through the branch containing
capacitor Cref to the inverting input of amplifier U1, while capacitor Ctune operates as
a filter to shift the phase of the oscillator signal 300 at the output of the resistive digital
to analog converter (RDAC). In this way capacitor Ctune and RDAC form a phase
shifter as was described by block 145 in Figure 5 above.

\ The output of amplifier U1 is provided through resistor R2 to an integrator
cireuit formed by amplifier U2, capacitor C2 and resistor R3. The phase-shifted signal
provided by the series combination of Ctune and RDAC is also provided to the
inverting input of amplifier U2. The non-inverting input of amplifier U2 is coupled to
ground through a resistor R4. Capacitor C2 and resistor R3 form a feedback impedance
around amplifier U2 thus integrating the input signals at the input of amplifier U2. The
integrator circuit, mentioned previously as block 142 in Figure 5, can also be
considered a summing circuit which sums (a) the amplified output 404 and (b) the
phase-shifted oscillator output signal 405.

According to some aspects, the arrangement presented in Figure 6 linearizes the
system’s response in the presence bf a nonlinear sensor 200. The sensor loop including
the feedback described previously make the output of the sensing circuit correspond
linearly to the stimulus (e.g., pressure capacitor gap, etc.) rather than the nonlinear
relationship traditionally provided in sensor circuits responding directly (rather than
inversely) to capacitance changes. Thus, the feedback loop acts as a nonlinear
transformer that counteracts the nonlinear behavior of the sensor 200 to yield a

linearized output.

JP 2005-507083 A 2005.3.10



L T e T e T e T e T e T e T e T T e T e T s O s O s O e TR s T e O e, T s T e, O e, T e, O e T e TR e O e, IO e T e T s R |

(33)

WO 03/036612 PCT/US02/34135

-14 -

In some embodiments, the oscillator 110 is a single polarity excitation source
providing a stabilized sinusoidal waveform with a frequency in a range from 1kHz to
several megahurtz, for example from 50kHz to 100kHz, depending on the rest
capacitance of the sensing capacitor 200 and other design éonsiderations such as a
tradeoff between sensor range, sensitivity and linearity.

The capacitive sensor 200 or a sensor array 100, represented in Figure 6 by
Csense, commonly also comprises parasitic capacitances to ground represented as Csg
and Cdg. Parasitic capacitance Csg represents the parasitic capacitance from the sensor
line to ground. Parasitic capacitor Cdg represents the parasitic capacitance between the
drive lines and ground. To reduce or eliminate parasitic capacitance, a sensor 200 or a
portion of a sensory array which is idle (not being driven or sampled) is coupled to
ground to prevent parasitic capacitance effects from influencing the measurements of
the non-idle sensors. In some aspects this shunting to ground of the parasitic
capacitance improves system throughput, linearity and bandwidth.

Capacitor Cref is normally selected to be a multiple of Csense, for example Cref
may have a value equal to three times the value of Csense. The ratio of capacitors Cref
over Csense multiplied by the excitation amplitude of the oscillator determines the
magnitude of the output of amplifier Ul. Thus, as Csense is increased the output of
amplifier U1 will decrease with a sensitivity dictated by the design of the sensing
capacitors Csense.

Other design considerations determine the nature of amplifier Ul characteristics
that can be selected for the appropriate gain bandwidth and to minimize phase lag
effects.

Furthermore, the driving and sensing lines to and from the sensor array 100 may
be individually shielded. In this way it is possible to prevent cross-capacitance effects
between the individual lines from impacting the measured capacitance due to effects
such as twisting or bending of the cable bundle tunning to or from the array 100.

It may be advantageous in some aspects to physically place any tunable filter
elements near the sensor elements 200 to provide common mode rejection to
environmental effects such as temperature changes.

As described previously, combining a phase-shifted signal through the capacitor
Ctune with the output of amplifier U1 in the integrator or summing amplifier U2 makes
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the sensor’s sensitivity positive, or in other words inverts the polarity, and allows for
bias cancellation. Capacitor Ctune provides any necessary phase lag adjustment while
the RDAC acts as a digital potentiometer to allow for precise bias trimming for each
sensor element 200, The value of the RDAC is adjusted based on a measurement at the
output of summing amplifier U2 with the sensor 200 and its rest capacitance state.
Such an adjustment is used to provide sufficient trim for both the bias and gain of each
sensor element 200 having similar geometry or electrode surface area.

According to some aspects of the invention, the above-described sensor circuit
adjustment may simplify the calibration process. Calibration is normally performed in
an iterative process and is time consuming. The present design may also reduce the
intervals required between calibration procedures.

Resistor Rf is a feedback resistance and in some embodiments provides stability
to the circuit. Rf may also be selected to optimize the sensitivity and linearity of the
sensing circuit and in some embodiments improve the seftling time to increase the
throughput of large sensor atrays.

As mentioned earlier, the oscillator 110 may provide a variety of oscillator
signals 300. Such signals may be used as excitation waveforms which can be
sinusoidal as well as non-sinusoidal waveforms. Also, dual polarity excitation is
possible if its use is advantageous to a particular circuit design.

An alternative embodiment allows for the deletion of any or all of resistors R1,
R4 and capacitors C1 and C2.

The output of the sensing circuit 265 Figure 6 is provided in some embodiments
to an input of an AC to DC conversion circuit such as a rectifier and to a second stage
amplification circuit before amplitude detection is performed.

Figure 7 illustrates an exemplary embodiment of a second stage circuit 275
which may be employed downstream of the previously-described sensing circuit 265.
The sensing circuit 265 provides a sensing circuit output signal 406A, which may be
the same as the integrated signal 406. This signal 406A contains information from the
sensing element 200 indicative of the measured stimulus as well as any remaining bias,
noise and other signal artifacts provided from the sensing circuit 265. The sensing
circuit output signal 406A is provided to a second stage amplifier 500 which amplifies

the signal corresponding to the desired measurement. In some embodiments this signal
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406A may comprise an AC sinusoidal signal having an amplitude of approximately
200mV and a frequency of approximately 50-100kHz.

An output signal 501 from the second stage amplifier 500 is provided o a
yectifier 502. The rectifier 502 is constructed in any appropriate way and converts an
AC signal to a DC signal. A rectified signal 503 is provided to a second stage
integrator 504 which integrates signal 503 over several cycles in time. According to
some aspects, using the second stage integrator 504 instead of a low pass filter stage
provides improved response time and avoids the need to wait until transients decay as is
the case in low pass filter circuits. Integration in the integrator 504 is carried out over
approximately 10 cycles in some embodiments.

Figure 8 illustrates one embodiment of a second stage amplification circuit
275similar to that described in Figure 7. A sensing circuit output signal 406A is
received from a sensing circuit such as circuit 265. The signal 406A represents an
output from a charge amplifier circuit which is oscillating at substantially the same
frequency as the oscillator signal 300. The signal 406A is received from RS, the output
of which is coupled to ground through a capacitor C5 that acts as a filter.

