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Fig. 2-8 Resistance deviation-to-frequency converter.
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3.2.
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Fig.3-1 A linear resistance-to-frequency converter. Basic configuration.
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__R
b RR. (3.5)
t =GRy (36)

47



\ uout \ uout
Vi Vi
° Ty TotTh t 0 Tq TotTq  [To+Tq t
-V, L _— -V,L
uC A\ uC (n)
b(V,+V,) FB(V VDV
O DVd(rz_ 1 |TD|+Td f
Ty TotT, t - DVd(p)_ Ty TatTy t
-b(V+V) - b(V;+V,)- DV®
(8 When op-amps are ided (b) When the zero-cross detector has
theresponsedeay Ty
3-2
Fig.3-2 Waveforms.
3-2(a)
_1Vp,ifuc30ig 37
uout_ ’:‘-Vn,if uC<0§ ( . )
To Th Uout Vp -V,
Tp Ty
To= 2= (-9t 3.8
p— a-b ( @ ’ ( . )
_ b =1
To= a_bgf—gﬂt (3.9)
9= [V/Vy| (3.10)
_ab_g _
f= b (1+ght fo + Df (3.11)



_ RoRs-RiR, f,

fo= 3.12
°7 Ri(R+Rs) (3.12)
R;DR
Df = ———— f 3.13
Ri(Ro+R3) (3.13)
Ry DR
__9 1
gt (3.14)
R = R, + DR (3.15)
(3.13)
Ro
Cr Cr e
1+ e)Cr (3.11) f=fo+ (Of - ecfo- ecDf)
fo (312 0
Cr fo (312 R,Rs- RoRs
fo
(313) DR R R R
3-2(b)

DV = % @- b)uoy = % @-b)Vepm (3.16)

Ty T T,

49



To=Tp+(1+9)Ty,
. 1--
T.=Th, +g§+§g T,

T Ta (3.8) (3.9) DR
DR Tq
3-2(b)
DV,
(3.16)
(3.3)

e~ blios - % (@-b) oy = - tlda- b)u,,dt

YA DU

Al CA buout

dRs (1- dRs

Uc UtH
d@- b)i
1-a

%uout

Uth =

‘;{b(l- d)}-

_ b(l- d)(1+g(i-a)
= SRS T )

_ b1-d)(1+gH(1-a)
B a-b

Tp

1--
T, t+ ?*58 (T dt)

dt :Td

50

3-3(b)

(3.17)
(3.18)

DVd(p/ n)

(3.19)

3-3(a)
Rs

(3.20)

(3.21)

(3.22)

(3.23)



XX

(b) Voltage waveforms at the input terminals of comparator Ag
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Fig. 33 Deay-compensated resistanceto-frequency converter.
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Fig. 3-4 The oscillation frequency change Df of the prototype converter
for the resistance change DR.
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Fig.3-5 The nonlinear error s of the prototype converter with (d = 0.025) and
without (d = 0) the delay conpensation.
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used for experiments.
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Fig. 43 A block diagram of the interface.
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Fig. 44 Thecircuit diagram of the detector.
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4-1:
Table 41 Error due to parasitics.

f Ron Cs Co | Error e |
[MHz] W] [pF] [pF] x=-0.5 x=0 x=0.5

1 300 10
0.5 300 10
125 10
1 300 5

426 (x 10") 2.25(x 10%) 1.12 (x 10%
1.07 0.56 0.28
0.74 0.39 0.19
0.60 0.40 0.22

[EEN
= o oo

10

101 -
102+
103 -
104 1
105 1

Nonlinear error £ (%)

10° L
107 L
108 -

| | | |
10 107 103 104 10°

4-6
Fig. 46 Nonlinear errors e due to the offset voltage of op-amps.

(SR) R
(GB ) fr fr
f 100 [14] LPF
fr fr
AC DC fr  30f
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Fig. 47 Experimentally measured capacitance changes and the digital readings of the displacement.
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Fig. 48 A block diagram of the interface circuit.
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Transducer

4-9 CNV
Fig. 4-9 Thecircuit diagram of the capacitance-to-volage converter.
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Fig. 410 Thecircuit diagram of the phase detector.
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4.3.3.
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Fig. 414 Experimentary observed analog output.
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Fig. 5-1 Capacitance ratio to duty ratio converter.

G G Ay

D; D,

Vl )

79



T

5-2(a)

G

Tl = CthVd/VU

T

D1

T, =GR

AL

Az -1
53
high (V4 = W)
C
Al
\Z
T2
_Vu
lJL/W\/Rt_O
V>0
Crtjp_—=
I VC1:V1
e
:jb V,<0
777 decreases
(b) T,

5-2

Ay
R
D2
Ty
5-2(b)
C
T2
- Vy
C 5-2(c)
l, — Rt
—W-——>0
Ciajp_=
I Vo=V,
e
V=0
:'D V<0
777 increases
(© T;

Fig. 52 The integrator in each state.

