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A Sensitive Differential Capacitance to
\Voltage Converter for Sensor Applications

Joost C. Ibtters, Wouter Olthuis, Peter H. Veltinkjember, IEEE,and Piet Bergveld

Abstract—There is a need for capacitance to voltage converters
(CVC's) for differential capacitive sensors like pressure sensors
and accelerometers which can measure both statically and dy-
namically. A suitable CVC is described in this paper. The CVC
proposed is based on a symmetrical structure containing two half
ac bridges, is intrinsically immune to parasitic capacitances and
resistances, is capable of detecting capacitance changes from dc
up to at least 10 kHz, is able to handle both single and differential
capacitances, and can easily be realized with discrete components.
Its sensitivity is very high: detectable capacitance changes of the
order of 2 ppm of the nominal value (24 aF with respect to
a nominal capacitance of 12 pF) result in a measured output
voltage of 1.5 mV. However, due to drift the absolute accuracy
and resolution of the CVC is limited to 3.5 ppm. A differential
accelerometer for biomedical purposes was connected to the CVC
and showed a sensitivity of 4 V/g. The measured rms output
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voltage noise in the frequency range of 2-50 Hz is 75@V,
resulting in a signal to noise ratio of 75 dB at an acceleration

of 1 g in the frequency range of 2-50 Hz. Fig. 1. Basic structure of the differential capacitive acceleration sensor.

Index Terms—Capacitive accelerometer, (differential) capac- ) ) ) )
itance to voltage converter, differential measurement, Pspice tioned above and is easy to realize with discrete components.

simulations. Furthermore, the CVC consists of a symmetrical circuit, so
undesired common mode interference is rejected. The CVC is
designed to match a differential capacitive acceleration sensor
. , for biomedical purposes [7] but can be used in many other
S:)NCE capacitive sensors are becoming more and MAlgnsor types like differential capacitive pressure sensors.
opular, many methods [1]-[6] have been introduced the pasic structure of the differential capacitive acceleration

which deal with the conversion of capacitance values intogancor 8], [9] is shown in Fig. 1. The two sensor capacitances
voltage. Most methods are not capable of handling very small .4 < \Wwhich have nominal valueg’. — o and

variations of the order of 1 ppm of the nominal capacitanq/efj — (', respectively, are equal when there is no lateral

. . x x01
value [3], [4]. Some of them, for instance the method Wh'CQcceIeratioano — ",. When an acceleration is applied, the

uses an integrator [3], are not capable of handling static capaginral mass moves with respect to the fixed electrodes and
tances. Others, for instance the modified Martin oscillator withe o capacitances change. For instance, when the mass
microcontroller or the_ switched_—capacitor interfac_e [41, [5], afoves to the left with respect to the fixed electrodes, the
not capable of handling capacitance changes with frequenqigs capacitance increases withC, and the right capacitance
higher than 10 Hz. Another method is based on the ratio-agjRcreases WithAC”,, so the differential capacitance change
bridge circuit [6] which is symmetrical and very sensitive, but, ~ _ v _ o+ AC, — (Cly — ACL) = 2AC,, when

this method has the disadvantage that transformer coils hayg:~ _ Acv ¢ 0 ‘ o

to be used which may be a problem when the circuit has to1he gecelerometer is used for biomedical purposes such as

be integrated. detection of movements of the extremities. With the present

This paper presents a differential capacitance to voltagggjgn, the nominal capacitance vatilg, is about 12 pF. The
converter (CVC) which does not show the limitations as mefecelerometer has the following specifications:

I. INTRODUCTION

¢ the frequency range of the change in acceleration is dc
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voltage source and the low input impedance of the current
detector, respectively, thus having virtually no effect on the
measurement of the current flowing through. The effect

of the parasitic capacitanag,; parallel to the sensor capac-
itance can be eliminated by offset nulling and/or differential

Ros measurement, provided that its value remains constant and/or
X is equal in both halves of the circuit.
Cp sensor\Cy, The parasitic resistor&,,, and R,,, introduce both a high