A second stage adjustable gain amplifier U3A receives a non-inverting input
from signal 406A. The amplifier U3A is configured to provide an appropriate mid-
band gain at the excitation frequency while maintaining approximately unity gain at
very low frequencies. The mid-band gain is adjustable via the gain resistive digital-to-
analog converter (GRDAC). Capacitor C4 ensures that the gain near DC frequencies is
low or approximately unity.

Following the second stage amplification circuit 500 a signal 501 is provided to
a rectifier stage 502. The rectifier stage 502 comprises an amplifier U3B and performs
precision full-wave rectification, especially at the excitation frequencies, including
rectification for low input amplitude levels.

The output of rectifier stage 502 is delivered on line 503 to averaging circuit
504. Averaging circuit 504 comprises amplifier U3C and outputs an averaging circuit
output 505 that is substantially a DC signal corresponding to the stimulus delivered
from the sensor 200. The overall circuit of Figure 8 represents an exemplary system for
performing AC to DC conversion of the amplitude modulated signal from the charge

amplifier circuit 265 shown in Figure 6. The circuits provided above perform their
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function without requiring a switching element as in numerous existing synchronous
phase demodulator circuits.

Note that by reversing the polarity of the diodesD1 and D2 of the rectifier stage
502 the rectifier stage 502 can be configured to provide gain for negative or positive
inputs and removing the R10 path can provide for half-wave rectification.

The output of the second stage amplification circuit 275 may be an AC signal
505 having an amplitude of 4VAC and a modulation of 2V, reflecting the measured
signal and having a frequency of 50 to 100 kHz. Such a signal provides a better basis
for measurement of variable, but substantially DC, modulation signals from the sensor
elements 200.

Some embodiments of the present invention incorporate one or more of the
above-described aspects into a system which is coupled to an organism and detects
physical parameters or properties of the organism. Time-series collection of biological
data is one example of such an embodiment. For example, the circuits and methods
described above may be used in conjunction with a catheter or other device, including
non-invasive devices or minimally-invasive devices to collect biological data on a
human or animal patient. Pressure profiles measured within an orifice or a cavity in
time and/or space can be collected for presentation to a user or machine for storage,
processing, or analysis. This may form a basis for a diagnosis of some medical
condition or be used as a predictor for some other condition of the organism.

In one embodiment, a series of sensors arranged substantially in a linear form
factor, are placed within a body cavity such as the esophagus and measure pressutes in
this cavity as a function of time. These esophageal pressures may then be displayed
graphically on a graphical display, showing the physiological sequence of an action
such as coughing or swallowing.

Yet another aspect of the present invention permits the use of the above-
described systems and methods to obtain high-resolution measurements of large regions
of interest. Some embodiments of the invention utilize several sensor array grids, each
having its own sensor driving and sampling electronics, as described above, to carry out
simultaneous or sequential measurements. Multiplexing electronics are used in some

embodiments to collect data from the multiple sensor arrays. These embodiments may
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in some regards be considered scalable or parallel implementations of the concepts
described above.

As an example, consider the case where a large region of interest is to be
covered by sensors which collect data regarding a stimulus, e.g. pressure. The number
of sensor elements will depend on the resolution required (i.e. the grid spacing) and the
overall area of the region of interest, If the grid spacing is tight (fine resolution) then
the number of sensor elements becomes large. In this case, interrogating or diving and
sampling of each of the large number of sensors might entail cycling through the
sensors in the manner described above. For a large number of sensors this can become
time-consuming and slows down the sampling rate possible for sampling each member
of the array. To increase the sampling rate or to increase the possible resolution for a
given sampling rate or to increase the overall area that can be sampled at some
resolution at a given sampling rate the region of interest may be broken into adjacent
(tiled) sub-regions. Each of the sub-regions can be covered by a sensor array as
described earlier, and the output from each of the sub-regions can be read by a circuit
such as a multiplexer that switches between each of the sub-regions in turn.

It can be appreciated that this technique can be used in an iterative fashion, thus
nesting or scaling up or down the overall sensing system so that an almost arbitrary
area or resolution or sampling rate can be obtained, depending on the need. That is, in
some aspects temporal performance or spatial performance may be procured at the cost
of additional hardware or processing sensor electronics.

Having thus described several aspects of at least one embodiment of this
invention, it is to be appreciated that various alterations, modifications, and
improvements may occur to those skilled in the art. Such alterations, modifications,
and improvements are intended to be part of this disclosure, and are intended to be
within the spirit and scope of the invention. Accordingly, the present description and
drawings are given by way of example only.

What is claimed is:
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CLAIMS
1. A sensor system, comprising:

a sensor array having a plurality of sensor elements;

at least one sensor element of the sensor array, having addressable
connections designating the sensor element, that senses a stimulus; and

an amplifier, disposed in a feedback arrangement around the sensor
element, the amplifier receiving an input signal corresponding to an output of the

sensor element and providing an output signal that drives the sensor element.

2. The system of claim 1, wherein the sensor element comprises a

capacitive sensor element and the sensor array comprises a capacitive sensor array.

3. The system of claim 1, wherein the stimulus alters a distance of

separation between a first conductive strip and a second conductive strip.

4. The system of claim 1, wherein the stimulus is any of a force, a weight,

a pressure, a displacement and an acceleration.

5. The system of claim 1, further comprising an amplitnde detector which

receives an output signal from. the amplifier.

6. The system of claim 1, further comprising a nonlinear transformer
which transforms a nonlinear output of the amplifier into a corresponding

substantially-linear signal representing the stimulus.

7. The system of claim 6, wherein the nonlinear transformer is a feedback

loop comprising the sensor element.

8. The system of claim 1, wherein the amplifier’s output signal is one of a

plurality of signals which drive the sensor element.
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9. The system of claim 1, wherein the filtering circuit is a digitally-

controlled integrator.

10.  The system of claim 1, wherein the sensor element has an individually-

controlled gain and an individually-controlled offset.

11. The system of claim 1, wherein a tunable filter element is coupled to
the sensor element and wherein the tunable filter element is placed in physical
proximity to the sensor elements to provide common mode rejection to environmental

effects.

12.  The system of claim 1, further comprising a tunable filter, coupled to
an oscillator having an oscillator signal, which shifts a phase of the oscillator signal to
provide a phase-shifted signal and a summing circuit which sums the amplifier output
with the phase-shifted signal to substantially cancel out oscillator bias in a portion of

the sensor system.

13.  The system of claim 1, further comprising a path from the sensor

element to a common potential which is selectably coupled to the sensor element.

14, The system of claim 1, wherein the sensor element is selectably

coupled to a ground potential when the sensor element is not being driven or sampled.

15.  The system of claim 1 wherein the sensor element is coupled to an

electrical line which is individually shielded from electromagnetic effects.

