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A Charge Balanced C-V Converter for a Differential Capacitance Sensor
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This paper presents a simple new configuration for a switched capacitor type C-V converter based on a charge balance
principle for a differential capacitance sensor and its simulation results. The new converter was devised and realized using only
one operational amplifier, nine CMOS switches and an oscillation circuit. It was shown that the offset output due to the input
offset voltage of an operational amplifier can be ideally reduced to zero with an appropriate additional switch configuration.

By using a P-Spice circuit simulator, the offset cancellation scheme and proper transient response were confirmed for possible
In addition, a P-Spice system simulation based on
analog behavioral models enabled us to reliably estimate the operation of an electro-mechanical system with the C-V converter

parasitic capacitances concerned in a typical differential capacitance sensor.

statically and dynamically, where the electrostatic force acting on a movable electrode was taken into account.
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1.

Introduction

A differential capacitance sensing scheme is prefered for
various capacitive micro-mechanical sensor systems such as
pressure, acceleration, and angular rotation sensors because of its
superior common mode signal rejection capability. Figure 1
shows an example of an equivalent circuit for a differential
capacitance sensor with four terminal electrodes, where C; and C,
are the sense capacitances, and the capacitances denoted as Cy
and Cy, where x = 1,2,3,13, are stray capacitances, which should
be taken into account in a real microstructure for a proper
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estimation of the sensor function. On the other hand, Cy; and Cg, Fig. 1. Differential capacilance and associated stray capacitances.
are stray capacitances, which in principle cannot be separated
from C, and C,, therefore their capacitance values should be kept AC Dbridge based on the well-known concept of

as small as possible in order not to degrade the sensitivity and the
linearity of the sensor.

To detect the accurate displacement of a mechanically movable
microelectrode from the differential capacitance change, one
needs to consider a C-V converter, which is immune to the stray
capacitance C,, and input capacitance C,, of the amplifier in order
to maintain proper sensitivity as well as the linearity and the
dynamic stability of the .output. Furthermore, the electrostatic
net force between the electrodes due to the AC drive voltages of
the detection circuit should be minimized especially for a
microsensor with a small spacing between each electrode,
otherwise, the movable electrode will stick to the fixed one,
resulting in a total failure of the sensor function in some extreme
cases. In addition, the electrostatic force will' cause an output
non-linearity problem, because the force attracts the movable
electrode.

There have been several detection methods introduced and
applied to capacitive sensors™ ™. For example, the capacitance
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transformer-ratio-arm bridge!™® in principle, has an output

proportional to the displacement, however, it is not immune to Cy,
and C,. It also needs a large load resistance to stabilize the DC
offset, occupying a large die area for the circuit. In addition, the
complementary drive voltages applied to the fixed electrodes
generate a net electrostatic force, which depends on the stray
capacitances.

On the other hand, a CMOS compatible readout circuit using a
switched-capacitor technique by Cho and Wise®® is immune to
stray capacitances C,, and Cy,. However the net-electrostatic force
and non-linearity of the output with respect to the displacement
should be carefully dealt with in the design of the microsensor
accompanying the circuit.

A self-balancing capacitor bridge also based on the
charge/discharge method devised by Leuthold is an ideal circuit in
terms of the aspects described above, however, in principle, this
circuit has an offset voltage from the input offset voltages of the
operational amplifiers, whose temperature drift will be a problem
for accurate displacement detection in a wide range of operational
temperatures. With the charge/discharge methods referred to
above, a careful design also should take into account the charge
injection of the CMOS switches, nevertheless the feedthrough
charges from a switch will generate an other offset, thus also



degrading the output characteristics®®.

In the following sections, we describe a method of minimizing
the offset errors, and the static and dynamic response on the
modified self-balancing (charge balanced) circuit consisting of
reduced active and passive electrical elements compared to a
circuit already reported“’. Results, which confirm the offset
reduction and dynamic stability of the circuit by P-Spice circuit
simulation  will stray
capacitances are considered. In addition, a system level
simulation of a mechanical sensor element and the detection
circuitry was carried out to confirm proper sensor system
functioning, where the elecirostatic force between the movable
and fixed electrodes, and displacement to capacitance conversion

also be discussed where possible

were considered.
2. Charge Balanced C-V Converter

2.1 Basic Principle and Offset Error Cancellation

Neglecting C,, in Fig. 1, if the sensor element contains two
sense capacitances C; and C, , which differentially shift their
value upon an applied sense signal and also contains parallel stray
capacitances C;; and Cj, the electrical potential V,, of the
movable electrode when ¥ is supplied to the A-pad and the B-pad
is grounded, is simply expressed as follows,

_ C,+Cy
"G H+C+C+C,)

1 1+(C1 +C,+C,+C,) v
2 (C+C+C,+Cy)

where C; and C, are the sense capacitaﬁces ideally defined as
follows.