= and a low cutoff frequency in the transfer functionlaf, ;..
Fig. 2. Sensor capacitan€. with the parasitic capacitance,; andC; O Va4, as will be Sh_own in (1)-(6). For fr_equ_er_10|es between
at its terminalsC,,3 in parallel with the sensor and the parasitic resistancdsoth cutoff frequencies, the transfer function is independent of
Rpp in parallel andR,. in series with the sensor. the parasitic resistors. So, when the operating carrier frequency
Jearrier 1S Chosen such that it is between the cutoff frequencies

_ _ _ imposed by the parasitic resistors, the parasitic resistors will
Since the rms change in capacitance due to mechaniggt affect the behavior of the circuit.

thermal noise of the sensor in the signal bandwidth of dc 50 HzThe same reasoning is valid for the transferbof, e, to
is negligible with respect th (., imin, the noise behavior of the v/, | the remainder of this paper, only one half of the circuit
CVC should be modeled and minimized such that the resultig|| be described, since the other half is expected to behave
output noise voltage does not exceed the output voltage dHe same way.
to ACL, min. The feedback resistdi s provides the negative input of the
The measurement of a sensor capacitance often has to ggalmp with the necessary dc bias current. Together with the
with parasitic capacitances of the same order of magnitugi&dback capacito€’; this resistor acts as a high-pass filter
as the nominal sensor capacitance and is, in addition, a{§gh a certain cutoff frequency. In order to be sure that the
very sensitive to electromagnetic interference. Furthermoggyrier voltage is unaffected by the high-pass filiey, should
due to the sensor structure undesired parasitic resistances g&¥s high as possible so that the resulting cutoff frequency
appear in parallel or in series with the sensor capacitance. Bthmuch lower thanf.,ric..
the sensor capacitan€g, [F] and the parasitic capacitances \when no acceleration is applied}; is chosen such that
Cp1, Cp2, andCys and resistancek,,, [2] and R,,, are shown it equals C,, and consequently the transfer function from
in Fig. 2. Vearrier 10 V4 Will be —1. When a certain acceleration occurs,
Impedance measurements (HP 4194A impedance/gain ph@ggevalue ofC, changes and the transfer function will show
analyzer) on the realized sensor as shown in Fig. 1 showggda|| variations around-1 due to the very small value of
that the parasitic capacitances are all approximately 3 pF, tRe7_ /C,,. Thus, the input voltage is amplitude modulated
parasitic parallel resistanc&,,, > 200 MQ and the series (AM) by the variation in the sensor capacitance.
resistanceR,; ~ 0.5¢2. The CVC should be immune to the Tne transfer function of,4.mier t0 Va4, considering the
parasitic components to obtain an output voltage which is ondgnsor representation of Fig. 2 and the CVC of Fig. 3
dependent on the sensor capacitagte
In this paper, a CVC design is proposed and a theoretical
description of the transfer function and the noise behavior is Va
given. The results of both computer simulations (PSPICE) Vearrier

and measurements are described and discussed. Finally, the _ _ Ry
conclusions are drawn and some recommendations for possible Ry, + Ry,
improvements are given. 1+ jwRyp(Cr + Cpa)
' R, R '
(1 +ijfo) <1 +1w iy ke (Ca; + C 3))
Il. THEORY Ryp+ Ry P

i - 1)
A. Circuit Description

The basic circuit of the differential capacitance to voltage
converter is shown in Fig. 3. The CVC is completely symmetthis transfer function is frequency independent when the input
rical and consists of two frequency independent half ac-bridg¥é@|tage Vearrier has a frequencycorrier Which satisfies the
which act as AM modulators, two AM demodulators, and af@!lowing conditions
instrumentation amplifier which rejects common mode signals.