16. The system of claim 1, further coupled to at least one other sensor
system such that the system of claim 1 and the at least one other sensor system cover
a combined region of interest having a greater area than an area covered by the system

of claim 1 or an area covered by the at least one other sensor system.
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17. A method for measuring a stimulus on a sensor array, comprising:
sensing the stimulus using at least one sensor element of the sensor
array;
generating a sensor element output signal corresponding to the sensed
stimulus; )
amplifying the sensor element output signal to generate an amplified
signal representative of the physical property; and

feeding back the amplified signal to drive the sensor element.

18. The method of claim 17, further comprising providing an oscillating
signal to drive the sensor element, shifting a phase of the oscillating signal to provide
a phase-shifted signal and summing the sensor element output and the phase-shifted

signal to substantially cancel out oscillator bias in a portion of the sensor system.

19. A method for linearizing a non-linear sensor response, comprising:
sensing a stimulus using a sensor element;
generating a sensor output signal corresponding to the stimulus;
feeding back the sensor output signal to an input of the sensor through
a non-linear transformer feedback loop corresponding to the non-linear sensor

response.

20. The method of claim 19, further comprising amplifying the sensor

output signal using an amplifier disposed in the feedback loop.

21. The method of claim 19, wherein the non-linear sensor response is a

non-linear response to a pressure applied to a capacitive sensor element.

22. A method for reducing parasitic capacitance in a capacitive sensor
array, comprising selectively coupling at least one sensor element in the sensor array

to a common potential during a time period in which the sensor element is idle.
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23, The method of claim 22, wherein the commeon potential is a ground
potential.

24,  The method of claim 22, wherein the parasitic capacitance is a

capacitance between the sensor array and ground.

25. The method of claim 22, wherein the parasitic capacitance is a

capacitance between an array driving circuit and ground.
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ARRAY SENSOR ELECTRONICS

RELATED APPLICATIONS

This application claims priority under 35 U.S.C. § 119(e) to co-pending U.S.
Provisional Patent Application Serial No. 60/347,599, entitled “CAPACITIVE
ARRAY SENSOR ELECTRONICS,” filed on October 24, 2001. This application
further relates to co-pending U.S. Provisional Patent Application Serial No.
60/343,714, entitled “TIME SPATIAL VISUALIZATION OF LINEAR ARRAY
DATA,” filed on October 24, 2001. This application also relates to a co-pending U.S.
Patent Application entitled “VISUALIZATION OF VALUES OF A PHYSICAL
PROPERTY DETECTED IN AN ORGANISM OVER TIME,” filed on even date
herewith under attorney docket number P00660.70004.US. Each of the above-cited
applications is hexeby incorporated by reference in its entirety.

TECHNICAL FIELD
The present application relates to sensor systems such as capacitive array
sensors. More particularly, the present application relates to circuits and systems for

capturing, amplifying and processing signals received from sensors and sensor arrays.

BACKGROUND

Sensors are devices that respond to a stimulus and produce a signal indicative of
the stimulus’ magnitude or other characteristic related to the stimulus. The stimulus
may be any physical quantity or parameter which can affect a sensor and is usually a
measurable parameter or effect. An atray of sensors is a collection of individual
sensors that are positioned at discrete locations and are related to one another in at least
some aspects.

Sensor arrays are used in applications such as imaging, and generally involve a
phurality of individual sensors placed in relation to one another such that an effectively
larger sensor is formed by the array of sensors. That is, when placing sensors at a
plurality of discrete locations over a region of interest it is possible to make some
determination or estimate of the stimulus over the entire region of interest.

Extrapolation or interpolation can provide an estimate of the magnitude of the stinmlus
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at a spot which does not itself contain a discrete sensor. Furthermore, aggregate
measures of the stimulus over the entire region of interest or smaller regions within the
region of interest may be obtained by averaging or other operations performed on
signals derived from individual sensors.

Applications in which such sensor arrays are useful include touch pads and
distributed sensors that provide an indication of the location and magnitude of a force
or a pressure applied to a region of interest.

One type of sensor array is a capacitive sensor array. This array employs a
number of discrete capacitors distributed over a region of the array which may be
arranged in a pattern forming a grid. A grid of sensors may comprise a plurality of
capacitive sensors which may be individually addressable or addressable in groups or in
their entirety. Addressing specific sensors may be accomplished using multiplexers
coupled to the sensor array according to data or select signals on multiplexer select
lines to determine the individual sensors to be driven or sampled. By driving a sensor it
is meant the process of generally exciting the sensor or energizing the sensor so as to
produce a measurement of the stimulus at the sensor. By sampling a sensor it is meant
receiving an output signal from the sensor to read or detect the sensor response to the
stimulus. Thus, it is possible to selectively measure a signal from a given capacitive
sensor element located at a particular column and row of the capacitive atray.
Multiplexers may be used to determine the particular row and column from which a
measurement is desired.

Capacitive array sensors have been constructed of rows and columns of
conductive strips separated by a dielectric material. Figure 1 illustrates a capacitive
array 100 having conductive strips arranged along rows 102 and columns 104. The
rows 102 and columns 104 of the capacitive array 100 may be separated by a flexible
defor:.nable material such as a silicone gel. The silicone gel (not shown) will deform in
response to pressure applied to a surface of the capacitive array 100. The deformation
of the silicone gel or other flexible substance can cause the rows 102 and columns 104
of the capacitive array 100 to become nearer or more distant to one another. Gap
distance (d) is a factor which determines the capacitance of the capacitors 200 formed
by an intersection of the rows 102 and columns 104 of the capacitive array 100. Ifthe

rows 102 and columns 104 of the capacitive array 100 are coupled to electrical

JP 2005-507083 A 2005.3.10



L T e T e T e T e T e T e T e T T e T e T s O s O s O e TR s T e O e, T s T e, O e, T e, O e T e TR e O e, IO e T e T s R |

O

(54)

WO 2003/036612 PCT/US2002/034135

-3

connections and to an external circuit, the capacitance of each of the capacitors 200
formed by the intersection of the rows 102 and columns 104 can be measured
individually.

A sensor array can be driven and sampled, one sensor at a time or in groups, or
in its entirety. By scanning the capacitive array 100 to obtain a signal or measurement
from each of its individual elements 200, it is possible to form a real-time picture of the
pressure applied to the capacitive array 100.

Figure 2 illustrates a single capacitive array element 200. The element 200 is
formed by an intersection of a row 102 and a column 104 of the capacitive array 100.
The figure illustrates a distance or gap (d) that separates the row 102 and cohimn 104
conductive strips. The capacitance of the capacitor 200 is generally proportional to the
area formed by the intersection of the row 102 and column 104 divided by the distance
d. Hence, changes in the distance d result in changes in the value of the capacitor 200.
The relationship between the capacitance of the capacitor 200 and the stimulus, e.g.,
applied pressure, may be nonlinear for a variety of reasons. These reasons include the
deformation response of the flexible deformable material, e.g., the silicone gel, as well
as other physical and electrical responses of the variable gap capacitance element 200.