80

-1

Ti (i=1, 2, 3, 4)

(5.1)

LE

A

T2

(5.2)

Ts




5-3
Fig. 53 Waveforms observed in the interface.
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Fig. 55 Waveforms observed in the improved circuit.
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(5.9) (5.10)
T5 _ C1
TotTe ~ CpG, 19 o
o= _Co &+ 2C, :’RtIB You  Vou™ Vou( : (5.12)
C, +C, C+C 1V, Ve (3-a)Vv, g
Ri- Ry
= B (5.13)
(5.12)

Vg = V=10V, RCRCR:=1KWV R= 125 MW,

C=C+G=2pF a=0.1 X -05 05
5-1

0.1%

51
Table51 Estimated errors.

€ max

er = 1x 10° 0.75x 10°
ls = 15pA 0.28x 10°

Vs = 0.8mV 0.15x 10°




523

(LF411) 51
30 MHz
( 42 X
C G, Co/(1£ X) X
X = (G- CYI(C+Cy) Co 3pF 6pF
56 C, = 6pF r
x=2r-1 10 nm
Rt Cl = Cz 05 kHz
T, Ty 31000
1000
[ ]
0515 | Cy=6pF 1180
m
i . 5
0.510 | 4 120 |>|<
@)
i a)
© Q
§0.505 - 160 §
5 @)
A - 3
0.500 *%
) L ° 0 3
I &
@)
@
0.495 | | | | | 1 60
0 0.1 0.2 0.3 04
Displacement (mm)
56

Fig. 56 Experimentally measured capacitance change and duty ratio.
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Th 18 0.000026 x  0.000052 DC

0.16 fF X -1 1
0.0026 %
10mM X
5-1
0.1 %
CPU
0.1 %
T, » Ty» 1000 30 MHz 7 ksps

(samples per second)

5.3.

ksps

[2].[3]
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5.3.1.

(4.3
_ sC,R - sCR
Vo = sC,R +sC,R Vs (5.14)
Vo Vs
s (5.14)
Vo =Vs - L SC:R (Vo + V9 (5.15)
o~ SClR 2 o] .
5-7
Vs |+ Vo,
+ 1 +
»(+)—» - —» - sC,R —)-1-»@
sCR
T+
5-7
Fig. 57 A block diagram of the synthesized interface.
5-7
5-8 5-7 - 1/sCR
5-8 Ri, Rs, A sCR Az -1 Ay
Ag Aq
Al AZ
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uz

11Cs
™ u,
W\ W—+—"\W—1
R, | Rs Rs
L O
Uout

5-8
Fig. 58 The interface circuit.
Vv A
Uy
Vref
Vin [
Uz
Uyt
0
t
-V b
- Vref T
S
T
5-9

Fig. 59 Waveforms in the interface.
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uj +Vref

Uc Uc usz - Vi
U1(t) = Vrer SQ[u c(1)] , (5.16)
udt) = Ry ® + R, ) (5.17)
T R+Rg Ri+Rg ° '
5-9 Az u o(t)
R,
C3 Uout
cRe R
Uout = 24 23 Vet Sgn[uc(t)] (5-18)
Cl 5 4 CZ _‘2
R R,
Rs=Ry RiRs = R2Rs, (5.18)
Uout = Vo SOn[uc(t)] (5.19)
Vo
R G-GC
V, = R GoiC, Vet K X Vi (5.20)
(5.20) 5-8
Ts
T.=Ti2= L_Lcﬁ(;z RsRy (5.21)

53.2
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dij R R

=1+ d; (,j=12,...6)

|0

(5.22) (5.18)

Vo =K (1+6&+e X)X Vig+ DVg

- dl,Z +d3,4 +d5,6

2
o = ot
2
d,, kV
DVR — 3,4 ref
2
_ Aw o
Ai(s) = S+w i=23 4
A DC W, AW
A Vo U(t)
|
|
ux(t) = . Vo + Vg : 1
CR 11+ 2
I AWw.CR
(5.28) R = Rs
RR=R=R =K
Uout
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(5.22)

(5.23)

(5.24)

(5.25)

(5.26)

(5.27)



1 ‘1 d ul i 2+A3W3t
ust) = - CR—u, ) +V,yil-e 2 5.29
3() l+2/A3{ 1 dt 2() ref%% ) ( )
(5.28) (5.29)
_ 1 6
Va9 = &+ g g Veul® (5.30)
Vo= limit uou(®)
2
X+—F"
_ A w,C,R v
21 1 .. ref
1+ _+_§(1+ X)+—=—
gAS} A4 ﬂ AZ(DZCOR
= (1- as- anX) XVier + DVa (5.31)
G=C+C
__ 2 aal , 106
as AHCoR + 2 o, + A O (5.32)
1 1
S 5.33
an= 2t (5.33)
_®e_ 2 1. 1.6
DVa & AW,CR - (Xg + A, ) gV,ef (5.34)
Vo = XVier + (1+X) (Vosa~ Vosa) + (1- X) Vos2 (5.35)
Vosi (I = 2, 3, 4) Ai
(5.35)
5-10
Uout & (S/H)
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(5.25) (5.33) 80 dB

0.1% 0.1%

——P» S/H +
u %
out ' ?f L Vpp

5-10
Fig. 510 Bipolar sampling for offset cancellation. f ; and f , are sampling pulses.