1 1

G=G (l—x/go)’cz

where C, is the initial capacitance assuming C; and C, are equal
to each other when the displacement of the movable electrode x =

0, and g, the initial spacing between the fixed electrodes and the

movable electrode. If Cy; and Cy, are neglected, Equation (1)

can be re-written simply using Equation (2) as follows.

C j‘T'I S
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B-pad — Vr Vz : Reference Voltage

(a) Circuit configuration (b) Clock timmng diagram

Fig. 2. Charge balanced C-V converter.
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Vm=(1+x/ga) % .................................................... (3)

By measuring V,,, therefore, a voltage which is completely linear
to the displacement x of the movable electrode can be obtained
and the original sensitivity of V; / (2g,) per unit displacement can
be maintained. However, in reality, as shown in Fig. 1, due to
the stray capacitances Cy, and Cp, of the sensing element and C,,
of a detection circuit, the sensitivity and the linearity will be
degraded depending on the electrical connection of the element
and the circuit type. To detect the electrical potential ¥, of the
sense port having an extremely high output impedance (C-pad)
from DC, and to keep the original characteristic as much as
possible, a charge-balanced C-V converter based on a switched-
capacitor technique shown in Fig. 2 can be adopted. The figure
shows the configuration of the charge balanced circuit for a
differential capacitance sensor with an offset compensation
scheme regarding the input offset voltage of the operational
amplifier, where the circuit employs nine CMOS analog switches,
two internal capacitances acting as a feedback capacitance C; and
as a sample-hold capacitance Cj, and single operational amplifier.
There are no external electrical elements needed for this circuit.
The switches are driven by the non-overlapping clock phases
shown in Fig. 2(b). Here, V; and Vx are the supply voltage and
the reference voltage respectively.

When switch S is on (sampling mode), the charge stored in Cs
is released, and charges O, and Q, will be stored in capacitors Cy
and C, respectively, depending on the voltage ¥, updated in every
holding mode. If there is the charge difference 40 = Q) - Q5 ,
then in the next phase when S, is on (holding mode), the voltage
V» will be increased or decreased depending on the sign of the
charge difference during the On period of S;. This voltage V,
will converge to the value expressed by Equation (3), at which the
same charge (Q; = () will be stored in each capacitor balancing
the net electrostatic forces between the electrodes. Therefore, a
big advantage of this circuit is an immunity to the sensitivity to
the stray capacitances C,, and Cp, shown in Fig.1. This is due to
the fact that the clock drives the objective terminals (A-pad and
B-pad) of C, and C,, and only the following charge difference at
C-pad is detected. The other stray capacitances such as Cp1, Cps,
and Cp3 have also in principle no effect on the operation of the
circuit.

In a real situation when using the operational amplifier shown
in Fig. 2, however, the voltage 7, held at capacitor C; is not equal
to the voltage at C-pad, having a voltage difference defined as V,
between each input offset voltage. The condition of convergence
in this circuit when considering ¥V, is as follows,

QZ_leVas( Ci+C+ Gy )

This relation results in the voltage V,, with an offset error Vg,
which is expressed as follows, ‘
C, C

- VoAV V,.=— 53y
n C,]+CZ s off > " off (C1+CZ) os

Since for a microsensor Cy and C, are typically 1 pF or less, and
(5 should be somewhat larger than these values to stabilize this
circuit as described later, the coefficient C3/(Ci+C,) will be much
larger than unity, and the effect of input referred offset voltage V,
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being typically =20mV for MOS op amps having a temperature

dependence

19 will be amplified, resulting in a large Ve error.

To overcome this disadvantage, the offset cancellation scheme
can be implemented as shown in Fig. 2 (for a circuit without this
cancellation scheme, switch S, , is removed, and S, is shortened).
Referring to Equations (4) and (5), apparently the term, C5V,,,
contributes to a large offset error V. This charge, however, can
be cancelled by way of pre-charging C; with V,; when switch S5
is on (Q3 = V,(s), and the condition of convergence will be
rewritten as Equation (6), ideally eliminating the Vg error.

QZ.Q1+Q3=VDS( C,+C,+C, ) ........................... (6)
C,

V = L e

"oC+C, t )

On the other hand, there is an other output offset caused by the
inherent charge injection error from a CMOS switch when it is
turning off. This error can be minimized through adopting a
dummy switch configuration by which the feed-through charge
can be drastically reduced ©.