For large arrays, technical challenges arise in making fast measurements or
scans of the entire sensor array. For example, a sampling circuit such as a multiplexer
that samples a selected row and column on which to perform a measurement would
have to cycle through all rows and alf columns (all elements of the array) at a rate .
sufficient to provide the measurements as required by the specific application.

Nonlinear responses in the signals derived from the individual capacitors and
the stimulus, e.g., applied pressure, complicate the design of an overall sensor circuit.
Furthermore, the measured signal is typically small compared to the driving signal
which drives the capacitive array. This results in a poor signal-to-noise ratic when
attempting to derive a useful modulation signal reflecting the quantity being measured.
This is because noise becomes amplified as well as the signal being measured when
using simple signal amplification.

Traditionsl sensor circuits emplay filters and switches that slow acquisition
times by causing transfents which need to decay between acquiring measurements from

the various elements of an array. For example, in scanning a sensor array, a switch
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switches between the individual sensors of a traditional array, causing a transient signal
to oceur. Not only do transients slow the acquisition of a complete sensor array scan,
but they can affect the quality of a measurement of a stimulus by introducing noise into
sensed signals.

Furthermore, conventional sensor atrays contain considerable parasitic
capacitances between sensor elements and other parts of the circuit, such as ground.
These parasitic capacitances can contaminate sensed signals with noise and extraneous
signal components and can require extra filtering circuitry and processing time to

compensate for the parasitic capacitance.

SUMMARY

Aspects of one embodiment of the present invention are directed to a sensor
system, comprising a sensor array having a plurality of sensor elements; at least one
sensor element of the sensor array, having addressable connections designating the
sensor element, that senses a stimulus; and an amplifier, disposed in a feedback
arrangement around the sensor element, the amplifier receiving an input signal
corresponding to an output of the sensor clement and providing an output signal that
drives the sensor element.

Another embodiment comprises aspects directed to a method for measuring a
stimulus on a sensor array, comprising sensing the stimulus using at least one sensor
element of the sensor array; generating a sensor element output signal corresponding to
the sensed stimulus; amplifying the sensor element output signal to generate an
amplified signal representative of the physical property; and feeding back the amplified
signal to drive the sensor element.

Still another embodiment comprises aspects directed to a method for Jinearizing
anon-linear sensor response, comprising sensing a stimulus using a sensor element;
generating a sensor output signal corresponding to the stimulus; feeding back the sensor
output signal to an input of the sensor through a non-linear transformer feedback loop
corresponding to the non-linear sensor response.

Anather embodiment of the invention comprises aspeets directed to a methad

for reducing parasitic capacitance in a capacitive sensor array, comprising selectively
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caupling at least one sensor element in the sensor array to a common potential during a

time period in which the sensor element is idle.

BRIEF DESCRIPTION OF THE DRAWINGS

In the drawings, each similar component that is illustrated in various figures is
represented by a like numeral, although this does not necessarily signify that the
components are identical. For purposes of clarity, not every component may be labeled
in every drawing. Inthe drawings:

Figure 1 illustrates an overview of a capacitive sensor array having several rows
and columns of conducting strips;

Figure 2 illustrates an overview of a sensor element formed by the overlap of
two conducting strips separated by a dielectric gap of size (d);

Figure 3 illustrates a schematic representation of an exemplary system for
driving and sampling a sensor array and amplitude detection;

Figure 4 illustrates a schematic representation of an exemplary system for
driving and sampling a sensor array, including a feedback loop;

Figure 5 illustrates a schematic representation of an exemplary system for
driving and sampling a sensor array, including bias cancellation;

Figure 6 illustrates an exemplary circuit for driving and sampling a sensor array,
including a feedback loop and bias cancellation capability;

Figure 7 illustrates a schematic representation of an exemplary second stage
amplification and rectification apparatus which can be used with sensor arrays; and

Figure 8 illustrates an exemplary circuit according to the schematic

representation of Figure 7.

DETAILED DESCRIPTION
The present description describes various aspects of preferred embodiments of
the invention. Some aspects have been deseribed in other co-pending applications.
Specifically, this application claims priority under 35 U.S.C. § 119(e) to co-pending
U.S. Provisional Patent Application Serial No. 60/347,599, entitled “CAPACITIVE
ARRAY SENSOR ELECTRONICS,” filed on October 24, 2001. This application
further relates to co-pending U.S. Provisional Patent Application Serial No.
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60/343,714, entitled “TIME SPATIAL VISUALIZATION OF LINEAR ARRAY
DATA,” filed on October 24, 2001. This application also relates to a co-pending U.S.
Patent Application entitled “VISUALIZATION OF VALUES OF A PHYSICAL
PROPERTY DETECTED IN AN ORGANISM OVER TIME,” filed on even date
herewith under attorney docket number P00660.70004.US. Each of the above-cited
applications is hereby incorporated by reference in its entirety.

The present invention is not limited in its application to the details of
construction and the arrangement of components set forth in the following detailed
description of the preferred embodiment and drawings. Rather, the invention
encompasses other embodiments and may be practiced and carried out in various ways.
Also, the terminology used herein is for the purpose of description and should not be

regarded as limiting when used to describe aspects and emboediments of the invention.

» e »e

The use of “including,” “comprising,” or “having,” “containing,” etc., and variations
thereof are meant to be open-ended and encompass at least the items listed thereafter.

Figure 3 illustrates aspects of a capacitive array scanning system 250 used to
drive and sample a capacitive array 100. An oscillator 110 provides an oscillator signal
300 to an input multiplexer (MUX) 120 which selects from the elements of capacitive
array 100 one or more elements to be driven by at least the oscillator signal 300.
Selection of the one ar more elements to be driven is made using data on the input
select lines 130, By proper identification of the individual or group of elements to be
driven, a voltage or current may be supplied to selected sensor elements 200 as
described previously. Oscillator signal 300 may be one of a plurality of signals driving
elements 200.

Array input signal 302 provides a driving signal which is delivered to selected
sensor elements 200. Once excited or driven by the array input signal 302, the
capacitive array provides an array output signal 304. An output multiplexer 121
receives the array output signal 304 and, depending on the data provided to output
select lines 131, the output multiplexer 121 provides a selected signal 306. Again, the
selected signal 306 may comprise one or more selected samples from the capacitive
array 100,

In some embodiments, the selecied signal 306 be amplified by an amplifier 140.
The amplifier 140 may be of any type, including analog or digital types, that provides
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an amplified signal 308. According to some aspeots, amplification of the selected
signal 306 improves resolution and accuracy of the measurement of the stimulus. An
amplifier 140 may provide any gain, including gains greater than or less than unity and
unity gains. The amplified signal 308 is therefore not constrained to be a signal having
an amplitude greater than the selected signal 306.

The amplified signal 308 is detected by an amplitude detector 150, which is
typically matched to the range of expected amplitudes provided in the amplified signal
308. Note that some embodiments may employ fransconductancé amplifiers, energy
converters, or other elements that convert one type of signal into another. For example,
an elecirical signal such as a voltage may be converted into a corresponding optical
signal.