In Fig. 3, one of the electrodes of the variable sensor 1
capacitance’,, is connected to a voltage source providing an Jearrier > W (2
excitation voltageV,,,..... With a carrier frequencyf.q,ricr
[Hz] and amplitudeVee e [V], and the other one to the Searrier > RO C (3)
input of a current detector (which is at virtual ground potential) 4 Pf}g ® +R v3)
with a very low input impedance. The parasitic capacitances Foarrior & pp T Lps (4)

O, and C,e, as shown in Fig. 2, are in parallel with the 2mRpp Rps (Co + Cp3)”
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Fig. 3. Basic circuit of the differential capacitance to voltage converter including typical signal waveforms.
Thus, by choosing .., according to (2)—(4), at that certainwith slope S;.;ppe [V/S]
range of f.qrrier (1) Can be rewritten as R
charrier
Va _ Rpp ) Cr + Cpg — C, + Cpg (5) Sripple = RpCh . (10)

charrier N Rpp + RPS Cf - Cf
] ] ] due the decharging af, over Rp when the diode is reverse

It can be seen thal is an AM signal, SinC€fcarricr piased, is a measure for the maximum signal frequency,
Of Vearrier iS @ high frequency carrier and. varies due pecause the maximum negative slope of the signal will be
to accelerations with low frequencfiigna Such thatC, = jimited by the slope of the ripple: when the negative signal
Cro(1 + (AC: /Tro) €OS wsignait). Substitution of this last gione is steeper than the ripple slope, the diode will remain
equation in (5) yields reverse biased and the signal will not be transferred. The
negative signal slopé; ..: [V/s] is given by

AC,

Ca}O <1 + C - COS wsignalt>

VA ~ — =0 chamwipr Ssigna,l = V;igna,lwsignal- (11)
Cy

Chps ~
p3
[carrier COS Wearriert. (6)

Cr

By equating the ripple slope and the signal slope and assuming
that the diode is forward biased (which is the case when

: . : . .. Viiode >= 300 mV), the following expression can be derived
The AM signal is demodulated in the rectifier circuits g, maximum cutoff frequency_s an [Hz]

consisting of a diodeD with diode voltage drop/y;.q4. and

+ COS wcarriert -

an RC-circuit with resistof?, and capacitoCp. The RpCp Voarrion
time constant of the demodulator should be chosen so that the f3dBmax =K - ————— (12)
. ST . 2r RpCpVsignat
input frequencyf.q.. iS eliminated and the sensor signal
with frequency f,igna1 is transferred unaffectedly whereK is a dimensionless gain factor which depends on the
components used and the structure of the circuit.
Jsignat € ———— < fearrier- @) After demodulation, the resulting voltagés and V), are
ZWRDCD
A general equation will be derived with which the maximum Ve =Va — Viiode (13)
bandwidth of the demodulator circuit can be calculated. The Vp =Vg — Voo (14)
minimum cutoff frequency_; ur, min [Hz] Of the demodulator o
is given by Subsequently, the difference betweén and Vp, is ampli-
1 fied by the instrumentation amplifier (inamp) with gain factor
fo3dB,min = 55—~ ®) H,.,. The inamp eliminates common-mode voltages, such as
27TRDCD . . .
that introduced by two equal parasitic capacitan€gs and
The ripple voltageV,.ppe [V] Viiode- The output voltagd/,,,,, of the CVC can be calculated
R with
N Veorrier
Vl,i te = carrier (9)
- RDCDfC””’Ti”’ Vvout :Hina, N (VC - VD) (15)
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Fig. 4. Capacitance to voltage converter with its noise sources.