2.2 Transient response

the

Neglecting the effect of V,, for
simplicity of the analysis, during the holding sequence j , the

voltage change AV, is given by

AV, =V, (/)-V,(i-1)
_VC-LU-)+P (G HC) E
(C+C+Cy) 27,

where E is defined as a time derivative of the amplifier output

when AV, = V+ - V- is applied between the input terminals of
the amplifier, and f; is the sampling frequency defined in Fig. 2(b).
Defining X as the normalized displacement (x/g,), the transfer

function of this circuit G(z) is expressed using a z-transformation,

corresponding to a first-order electro-mechanical system as

follows
G(z) = V.(2) _EB z
X)) 4Af, EB
z-| 1— = U .
2f, ©)
— C1+C2
C+C,+C,
This system will be stable when the following condition is
satisfied,
4 E+05
3.E+05
k=] Cq =100 pF
5 2.E+05
; Ve =5V
= I I~
+
1.E+05 Vi- V. Q_%A%Zim Vou
B E=B/A S | m—
0.E+00 A ! L%
0.00 0.01 0.02 0.03 0.04 0.05
Vi — Vo (V)
Fig. 3. dVout/dt wvs. (V.—V_)
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The cut-off frequency of this circuit is approximately expressed as
follows,

£.= EB/(4r)

In the design of this circuit, referring to Equations (10) and (11)
one needs to select the proper values for C; / C,, the sampling
frequency f;, and E in terms of the system stability and response.
As for the E value in a real operational amplifier, it is non-liner to
the voltage difference between the positive and negative input
terminal (V+ - V-) as shown in Fig. 3 when a commercially
available FET input OP Amp (AD820) is used as an example. In
the following section, the P-Spice circuit simulation results are
described in terms of the offset reduction and the transient
response where input offset V,,; and the non-linear E value can be

>

considered for precise output estimation.
3. P-SPICE Simulation

The charge-balanced C-V converter shown in Fig. 2 was

-simulated using P-Spice in order to confirm the offset cancellation

scheme and the dynamic stability of the circuit. Figure 4 shows an
example of a full system model for a typical electro-mechanical
system including the C-V converter block (4a, 4b), a mechanical
element block (4d), an electrostatic simulation block (4c), and a
displacement to capacitance converter block (4e). In the case of
the offset and its transient simulation, to see the effect of the
capacitance Cj, only the charge balanced C-V converter block
shown in Fig. 4a was used.

3.1 Offset output Vo The simulation was carried out
with and without the offset cancellation scheme described in the
previous section. The results are shown in Fig. 5. The conditions
set in the simulation were C; = C, = 1 pF, f; = 250 KHz, C, = 100
pE, and V; = 5V with two parameter cases of C; =300 pF and 500
pE.  The equal capacitances C; and C, were placed between
A-pad and C-pad, and between B-pad and C-pad respectively. All
possible stray capacitances were set to zero. With these conditions
the output of the circuit should ideally be 2.5 V. As shown in
Fig. 5, the cancellation scheme employed in Fig. 2 is quite
effective in the reduction of the offset shift, being 0.8 mV and 1.3
mV for C; =300 pF and 500 pF respectively which are extremely
small compared to 21 mV and 34 mV corresponding to the values
defined by Equation (5) when V,,; of AD820 is 140 1 V.

3.2 Transient Response Transient responses were
simulated on the same circuit with the offset cancellation scheme
with the parameters ranging from C; = 20 pF to 200 pF, and
typical results are shown in Fig. 6. The cutoff frequency of each
case is provided with Equation (11) implying a rapid response
with a smaller C3. A rough estimation of the minimum value of
C; as the response stability limit predicted by Equation (10) is 25
pF when E equals a constant value of 1.35 x 107 V/sec. In the
simulation result, however, the circuit is still stable when C; = 20
pF because of the fact of the nonlinear relation of E vs. V, - V,
and that the value of E is larger with a smaller V.. - V_. In addition,
if the sampling frequency f; is doubled, the system has a more
stable response as seen in the cases with the same capacitance
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Fig. 4. A P-Spice schematics for the electro-mechanical system.

value of C3 =20 pF. Based on these results and considerations, a
sampling frequency f; as high as realistically possible and a
proper capacitance ratio C53/C, can be selected in terms of the
system response and the stability requirement.