The amplitude detector 150 may be any suitable amplitude detector that may
detect the size, strength or amplitude of a signal. For example, the amplitude detector
150 may comprise a voltage-measuring circuit or a current-measuring circuit or a
frequency measuring circuit, together described herein as amplitude detectors for the
sake of simplicity. It should be appreciated that the amplifier 140 may amplify any
type of characteristic of the selected signal 306 and that the amplified signal 308 merely
indicates that characteristic is enhanced to generally make it simpler to read or measure
the characteristic. As mentioned, the amplitude of an alternating current (AC) voltage
signal may be 2 convenient characteristic to amplify and measure using the amplitude
detector 150, however, the present invention is not so limited.

The amplitude detector 150 provides a detector output signal 310 corresponding
to the amplified signal and in turn corresponding to the selected signal obtained from
the element or elements of the capacitive array 100.

Tt is to be appreciated that Figure 3 is merely one schematic embodiment of a
capacitive array scanning system, and that various configurations and equivalent
circuits may be constructed accordingly. Other auxiliary elements and circuit
components, not described herein, may be used in various applications and
embodiments, depending on the need at hand. For example, filters such as high-pass
filters, band-pass filters and low-pass filters may reduce unwanted noise or provide
other signal conditioning functions to the overall scanning system 250. Furthermore,

signal processing techniques, implemented in hardware and/or software may be used at
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one or more positions in the scanning system 250 to add or remove spectral
characteristics or other features to or/from the various signals described above.

Figure 4 illustrates an embodiment showing aspects of the present invention
used in a capacitive array scanning system 255. Again, the scanning system is not
limited in applicability to the capacitive array sensors described herein, but is more
generally applicable to other types of sensors as well. The scanning system 255
comprises a feedback loop 320, which in some embodiments provides a linearizing
function, as will be described below.

An oscillator 110 provides an oscillator signal 300 to amplifier 141. The
amplifier 141 amplifies the oscillator signal 300 and provides an amplified input signal
to input multiplexer 120, sometimes referred to as a dtiving multiplexer (DMUX). The
input multiplexer 120 receives the amplified input signal 301 as well as data on input
select lines 130, as described earlier. The array input signal 303 is provided by the
input multiplexer 120 to selectively drive array element members 200 (not shown) of
the capacitive array 100. The capacitive array 100 is driven or excited selectively by
the array input signal 303, as was described above. An array output signal 305 is
pravided from the capacitive array 100 to an output multiplexer 121, sometimes
referred to as a sampling multiplexer (SMUX). The output multiplexer 121 samples the
selected array elements according to the data on output sampling fines 131.

The output multiplexer 121 provides a selected signal 307 back to the amplifier
141. In this way, the amplifier 141, the capacitive array 100 and other elements, are
arranged in a feedback loop 320 by which the amplified input signal 301 and the
selected signal 307 act to return a portion of the capacitive array’s output to its input.
In the embodiment of Figure 4, input and output multiplexers, 120 and 121
respectively, are the elements to which and from which the feedback loop 320 couples
the amplifier 141 and the capacitive array 100.

The selected signal 307, once provided to amplifier 141 is also amplified and
provided as an amplified output signal 309 to amplitude detector 150. In some
embodiments, signals 301 and 309 are the same or have the same value. The amplitude
detector 150 provides a detectar output signal 311, similar to that which was discussed

with regard to Figure 3. Again, the exact embodiment disclosed in Figure 4 is not
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limiting, but may be adapted and substituted with one or more elements or auxiliary
circuits, filters, amplifiers, etc., as called for by the application at hand.

It is also to be appreciated that the arrangement shown in the present
embodiment does not depict a physical layout of the elements of the scanning system.
For instance, some elements of the scanning system 255 may be implemented on
remote circuits, as opposed to being implemented on the same circuit, Also, the entire
scanning system 255 may be implemented on a microchip or other integrated circuit
that performs the scanning systenm’s function. Furthermore, various functions of the
scanning system 255 may be carried out in software or in firmware or in any
combination of hardware and software suitable. Examples include digital signal
processing (DSP) hardware and/or software to perform various functions, e.g. filtering
and amplification and application-specific integrated circuits (ASICs).

The oscillator 110 provides an output voltage signal such as an AC waveform.
In some embodiments, the oscillator output signal 300 substantially comprises-a single
frequency sinusoid. The oscillator 110 may be free-running or may be used in a burst
mode depending on the application. According to some aspects of the invention, the
amplitude and/or frequency of the oscillator output signai 300 may be altered to
improve measurement quality or scan rate or another operating parameter of the
scanning system 255. Furthermore, the oscillator 110 may be replaced by another
suitable component that can provide a periodic driving signal in a steady or pulsed or
programmed mode. One example may be to replace the oscillator 110 with a
microcontroller or other digital processing control unit that provides a signal
substantially equivalent to that described as the oscillator output signal. The oscillator
110 may be controlled by a microprocessor 400 that supplies a control signal 411.

The input multiplexer 120 and the output multiplexer 121 may be of
substantially similar design in some aspects of the present invention. According to
some embodiments, the multiplexers 120, 121 select a single row 102 and column 104
from the capacitive array 100, This selection designates a single element 200 of the
array 100. However, the input and output multiplexers 120, 121 may also be used to
select multiple rows and columns simultaneously,

Multiplexer designs having a fast settling time are preferred in some

embodiments because they allow for fast switching between sensor elements at a high
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sampling rate, thus improving the overall bandwidth for the scanning system 255.

The data on the input select lines 130 and the output select lines 131 of the
multiplexers 120 and 121 respectively, may be provided in a numbey of ways. For
example, the selection lines 130 and 131 may be set by a microcontroller or digital
signal processing unit 400 and may also be set to increment automatically as would be
done with a finite state machine. Additionally, separate amplifiers may be included in
either or both of the multiplexers 120 and 121 at any of the inputs and outputs of said
multiplexers. Also, an amplifier may be constructed as part of the multiplexing scheme
used by the multiplexers 120 and 121,

According to some aspects of the present invention, placing the amplifier 141 in
the feedback loop 320 comprising the capacitive array 100 and the multiplexers 120
and 121, allows for a higher gain and thus a higher sensitivity in the overall scanning
system 255.

Amplifiers 140 and/or 141 may be implemented as described above and can
also include provisions for adjusting the gain and offset of said amplifiers. Said gain
and offset of amplifiers 140 and/or 141 may be prescribed on an element-to-element
basis or as a single setting suitable for all elements. That is, the amplification gain or
scheme used for each individual sensor element may be individually tajlored to that
element, or the gain may be held constant for the entire array 100. An approach
combining the element-to-element setting and the single setting for all elements may be
used as appropriate. A microcontroller or digital signal processing unit 400 may
control said offset and gain corrections for best overall results using control signal 412.

Figure 4 illustrates a microcantroller or digital signal processing unit 400 which
provides control signals 411 and 412 to the oscillator 110 and to the amplifier 141,
respectively. The microcontroller 400 may be implemented in hardware or in software
or in a combination of hardware and software, including a DSP component, as best
suits the application at han&.