5.3.3.
5-8 GB 4 MHz
LF411 RR=R=R=3MV R=15MV R =5 /N,

Re = 10 W, R, = 10 W, Rs = 15 W, G = 3pF, Vi« =54V

( 42
20 mm 10 Mm Go

4 pF 20 kHz
X -0.01 0.01 58 mV

92



0.1 mv X 0.0002

5-11(a) X
7.3 /
7.2 Ve
2 71 o
> el
(O] 7 /
& P
S 69 /
; 6.8 -
o
g 6.7 //
6.6
-0.2 01 . 0 0.1 0.2
Displacement x
@
0.002
0.001 /'\°
o . ° ‘/ \
- 0 =" o~ .
m L ]
-0.001
-0.002
-0.2 -0.1 0 0.1 0.2
Displacement x
(b)
5-11 X @ (b)

Fig. 511 The unipolar-sampled output voltage of the interface vs. displacement (a),
and the error (b).
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5-11(b) X
1x 1073

10 mm X 0.001

As 10 mV
5-12 (5.35) Vo X
VPD
0.005
0 A ek 'S
] "
-0.005 Vo
S on %\ OP-Spice | |
5 ) \A\ DV, A Messured
S 0015 D
L] \\
002 \
-0.025 |
-1 -05 0 05 1
Displacement x

5-12 opamp As
Fig. 512 Error in the output voltage due to the offset voltage applied to op-amp As.

(5.31) (5.33) A Ay A GB
A A A, GB
5-13 A GB



5.4.

5.2

Error AV o (mv)

GB

01 %
60
50
o L
40 e,
GB=4MHz
30
20
GB=40MHz
10 /
L w— &
0
-10
-0.6 -0.3 0 0.3
Displacement x
5-13 A, GB

Fig. 513 Error in the output voltage due to GB product of op-amp As.
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Co=6pF DC

0.16fF = 2.6x 10°°C, IDC|<0.5C,
0.5x 10C,
5.3
Co=4pF 20 kHz
DC 08 fF = 0.2x 10°C,
IDC|<0.2C, 1.x 10°3C,
IC

[1] K. Mochizuki, K. Watanabe, T. Masuda, and M. Katsurg “A Relaxation-Oscillator-Based
Interface for High-Accuracy Ratiometric Signal Processing of Differential-Capacitance
Transducers,” |EEE Trans. Instrum. Meas., Vol. 47, pp.11-15, Feb. 1998.

[2] K. Mochizuki, K. Watanabe, and T. Masuda, “A High-Accuracy High-Speed Signal Processing
Circuit of Differentia-Capacitance Transducers,” |IEEE Trans. Instrum. Meas., Vol. 47,
1998, pp.1244-1247.

[3] K. Mochizuki, and K. Watanabe, “A High-Accuracy Interface Circuit for Differential

Capacitance Transducers,” ICEMI Praoc., 1999, pp.441-446.
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1 W
5x 10*
0.1W

G

2.6 KW 4.6 KW
1.8 kw
3.4 KW
2x 10°
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CIV & (SH)

(A/D) CcNV
C
SH Co = Ci+C,
AID CIV
IDC|<0.5C, CcNV DC (= x Cp)
05x 10*C, |DC|<0.25C,
1x 10°3C,
Co  6pF DC 1 0.21 fF =
3.5x 10°°C, 5 ksps
C G Co = G+C;
DC = G-G (= x &)
DC
6.x 10°°C,
0.1 %

G G
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DC

2.6x 10 °C, IDC|<0.5C,
0.5x 10°C,
50 ns
IDC|<0.2C,
1.x 10°°C, DC 0.8 fF =
0.2x 10°°C,
CMOS IC
5-1:
Table 5-1 Interfaces
3.2 ( )2x10°
DR=R- Ry ( )5x10°
4.2 ( )3.4x 10°C, 5 ksps
( )GV 5x 10° G,
(IDC|<0.5Cy)
x= 22 ( )10°G (IDCI<0.25C)
43 1+C, () 6x 10°G,
(  )01%
5.2 ( Y [ )26x 10° G, 500Hz 5
DC=C,- C, ( ) 0.1% ksps
5.3 (  )2x 10*C, 50ns
( )10°c, (IDCJ<0.2Cy) 100 ksps
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