3.3 Stray Capacitance Effect The effect of stray
capacitance C,, on the sensitivity defined in Equation (3) was
examined in the same circuit with C; = 1.25 pF and C, = 0.833 pF,
which corresponds to the case of the normalized displacement X =
0.2. With these capacitance values, the output Vo, ideally
should be 3.0 V. The result is shown in Fig. 7 with C, ranging
from O pF to 10 pF in 5 pF steps, giving extremely large stray
capacitances, where the terminal D-pad was grounded. As seen in
the figure, the effect on the sensitivity from the stray capacitance
was really small as can be understood from the cireuit principle
explained. The transient response was affected a little depending
on Cp. The effect on the sensitivity from possible stray
capacitances of Cp,;, Cpa, Cp3 and Cpy5 of being up to 1.5 pF were
less than 1%.

3.4 System model simulation To see and check the
effect of the net electrostatic force generated by the circuit on a
mechanical sensor element, we need to simulate the total electro
mechanical system with a micro-accelerometer element, and the
readout circuit. We constructed a system model by using the
P-Spice analog behavioral models shown in Fig. 4. In the
mechanical element block (d) of the figure, the mechanical
second order system is based on two integrators with two
respective feedback forces, one is a spring force and the other is a
damping force. The mechanical displacement x and the
electrostatic force F,, are governed by the following two
equations.

X[ +(w, /Q)s+w, 1= A+F I M
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2.55
No compensation f; =250 KHz
C3 =500 pF
C5=300 pF\/,-—r___jf
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Time(sec)
Fig. 5. Offset output Vo of the circuit with
and without the cancellation scheme.
_& (VS—VM)Zi (sz) ............................ 13)
“2 (g (g )

where s is the Lapace operator, @, the resonant angular
velocity, Q the quality factor, 4 the Acceleration, M the seismic
mass, F,; the electrostatic force, g, the initial electrode gap, S the

“electrode surface area and ¢, the electric permittivity of a

vacuum. In the electrostatic force calculation block (c) in Fig. 7,
the force is simulated according to Equation (13). Based on the
output displacement x of the mechanical element, the differential
capacitances are generated according to the formula stated in
Equation (2) through two EVALUE elements and YX variable

admittance elements with each initial capacitance defined as Cy,

IEEJ Trans. SM, Vol. 123, No.9, 2003
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Fig. 6. Transient response of the circuit with
the cancellation scheme.
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Time(sec)
Fig. 7. Oulput dependence on Cp,.

and Cyg. These capacitance changes are reflected on the charge
balanced C-V Converter to simulate the electrical output of the
system. To compare the advantages of the charge balanced C-V
Converter with a conventional converter based on the charge
difference C; - C,@®, the circuit for a differential capacitance
sensor shown in Fig. 4b was used. When neglecting the stray
capacitances Cy; and Cy,, the output signal 7,y based on the
charge difference is as follows,

e,
oo (14)
1N, i) ],
2 Cf(l_x/ga)

Figure 8 shows the transient simulation results of the
normalized displacement X of the movable mass and the electrical
output signal V,, of the converter when step accelerations of 4G
and 8G were initiated at 0.2 ms with simulation conditions of w,
= 4430 rad/sec, O = 0.707, ¢,=8.85x 10" F/m, g,=5x 10°
m, and §=5.65x%x 107 m?

Figure 9 shows the linearity of the displacement and the output.
In the simulations, possible stray capacitances C,; = 1pF, Cip = 2.5

B¥WHE 123%9%5, 20034
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pF (AD820) were also included. The ideal X (x/g,) should be
0.4 and 0.8, and the ideal output Vo, should be 3.5 V and 4.5 V
for the respective accelerations 4G and 8G. When using the
charge balanced C-V converter, even when the displacement X
(x/g,) exceeds 0.8, a mechanically stable and linear response of
the movable electrode and the corresponding electrical linear
output Vo can be obtained as shown in Fig. 8 and Fig. 9. The
linearity of the output was less than 0.05% (8G FS.) in this
simulation.

On the other hand, when using the charge difference C-V
converter, the system was unstable and the movable electrode
stuck to the fixed upper electrode when the acceleration exceeded
4G, because of the unbalanced electrostatic force always
generated when the movable electrode was displaced once. In
addition to the intrinsic output non-linearity of the circuit in terms
of the displacement (Eq.(14)), a large non-linearity (6.4%) of
the displacement‘X due to the unbalanced electrostatic force can
also be observed for the full scale acceleration of 4G.