The amplitude detector 150 samples the selected signal 307 at a sampling rate
which is typically greater than the array scan rate. According to one embodiment, if a
10 by 10 array is scanned at 100Hz, then the scan rate is 10kHz. In this embodiment,
the amplitude detector 150 would complete individual measurements at a rate greater

than 10kHz.
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According to some embodiments of the present invention, the amplitude
detector 150 is implemented using a rectifier that rectifies the output of the output
multiplexer 121, thereby acting as a nonlinear transformer. The nonlinear
transformation achieved thereby may be subsequently augmented by integrating the
resulting transformer output signal over an integer number of periods. In one
embodiment the integration is carried out over 10 cycles.

The nonlinear transformation mentioned above may comprise a function that
creates a DC component in the signal proportional to the amplitude of the sensed signal
305 or the selected signal 307. While not recited herein for purposes of limitation,
examples of such nonlinear transformation include full-wave or half-wave rectification,
phase-corrected multiplication with the original driving AC signal, as well as
multiplying the output signal with itself to obtain the output signal squared. The
amplitude detector 150 may further comprise a root-mean-square (RMS) measuring
cirouit, a peak detector circuit an envelope detector circuit, or an amplitude modulation-
circuit and a low-pass filter circuit. Amplitnde detection could also be accomplished in
some embodiments by sampling the AC waveform using an analog to digital (A/D)
converter and using a digital signal processor or microcontroller to compute the
measured signal amplitude from the sampled data. As mentioned above, both digital
and analog methods may be used for amplitude detection.

Figure 5 illustrates an exemplary embodiment of a sensor system 265 having a
bias-canceling capability. In some embodiments it is advantageous to cancel a bias due
to the driving oscillator signal so that a sensed sensor signal may be better amplified
and discriminated from other signals. The system shown in Figure 5 is only an
illustrative embodiment, and will be described below with respect to a capacitive array
scanning system, however the system is not so limited and the sensor may be a sensor
other than a capacitor, as described previously.

An oscillator 110 provides an oscillator signal 300, as mentioned earlier. The
oscillator signal 300 is amplified using amplifier 141 to produce an amplified input
signal 407. The amplified input signal 407 is provided to input multiplexer 120 as
previously described and the input multiplexer 120 subsequently provides a sensor
input signal 401 based on data at input select lines 130.
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Figure 5 illustrates a single sensor 200 rather than an entire sensor array such as
a capacitive array 100 discussed earlier. However, it should be understood that one or
more $ensors or an array of such sensors may receive an input signal such as an array
input signal or, in the present embodiment, a sensor input signal 401 from the input
multiplexer 120.

As discussed previously, sensor 200 will provide a sensor output signal 402
based on the sensor input signal 401 and corresponding to a sensed stimulus, such as
force, pressure, etc. The sensor output signal 402 is received by an output multiplexer
121 which selects the particular sensor 200 from among a plurality of sensors in a
sensor atray such as a capacitive sensor array 100 (not shown). The output multiplexer
121 selects the sensor output signal 402 on the basis of data presented on output select
lines 131. The selected data 403 is provided from the output multiplexer 121 to the
amplifier 141 and may form a feedback loop as previously described. The amplifier
141 provides an amplified output signal 404 which typically corresponds to the selected
signal 403 and being amplified in its magnijtude.

In the embodiment shown if Figure 5, the amplified output signal 404 is further
processed rather than merely being delivered to an amplitude detector. Here, a second
branch of the oscillator signal 300 is received by a phase-shifter 145 which provides a
phase-shifted signal 405. Both the amplified output signal 404 and the phase-shifted
signal 405 are input to an integrator 142 that substantially sums the two signals 404 and
405.

The integrator 142 may integrate the signals 404 and 405 over several cycles of
the oscillator. The integrator 142 provides a time-integrated signal 406 as an output.
The integrator 142 may comprise a summing circuit having an amplifier and an
integrating feedback capacitance. The symbol at the output of the integrator 142
indicates that the sensing system 265 may comprise only a portion of a larger overall
sensing system such as a capacitive array scanning system.

Figure 6 illustrates a more detailed example of a sensor system 265 similar to
that described above in Figure 5. In this embodiment, a charge amplifier cirouit is
disclosed having a varjable capacitance sensor Csense 200 which has a variable
capacitance in response to applied pressure on the sensing capacitor 200. A sine wave

oscillator 110 provides an oscillator signal 300 to the sensor 200 and to the rest of the
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charge amplifier circuit 265. The oscillator signal 300 passes through a reference
capacitor Cref and is provided to the sensing capacitor 200 through a drive multiplexer
126 (DMux). The sensing capacitor 200 then provides a sensor output signal
corresponding to the stimulus to the select multiplexer 121 (SMux). Amplifier Ul
operates as amplifier 141 in the previous figures. Thus, a feedback loop between. the
sensing capacitor 200 and amplifier Ul going through multiplexers 120 and 121 is
created.

A bias cancellation cirenit is provided by use of bias-canceling capacitor Ctune
and gain-adjusting capacitor Gref. The bias-canceling capacitor is adjusted at the time
of manufacture and is set in a way such as to cancel or reduce the AC amplitude of the
driving carrier signal 300. Oscillator signal 300 passes through the branch containing
capacitor Cref to the inverting input of amplifier U1, while capacitor Ctune operates as
a filter to shift the phase of the oscillator signal 300 at the output of the resistive digital
to analog converter (RDAC). In this way capacitor Ctune and RDAC form a phase

shifter as was described by biock 145 in Figure 5 above.

The output of amplifier U1 is provided through resistor R2 to an integrator
cireuit formed by amplifier U2, capacitor C2 and resistor R3. The phase-shifted signal
provided by the series combination of Ctune and RDAC is also provided to the
inverting input of amplifier U2. The non-inverting input of amplifier U2 is coupled to
ground through a resistor R4. Capacitor C2 and resistor R3 form a feedback impedance
around amplifier U2 thus integrating the input signals at the input of amplifier U2. The
integrator circuit, mentioned previousty as block 142 in Figure 5, can also be
considered a summing circuit which sums (a) the amplified output 404 and (b) the
phase-shifted oscillator output signal 405.

According to some aspects, the arrangement presented in Figure 6 linearizes the
system’s response in the presence Bf a nonlinear sensor 200. The sensor loop including
the feedback described previously make the output of the sensing circuit correspond
linearly to the stimulus (e.g., pressure capacitor gap, etc.) rather than the nonlinear
relatfonship traditionally provided in sensor cireuits responding directly (rather than
inversely) to capacitance changes. Thus, the feedback loop acts as a nonlinear
transformer that counteracts the nonlinear behavior of the sensor 200 to yield a

linearized output.
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In some embodiments, the oscillator 110 is a single polarity excitation source
providing a stabilized sinusoidal waveform with a frequency in a range from 1kHz to
several megahurtz, for example from 50kHz to 100kHz, depending on the rest
capacitance of the sensing capacitor 200 and other design considerations such as a
tradeoff between sensor range, sensitivity and linearity.