Voo _ B
Cp3 + CacO + ACJ@ COs wsi(]nalt Rgﬁp
o Ry +
— AC! cos wsigmlt>
i

Vvout = _Hina

. Cha + Cho

- Vvdiode + Vvd/iode - (16)

This expression can be simplified into
_Hinaf/carrier 2AC£ o8 wsignalt

Cy
when Ry, > Ry, R,, > Rps, Cps = Clg, Cpo =
Cly, AC, = ACY, and dede =V} oa- WhenCps # C
C’I‘O 7£

Vvout = (17)

p3'

/07 AC ;é AC/, and Vdmde 7& deode’ the

%yut Jina

From this equation it can be seen that in order to obtain
a low output noise voltage, a fairly high operating frequency
Jearrier Should be used and the parasitic capacitances should
be as small as possible. The feedback resigtgr,should be
large to decrease its own noise voltage in combination with
CY, but should be small to decrease the effect of the current
noise of the opamp, so an optimum should be found. A similar
equation can be derived fdf,, g

Since all noise sources are assumed to be uncorrelated and

the CVC is symmetrical it can be concluded tHé,fy a4 =

2
V. B

The demodulator circuit consists of a diod& a resistor
Rp, and a capacitof’p. The resistor produces a thermal noise
voltageV,, rp = /(4kTRpAf). The diode is considered to
behave as a shot noise source which can be modeled as a noise
current source,_qi.q. [A]. The equivalent noise current of the
diode can be calculated with [10]

inequalities will cause an offset shift in the expression which

can be eliminated by offset nulling. The gain-bandwidth
product of the inamp should be sufficiently high to guarantee
that the maximum bandwidth of the demodulation circuit can

be obtained.

The significance of (17) for the accelerometer case R
that V., = 0 when the device experiences no acceleration

(AC, = 0) and V,,,x # 0 when an acceleration is applied.

2
n diode — 2qID

& (19)

whereq is the electron charge, = 1.6 x 10712 [C], and Ip

s the dc current through the diode.

Both dlodes in the CVC are assumed to have the same noise
OWEN, 12 yivae = i2 oqe- However, the diode noise current
can be neglected with respect to the other noise sources in

B. Noise Behavior of the Capacitance to Voltage Converterthe circuit.

The capacitance to voltage converter with its noise sources

is shown in Fig. 4.

The output noise voltage of the current detector at A
calledV,, 4 and at BV, p. It can be shown that the spectral

density of the noise voltage at A is equal to

VnQ, A an2 opamp I+ wca11z€1 R3 (C + Cf + CP2 + CP3)2
Af Af 1+ wcm rrier RJQCCJQC
; 2 2
+ l’721,, opamp R ‘/n, Rf
Af I+w Wegrrier R2 02 Af
1
. 18
14w R3CY (18)

(’(111791

The noise of the inamp can be represented by an equivalent
input noise voltage sourc¥,, ;,, and an equivalent noise

rrent sourcei, ., at the mput terminals of the inamp.
Sf[her noise sources, such as the—uncorrelated—equivalent
output noise voltagé, in., ou and the thermal noise voltage
Vi, ra = V/(4KTRg A f) of the resistoiR¢ which determines
the gain are only important for inamps with extremely low
input noise voltage levels.

For the calculation of the total output noise voltage, the two
possible diode states have to be examined. When the diode
is reverse biased, both the signal and the noise of the input
opamps are not transferred by the demodulator circuit due to
the high resistancey; 4. [?] of the diodery;,q. ~ o. In this
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case, the output noise voltage is given by

Meas. / SPICE = Theory
2
Vn,out,rb
Af 0‘ C
2
_ Vi outina LH 4kT Rg Py Vi B -10
Af mna Af Af E
5 ) 8 20
. 1 + [’n, diode + n,ina :‘ '
2 P2 2 30! . R
1+ w?R;,CF Af Af 04 1 10 100 1000 10000
2 2 )
' RD N Vn, ina (20) Carrier frequency [kHz]
1+ w2R2 C? Af | . .
D~D Fig. 5. Bode plot of the transfer function of one of the opamp branches,