4. Conclusions

A charge balanced C-V converter with a low offset drift and a
simple circuit configuration was realized and verified through a



system level P-Spice simulation with possible stray capacitances
considered. This circuit is quite suitable for a micro-mechanical
capacitive sensor with small electrode spacings between movable
and fixed electrodes, since it can be operated over a wide range of
normalized displacement without an electrostatic stiction problem
caused by the electrostatic force and without degrading the
output linearity, and it is mostly immune to possible stray
capacitances of the sensor element and the detection circuit,
thus having a long-term reliability of the sensor output. The
system level simulation used for the design of this circuit can be
applied to examine system responses where electrostatic
actuations for mechanical elements are involved.
(Manuscript received Dec. 4, 2002)

References

(1) S. M Huang, A. L. Stott, R. G. Green, and M. S. Beck : “Electronic
transducers for industrial measurement of low value capacitances”, J. Phys.
E: Secr. Instrum , Vol.21, pp 242-250 (1988)

(2) Y E Park and K. D. Wise *

“A switched~capacitor readout circuit for
capacitive préssure sensors”, Proc. Custom IC Conf., Rochester, NY, USA,
Pp.380-384 (1983)

S. T. Cho and K D. Wise :

built-in self test”, Sensors and Actuators A3, pp. 47-56 (1993)

€)

“A high-performance microflowmeter with

(4) BPures and EPeeters : “A Capacilive Pressure Sensor with Low
Impedance Oulput and Aclive Suppression of Parasitic Effects”, Sensor
and Actuator, A21-A23, pp. 108-114 (1990)

H Leutholci and F. Rudolf - “An ASIC for High-resolution Capacitive
Microaccelerometers”, Sensors and Actuators, A21-A23, pp.278-281
(1990)

M Tsugai, Y. Hirata, K. Tanimoto, T. Usami, T. Araki, and H. Otani

®)

©
“Airbag Accelerometer with a Simple Switched-Capacitor Readout ASIC”,
Proc. of SPIE, Micromachined Device and Components IHI, pp 74-81
(1997)

S. A Valoff and W. J. Kaser :
Presettable ~ Micro-machined MEMS
Transducers *99, June 7-10, pp 814-817 (1999)

A Burstein and W. J. Kaiser . “Mixed Analog-Digital Highly-Sensitlive

Low-cost of

O]

“Sell-Balancing Inierface Circuit for

Accelerometers”, Proc. of

®

Sensor Interface Circurt for Microsensors”,  Proc.
Transducers '95, June 25-29, pp.162-165 (1995) .

(9) C.C.BEnzand G. C. Temes : “Circuit Techniques for Reducing the effects

of Op-Amp Imperfections

Chopper”, Proc. of IEEE, Vol. 84, No 11, pp.1584-1614 (1996-11)

K R Laker and W M. Sansen : Design of Analog Integrated Circuits and

Systems, pp799-802, McGraw-Hill, New York (1994)

Autozeroing, Correlated double Sampling and

19

(Member) He was born in February, 1959.
He received his M.S. in 1984 from Tokyo
University. He joined Mitsubishi Electric

Masahiro Tsugai

Corporation in April 1984, where he has been
working on automotive sensors based on
MEMS technologies. He was a visiting
research scholar at CWRU in 1992, and is
currently managing MEMS design group at
: Sensing Technology Dept. in Advanced
Technical R&D Center, Mitsubishi Electric Corp. IEEE
member.

Yoshiaki Hirata

(Member) He was born on 23 August,
1965. He received his M.S. in 1990 from
Hiroshima University. He joined Mitsubishi
Electric Corporation in. 1990. His research
focus has been around designs and process
developments on pressure sensors and
accelerometers based on MEMS technologies.

: i He is now at Sensing Technology Dept. in
Advanced Technical R&D Center, Mitsubishi Electric
Corporation.

Toru Araki (Non-Member) was born in January ,1958,

and graduated from Hokkaido university in
1980. He joined Mitsubishi Electric
Corporation in April 1980, is currently
managing a semiconductor device group at
in  Mitsubishi
Electric Corporation. He has been working
on .the development of
pressure sensors, accelerometers and various ASICs for sesnor
applications.

Power Device Division

semiconductor

Masafumi Kimata (Member) was born in April, 1951. He
" received his M.S. in Electronics Engineering
from Nagoya university in 1976, and joined
Mitsubishi Electric Corporation in April,
1976. He has a Ph.D. degree, and has been in
charge of research and development on image

sensors and MEMS devices. He is currently
S 2= managing the Sensing System Dept. in
Advanced Technology R&D Center. JAPS and IEEE member.
SPIE fellow. '

362

IEEJ Trans. SM, Vol. 123, No.9, 2003