The capacitive sensor 200 or a sensor array 100, represented in Figure 6 by
Csense, commonly also comprises parasitic capacitances to ground represented as Csg
and Cdg. Parasitic capacitance Csg represents the parasitic capacitance from the sensor
line to ground. Parasitic capacitor Cdg represents the parasitic capacitance between the
drjve lines and ground. To reduce or eliminate parasitic capacitance, a sensor 200 or a
portion of a sensory array which is idle (not being driven or sampled) is coupled to
ground to prevent parasitic capacitance effects from influencing the measurements of
the non-idle sensors. In some aspects this shunting to ground of the parasitic
capacitance improves system throughput, linearity and bandwidth.

Capacitor Cref is normally sefected to be a multiple of Csense, for example Cref
may have a value equal to three times the value of Csense. The ratio of capacitors Cref
over Csense multiplied by the excitation amplitude of the oscillator deternines the
magnitude of the output of amplifier U1. Thus, as Csense is increased the output of
amplifier U1 will decrease with a sensitivity dictated by the design of the sensing
capacitors Csense.

Other design considerations determine the nature of amplifier Ul characteristics
that can be selected for the appropriate gain bandwidth and to minimize phase lag
effects.

Furthermore, the driving and sensing lines to and from the sensor array 100 may
be individually shielded. In this way it is possible to prevent cross-capacitance effects
between the individual lines from impacting the measured capacitance due to effects
such as twisting or bending of the cable bundle running to or from the array 100.

Tt may be advantageous in some aspects to physically place any tunable filter
elements near the sensor elements 200 to provide common mode rejection to
environmental effects such as temperature changes.

As described previously, combining a phase-shifted signal through the capacitor

Ctune with the output of amplifier U1 in the integrator or summing amplifier U2 makes
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the sensot’s sensitivity positive, or in other words inverts the polarity, and allows for
bias cancellation. Capacitor Ctune provides any necessary phase lag adjustment while
the RDAC acts as a digital potentiometer to allow for precise bias trinming for each
sensor element 200. The value of the RDAC is adjusted based on a measurement at the
output of summing amplifier U2 with the sensor 200 and its rest capacitance state.
Such an adjustment is used to provide sufficient trim for both the bias and gain of each
sensor element 200 having similar geometry or electrode surface area.

According to some aspects of the invention, the above-described sensor circuit
adjustment may simplify the calibration process. Calibration is normally performed in
an iterative process and is time consuming. The present design may also reduce the
intervals required between calibration procedures.

Resistor Rf is a feedback resistance and in some embodiments provides stability
to the circuit. Rf may also be selected to optimize the sensitivity and linearity of the
sensing circuit and in some embodiments improve the settling time to increase the
throughput of large sensor arrays.

As mentioned earlier, the oscillator 110 may provide a variety of oscillator
signals 300. Such signals may be used as excitation waveforms which can be
sinusoidal as well as non-sinusoidal waveforms. Also, dual polarity excitation is
possible if its use is advantageous to a particular circuit design.

An alternative embodiment allows for the deletion of any or all of resistors R1,
R4 and capacitors C1 and C2.

The output of the sensing circuit 265 Figure 6 is provided in some embodiments
to an input of an AC to DC conversion circuit such as a rectifier and to a second stage
amplification circuit before amplitude detection is performed.

Figure 7 illustrates an exemplary embodiment of a second stage cireuit 275
which may be employed downstream of the previously-described sensing circuit 265.
The sensing circuit 265 provides a sensing circuit output signal 4064, which may be
the same as the integrated signal 406. This signal 406A contains information from the
sensing element 200 indicative of the measured stimulus as well as any remaining bias,
noise and other signal artifacts provided from the sensing circuit 265. The sensing
circuit output signal 406A is provided to a second stage amplifier 500 which amplifies

the signal corresponding to the desired measurement. In some embodiments this signal
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406A may comprise an AC sinusoidal signal having an amplitude of approximately
200mV and a frequency of approximately 50-100kHz.

An output signal 501 from the second stage amplifier 500 is provided to a
rectifier 502. The rectifier 502 is constructed in any appropriate way and converts an
AC signal to a DC signal. A rectified signal 503 is provided to a second stage
integrator 504 which integrates signal 503 over several cycles in time. According to
some aspects, using the second stage integrator 504 instead of a low pass filter stage
provides improved response time and avoids the need to wait until transjents decay as is
the case in low pass filter circuits. Integration in the integrator 504 is carried out over
approximately 10 cycles in some embodiments.

Figure 8 illustrates one embodiment of a second stage amplification cirouit
275similar to that described in Figure 7. A sensing circuit oufput signal 406A is
received from a sensing circuit such as circuit 265. The signal 406A represents an
output from a charge amplifier circuit which is oscillating at substantially the same
frequency as the oscillator signal 300. The signal 406A. is received from R5, the output
of which is coupled to ground through a capacitor C5 that acts as a filter.

A second stage adjustable gain amplifier U3A receives a non-inverting input
from signal 406A. The amplifier U3A is configured to provide an appropriate mid-
band gain at the excitation frequency while maintaining approximately unity gain at
very low frequencies. The mid-band gain is adjustable via the gain resistive digital-to-
analog converter (GRDAC). Capacitor C4 ensures that the gain near DC frequencies is
low or approximately unity.

Following the second stage amplification circuit 500 a signal 501 is provided to
arectifier stage 502. The rectifier stage 502 comprises an amplifier U3B and performs
precision full-wave rectification, especially at the excitation frequencies, including
rectification for low input amplitude levels.

The output of rectifier stage 502 is delivered on line 503 to averaging circuit
504. Averaging circuit 504 comprises amplifier U3C and outputs an averaging circuit
output 505 that is substantially a DC signal correspending to the stimulus delivered
from the sensor 200. The overall circuit of Figure 8 represents an exemplary system for
performing AC to DC conversion of the amplitude modulated signal from the charge

amplifier circuit 265 sliown in Figure 6. The circuits provided above perform their
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function without requiring a switching element as in numerous existing synchronous
phase demodulator circuits.

Note that by reversing the polarity of the diodesD1 and D2 of the rectifier stage
502 the rectifier stage 502 can be configuted to provide gain for negative or positive
inputs and removing the R10 path can provide for half-wave rectification.

The output of the second stage amplification circuit 275 may be an AC signal
505 baving an amplitude of 4VAC and a modulation of 2V, reflecting the measured
signal and having a frequency of 50 to 100 kHz. Such a signal provides a better basis
for measurement of variable, but substantially DC, modulation signals from the sensor
elements 200,

Some embodiments of the present invention incorporate one or more of the
above-described aspects into a system which is coupled to an organism and detects
physical parameters or properties of the organism. Time-series collection of biological
data is one example of such an embodiment. For example, the circuits and methods
described above may be used in conjunction with a catheter or other device, including
non-invasive devices or minimally-invasive devices to collect biological data on a
human or animal patient. Pressure profiles measured within an orifice or a cavity in
time and/or space can be collected for presentation to a user or machine for storage,
processing, or analysis. This may form a basis for a diagnosis of some medical
condition or be used as a predictor for some other condition of the organism.