. . . . Va/Vearrier; the continuous lines are the asymptotic representation of the
When the diode is forward biased, the signal and the noﬁéérecﬁégigf expected values. yme P

of the input opamps are transferred by the demodulator circuit
due to the low resistance of the diodg;,q4. ~ 0. In this case,

the output noise voltage is given by Version 2: The opamps are National Semiconductor LF356,
V2 the inamp is a Burr Brown INA103H;,, = 150), Ry =1
_nyout, fb MQ, Co = 12 pF, O} is adjustable 5-- 15 pF ' = Cyo),
Af the diodes are 1N4148 (Withy;,q. = 0.6 V), Rp = 18 K,
-~ VnQ,out,ina H2 4kT Rg VnQ,A VnQ, na C(D = 100 nF.
RN + Hina - Af 2 Af Af | Bridge Balancing ProcedureThe supply voltage#15 V)

1) is switched on and the offset voltage of the inamp is adjusted
to zero. The input voltag®,,,i. is switched on and the two
Every period ofV..,.:. the diode is both reverse biased’s's are adjusted so thadt, and Vp are equal to—V 4 rier
(about 7/8 part of the period) and forward biased (about 1#&d V.. is equal to O.
part of the period), so a combination of (20) and (21) should be
used to calculate the total output noise voltage. However, singe Dependency of the Transfer Function of the
the diode is reverse biased most of the time and, MOTeoVehamps on the Carrier Frequency

when the following condition is met: )
The dependency of the transfer function of the opamps on

Vi 2 ina o diode R o) the carrier frequencyfes. .., was measured with version 2.
Af =\ Af - Af 1 + Ww2RLCE, (22) In order to imitate a sensor with parasitic components (as
shown in Fig. 2), apart from the equivalent sensor capacitance

then the output noise voltage can be calculated with only (2@¥. 12 pF, extra components were addéll; = Cyp = 0;)1 =

Whether or not the condition of (22) is met is dependent qg];)2 = 56 pF, Cp3 = c;)g =56 pF, R, = R},p = 20 M%,
the components andl.q,.i., used. and R,, = R}, = 2.2Q.
In a bandwidth f» — fi, the total output noise voltage The dependency of the transfer function of the opamps on
Vi, out, 1o+ Of the CVC can be calculated with the carrier frequency..,i.. Was investigated by varying it
v from 300 Hz up to 2 MHz while the carrier amplitude was
Vit ot tor = / n, out df. (23) kept at 5 V. The_ resultlng_ transfer function froMg,.pser tO
T n o Af V4 (and V) is displayed in Fig. 5.

ccording to (2)—(4), the expected corner frequencies are

.0 kHz, 450 Hz, and 5.9 GHz, respectively. The SPICE
and measurement results for the lowest two corner frequencies
show a good correspondence with the theoretical values. The
highest corner frequency is not shown in Fig. 5 and will not
be found in practice due to the limited gain bandwidth product
and the slew rate (because of the high amplitude) of the
opamps used. In the case of version 2, this causes a decrease

Two test versions of the CVC were realized with differenin the gain at frequencies higher than 400 kHz.
component values. For the first tests, only fixed capacitorsThe conclusion can be drawn that whéi,, i, iS In
were used instead of the sensor capacitances. When possthie, frequency independent part of the transfer function,
SPICE simulations were carried out. small variations in this frequency as well as the parasitic

Version 1: All components are SMD; the opamps are PMtomponents—both parasitic capacitances and parasitic resis-
OP237, the inamp is a Burr Brown INA10Z(,, = 100), tances—do not have any influence on the transfer function. An
Ry =1 MQ, Cyo = 12 pF, O is adjustable 5. 15 pF optimum performance of this part of the circuit is guaranteed
(Cr = Cy), the diodes are BAS 40-06 (Schottky diodes witlvhen the carrier frequencf.q, i, iS higher than 50 kHz and
Viiode = 0.4 V), Rp = 18 kQ, Cp = 100 nF. lower than 400 kHz (in version 2).

This noise voltage has to be less than the output voltage of
CVC due to the minimum detectable acceleration ef 0.001
g.

[ll. EXPERIMENTAL RESULTS AND DISCUSSION

A. Components Used and Bridge Balancing Procedure
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C. Conversion of Capacitance to Voltage
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dotted horizontal line represents th& dB level atV.qyricr = 2.5 V.

and atVy;gner = 800 mV f_s34p = 620 Hz which is in good
correspondence with (12) withs 5v =~ 2.4.

Since fixed capacitors were used instead of the variablein the accelerometer case, the signal amplitude caused by

sensor capacitance, an AM voltalgy, consisting of a carrier
sine wave with amplitudd/<®"™<" and frequencyf.q,ricr
and a signal sine wave with amplitud&e~e! and frequency

a change in capacitance due to an applied acceleration will
not exceed 50 mV, so, the specified bandwidth of 50 Hz is
guaranteed with this configuration. However, the maximum

[signat, instead oo, alone, has to be applied to the inpubandwidth of the circuit will be lower than the value calculated
in order to test the dynamic response of the circuit. The inppy (12), due to the diode not being forward biased. According

voltage of the CVC can now be described with [11]
VAM = ( Acarrier + ‘A/signal Ccos wsignalt) Ccos wcarriert

gnal
= Yearrier <1 + =

charrier

COs wsignalt> COS Wegrriert.

(24)

The output voltagé/,,,; of the CVC then becomes, using (17

and changing only one of the tw@,,’s in a permanent way
by adding a small parallel capacitancg”,

‘A/si na
<1+ V : l

carrier

- AC
‘/out = _Hina carrier m—
Cy

cos wsigmlt>

(25)

to Fig. 6, accelerations with frequencies up to at least 10 kHz
can still be detected. By adjusting@e,...c, Rp, andCp even
higher bandwidths can be obtained.

C. Linearity and Resolution

With a nominal capacitance of 12 pF, it is difficult to realize
variations of 2 ppm experimentally (24 aF with respect to 12

F; however, the SPICE simulations were carried out with
these small values). Therefore, the nominal capacitance was
increased to 120 nF, the frequengy,, .., was decreased to
15 kHz and the amplitud®<*™"¢” down to 2 V. In this way
a differential capacitance variation of 2 ppm can be realized
with two capacitances of 240 fF. This is equal to a single
sided capacitance change of 4 ppm or approximately 0.5 pF
with respect to 120 nF.

The measurements were carried out with version 2. The

and since only the ac part is to be considered, the dc VOlta&fpacitanc&C’m, in parallel withC.,o, was varied single sided

is filtered out so
N AC,

z
Vvout = _Hina‘/signal Ccos wsignalt~

o (26)

from 12 nF down to 0.5 pF. The results are shown in Fig. 8(a)
and (b); Fig. 8(b) shows the output voltage due to coarse and
Fig. 8(a) the output voltage due to fine capacitance variations.
The expected theoretical output voltage can be calculated with

The bandwidth of the CVC (version 2) at two values of17) and is represented in both figures by a line.

Vearrier 2 5 and 5.0 V, versu¥*97*! is shown in Fig. 6.
From Fig. 6 it can be seen that beld#s"* = 300 mV the

Fig. 8(a) and (b) show that the CVC converts capacitance
to voltage linearly for both large and small changes in capac-

theoretical bandwidth is higher than the measured bandwidthnce, respectively. There is a good correspondence between

due to the diode not being forward biased. Fy,;.,.; > 300
mV it can be calculated with (12) thak, ;v =~ 2.4 and
KSV =~ 3.0.

When AC, = 0.2 pF andV_.gier = 2.5 V, the gain

the theory, the SPICE simulations, and the measurements. Note
that the accuracy of the absolute valueXaf’, depends largely
on the accuracy and the stability 6f;.