In one embodiment, a series of sensors arranged substantially in a linear form
factor, are placed within a body cavity such as the esophagus and measure pressures in
this cavity as a function of time. These esophageal pressures may then be displayed
graphically on a graphical display, showing the physiological sequence of an action
such as coughing or swallowing.

Yet another aspect of the present invention permits the use of the above-
described systems and methods to obtain high-resolution measurements of large regions
of interest. Some embodiments of the invention utilize several sensor array grids, each
having its own sensor driving and sampling electronics, as described above, to carry out
simultaneous or sequential measurements. Multiplexing electronics are used in sorme

embodiments to collect data from the multiple sensor arrays. These embodiments may
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in some regards be considered scalable or parallol implementations of the concepts
described above.

As an example, consider the case where a large region of interest is to be
covered by sensors which collect data regarding a stimulus, e.g, pressure. The number
of sensor elements will depend on the resolution required (i.e. the grid spacing) and the
overall area of the region of interest. If the grid spacing is tight (fine resolution) then
the number of sensor elements becomes large. In this case, interrogating or diving and
sampling of each of the large number of sensors might entail cycling through the
sensors in the manner described above. For a large number of sensors this can become
time-consuming and slows down the sampling rate possible for sampling each member
of the array. To increase the sampling rate or to increase the possible resolution for a
given sampling rate or to increase the overall area that can be sampled at some
resolution at a given sampling rate the region of interest may be broken into adjacent
(tiled) sub-regions. Each of the sub-regions can be covered by a sensor array as
described earlier, and the output from each of the sub-regions can be read by a circuit
such as a multiplexer that switches between each of the sub-regions in turn.

It can be appreciated that this technique can be used in an iterative fashion, thus
nesting or scaling up or down the overall sensing system so that an almost arbitrary
arca or resolution or sampling rate can be obtained, depending on the need. That is, in
some aspects temporal performance or spatial performance may be procured at the cost
of additional hardware or processing sensor electromics.

Having thus described several aspects of at least one embodiment of this
invention, it is to be appreciated that various alterations, modifications, and
improvements may occur to those skilled in the art. Such alterations, modifications,
and improvements are intended to be part of this disclosure, and are intended to be
within the spirit and scope of the invention. Accordingly, the present description and
drawings are given by way of example only.

‘What is claimed is:
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CLAIMS
1. A sensor system, comprising:

a sensor array having a plurality of sensor elements;

at least one sensor element of the sensor array, having addressable
connections designating the sensor element, that senses a stimulus; and

an amplifier, disposed in a feedback arrangement around the sensor
element, the amplifier receiving an input signal corresponding to an output of the

sensor element and providing an output signal that drives the sensor element.

2. The system of claim 1, wherein the sensor element comprises a

capacitive sensor element and the sensor array comprises a capacitive sensor array.

3. The system of claim 1, wherein the stimulus alters a distance of

separation between a first conductive strip and a second conductive strip.

4. The system of claim 1, wherein the stimulus is any of a force, a weight,

a pressure, a displacetment and an acceleration.

5. The system of claim 1, further comprising an amplitude detector which
receives an output signal from the amplifier.

6. The system of claim 1, further comprising a nonlinear transformer
which transforms a nonlinear output of the amplifier into a corresponding

substantially-tinear signal representing the stimulus.

7. The system of ¢laim 6, wherein the nonlinear transformer is a feedbacle

loop comprising the sensor element.

8. The system of claim 1, wherein the amplifier’s output signal is one of a

plurality of signals which drive the sensor element.

JP

2005-507083 A 2005.3.10



L B e B |
L T e T e T e T s T e T s T e T e O e T e T e, B s Y s T e B e T e B e R e T e O e O e O e B e B e |

O

(71)

WO 2003/036612 PCT/US2002/034135

220 -

9. The system of claim 1, wherein the filtering circuit is a digitally-
controlled integrator.

10.  The system of claim 1, wherein the sensor element has an individually-
controlled gain and an individually-controlled offset.

11. The system of claim 1, wherein a tunable filter element is coupled to
the sensor element and wherein the tunable filter element is placed in physical
proximity to the sensor elements to provide common mode rejection to environmental
effects.

12. The system of claim 1, further comprising a tunable filter, coupled to
an oscillator having an oscillator signal, which shifts a phase of the oscillator signal to
provide a phase-shifted signal and a summing circuit which sums the amplifier output
with the phase-shifted signal to substantially cancel out oscillator bias in a portion of

the sensor system.

13. The system of claim 1, further comprising a path from the sensor

element to a common potential which is selectably coupled to the sensor element.

14.  The system of claim 1, wherein the sensor element is selectably

coupléd to a ground potential when the sensor element is not being driven or sampled.

15 The system of claim 1 wherein the sensor element is coupled to an

electrical line which is individually shielded from electromagnetic effects.

16.  The system of claim 1, further coupled to at least one other sensor
system such that the system of claim 1 and the at least one other sensor system cover
a combined region of interest having a greater area than an area covered by the system

of claim 1 or an area covered by the at least one other sensor system.
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17. A method for measuring a stimulus on a sensor aray, comprising:

sensing the stimulus using at least one sensor element of the sensor
array;

generating a sensor element output signal corresponding to the sensed
stimulus; )

amplifying the sensor elemeﬁt output signal to generate an amplified
signal representative of the physical property; and

feeding back the amplified signal to drive the sensor element.

18.  The method of claim 17, further comprising providing an oscillating
signal to drive the sensor element, shifting a phase of the oscillating signal to provide
a phase-shifted signal and suraming the sensor element output and the phase-shifted

signal to substantially cancel out oscillator bias in a portion of the sensor system.

19. A method for linearizing a non-linear sensor response, comprising:
sensing a stimulus using a sensor element;
generating a sensor output signal corresponding to the stimulus;
feeding back the sensor output signal to an input of the sensor through
a non-linear transformer feedback loop corresponding to the non-linear sensor

response.

20, The mefhod of claim 19, firther comprising amplifying the sensor
output signal using an amplifier disposed in the feedback loop.

21, The method of claim 19, wherein the non-linear sensor response is &

non-linear response to a pressure applied to a capacitive sensor element.

22, A method for reducing parasitic capacitance in a capacitive sensor
array, comprising selectively coupling at least one sensor element in the sensor array

to a common potential during a time period in which the sensor element is idle.

JP 2005-507083 A 2005.3.10
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23. The method of claim 22, wherein the common potential is a ground
potential.

24. The method of claim 22, wherein the parasitic capacitance is a

capacitance between the sensor array and ground.

25.  The method of claim 22, wherein the parasitic capacitance is a

capacitance between an array driving circuit and ground.
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