The range in which the relative change in capacitance is

Vout/ Vsignat 1S €xpected to be (26) 8.0 dB at low frequencieinearly detected can be increased by decreagiff§”*e” and

of Vsignet. The bandwidth of the circuit is expected to bdd;,,. However, the signal to noise ratio is decreased when
higher than (8) 88 Hz, the maximum bandwidth should bg°*"c" is decreased.

according to (12). The Bodeplot of the gain of the CVC for -

three amplitudes oV nq:, 400, 600, and 800 mV, is shownD- Stability

in Fig. 7. As can be seen in Fig. 7, aonel = 400 mv
f_san = 1350 Hz, atV*9nel = 600 mV f_szqpn = 920 Hz

Version 1 was used to measure the drift during a certain
period of time, withAC,, = AC”, = 0. The circuit was placed

Authorized licensed use limited to: UNIVERSITEIT TWENTE. Downloaded on June 11, 2009 at 05:18 from IEEE Xplore. Restrictions apply.



LOTTERS et al: SENSITIVE DIFFERENTIAL CAPACITANCE 95

- Meas. * SPICE + Meas. ~ SPICE
50 4 e
Y

< 40 7t 53 _—
% 30 ///ff/ g 2 /‘/:‘T/
3 20 s > e
> e L

o b

0~ ' | S - . 8 [ i —
0 20 40 60 80 100 .00 0.50 1.00
Deita Cx/Cf [ppm] Delta Cx/Cf [%]

(@) (b)

Fig. 8. Measured and simulated output voltage versus relative change in capacitance (a) fine and (b) coarse. The continuous line is according to (17).

in a shielded box at ambient temperature. An input voltage
With fogrrier = 100 kHz and Veerier = 10 V was applied
and the output signaf,,; was setto 0 V. After 18 h, it was still

0 V, with small slow fluctuations with a maximum amplitude
of 7 mV. The maximum amplitude of the fluctuations equals,
respectively, 7 ppm single sided and 3.5 ppm differential. This
means that in time an absolute accuracy and resolution of 3.5

+  Measured

-100r
102
-104

-106 - +

ppm is possible. The fluctuations in the output voltage are -108 AR SR
caused by inequalities in the diode behavior. -110 e
112, 10 100

E. Noise Frequency [Hz]

Output noise voltage [dBV/sqrtHz]

The spectral density of the output noise of the circuit was
measured with a spectrum analyzer (HP 35670A dynan¥g. 9. Measured (markers) and calculated [dotted line, according to (20)]
signal analyzer), the rms output noise voltage with a measurigigeut noise voltage density of the CVC witt,,ric, = 0.
amplifier (Briel & Kjaer 2610). The noise measurement was
done with version 1 with AC,, = AC, = 0.

According to the specifications of the INA102 &%, = added in between the opamp and the diode, the low frequency
100, this instrumentation amplifier has an equivalent inpwioise of the opamps should be rejected so that the rms noise
noise voltageV,,, in. Which decreases from 60 nyHz at 1 voltage will be reduced to the calculated value of 2. It
Hz to 25 nVA/Hz at 100 Hz. Its equivalent input noise currenshould be noted that this measure is not necessary as long as
in,ina decreases from 1.2 pAHz at 1 Hz to 0.2 pA{/Hz at the resulting rms output noise voltage is less than the output
100 Hz. signal voltage due to the lowest acceleration to be detected.

At 100 kHz, the OP237 has a specified noise voltige,,
of 3.2 nVA/Hz and a noise curreny, ., of 0.4 pAA/Hz. Using E. cvC with Sensor
(18), w_|th th|s_opamp gt this carrier frequency thg condition The sensor of Fig. 1 [8], [9] is connected to the CVC
as set in (22) is not fulfilled, so the total output noise voItagef ion 1. The inout voltagd’.... h p
can not be approximated with (20). However, Whg, ;e ot version 1. € Input voltag&carrier NAS a Irequency

7 . o - é‘ca,,,,ie,, = 100 kHz and an amplitudd ™" = 10 V. The

is increased andi; is decreased, it is possible to meet th N Lo . :

condition as set in (22) resulting sensitivity of the accelerometer is 4.0 V/g. The signal
- to, noise ratio at 1 g in the signal bandwidth 2 Hz to 50 Hz

Using the specifications, the noise levels can be calculated, ’ . . . .
The results of both calculation and measurement are sho{?/ntherefore%'10g(4'0/7°0 “)._ 75 dB. The signal to noise
in Fig. 9. ratio at the lowest acceleration to be detected 0.001 g in the

From Fig. 9 it can be seen that the measured output nofae bandwidth i80. 1g(0.004/750 ) = 15 dB, so, it is not

voltage densityV;,, o when Verrier — o (the diodes are necessary to put high pass filters in between the opamps and

reverse biased) is in good correspondence with the theory. fﬂe diodes. However, the signal to noise ratio will be improved

total rms output noise voltage was measured in the frequeﬁgfo'bg(zl'o/mo p1) = 86 dB instead of 75 dB when the high
ss filters would be used.

range 2-50 Hz and was found to be 1p¥ which is also P
in good correspondence with the calculated (20), (23) and

measured values. In normal operation, wHéff™ ¢ = 10 IV. CONCLUSIONS

V, the measured rms noise voltage was 7A0instead of the  In this paper, a sensitive differential capacitance to voltage
calculated 210wV (20), (21), (23). The mismatch is due toconverter (CVC) has been presented which can for instance
the low frequency noise of the opamps which was assumedii® used with a differential capacitive accelerometer. The CVC
be suppressed by the dominant high carrier frequégy.i., is completely symmetrical and consists of two frequency
but is nevertheless present. However, when a high pass filteindependent half ac-bridges which act as AM modulators,
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two AM demodulators consisting of a diode and an RC-filtelost C. Lotters was born in Doetinchem, The Netherlands, on July 20, 1967.
and an instrumentation ampllﬂer which reJectS common mod‘@ received the B.Sc. degree in electrical engineering from the Technical

) o ; Institute Arhem, Amhem, The Netherlands, in 1990, the M.Sc. d
signals. The specific advantages of this CVC compared to ottﬂas'ue e o D e gy o y o Ceare

- GRVA - i h993, and the Ph.D. degree in 1997 in electrical engineering from the
CVC'’s are that it is intrinsically immune to parallel and seriabniversity of Twente, Enschede, The Netherlands. The title of his Ph.D.
parasitic resistances and capacitances, that it can measure pistRrtation is “A highly symmetrical capacitive triaxial accelerometer,” which
ical d d ical L . ’ . in th .a%f;lls with the design, fabrication, characterization, and application of a
statical and dynamical variations In capacitances in the W' jiature and eventually implantable triaxial accelerometer for biomedical
frequency range from dc up to at least 10 kHz, that undesirg@pose. Possible applications of the device are the control of mobility in
common mode signals are rejected because of the high de aplegic patients and the monitoring of movement disorders of patients
f in the circui dthati b i lized wi uffering from Parkinson’s disease.
O' symmetry in the circuit an_ that it can - e easlly realized with 1997, he joined the Research Department, Bronkhorst High-Tech, Ruurlo,
discrete components. The signal bandwidth can be enlargedrby Netherlands.
increasingV e <" and decreasing the demodulation resistor
Rp and the demodulation capacit6fy.

A detectable change in capacitance is 2 ppm (in the ac-
celerometer case 24 aF with respect to 12 pF). The absol
accuracy and stability was measured to be 3.5 ppm. The C
is linear within relative capacitance changes of 2 ppm and 1§
thus having a dynamic range of at least 74 dB. The rms out<}
noise voltage is dominated by the low frequency noise of t
opamps and was measured to be %80 in the frequency
range of 2 Hz to 50 Hz. The noise voltage can be reduc
to 2104V by putting high pass filters in between the opamp
and the diodes.

The differential capacitive accelerometer is well-functioning
with this CVC, with a signal to noise ratio of 75 dB at
an acceleration of 1 g in the frequency range 2 Hz to &"
Hz. Furthermore, all measurement results showed a gc g4
correspondence with the theoretical analyses.
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