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A dual-mass capacitive-readout accelerometer
operated near pull-in
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Abstract—A mechanical two-mass configuration and a readout
circuit for a single-axis capacitive-readout accelerometer with
YA force-feedback is presented. The system reduces electrical
and quantisation input-referred noise through the use of negative
springs, reduced gaps in the readout capacitors and maximised
readout voltage. A theoretical analysis and simulation results are
discussed.

I. INTRODUCTION

A typical micromechanical accerometer consists of a proof
mass suspended with springs. The force-to-displacement trans-
fer function is commonly modelled as a second-order system
described by

x(s) 1
- ms?2 + bs + k,

ey

with m, b and k,, the mass, damping coefficient and me-
chanical spring constant respectively. To convert the resulting
displacement to a voltage, capacitive readout using parallel-
plate capacitors is frequently used (figure 1a). In this case, the
electronic amplifier responsible for the conversion is often a
significant source of noise [1].
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Figure 1.  Simplified representation of a single-axis accelerometer with
parallel-plate capacitive readout: (a) conventional solution with a single proof
mass and two stator electrodes; (b) proposed solution with two masses and a
single stator.
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The impact of this noise can be reduced by increasing
the sensitivity of the mechanical structure and readout. Three
methods can be discerned. Reducing the capacitor gap in-
creases position-to-capacitance-change gain [2]. A second
approach is to increase the excitation voltage used in the
readout circuit [1] (see section III-B for a detailed discussion).
Increasing the sensitivity of the mechanical part also reduces
the input-referred noise [3]. A straightforward way to do this
is to decrease k,,,. However, robustness suffers as shocks more
readily damage the device.

We propose a system that adds negative springs (see section
II), thus increasing sensitivity without sacrificing robustness.
At the same time, the readout capacitor gap is reduced during
operation and the highest excitation voltage possible is used
in the readout circuit.

II. NEGATIVE SPRINGS

Consider the capacitors between stators and proof mass of
figure la. It is well known that a voltage V' across each stator
and proof mass results in an attractive force between them,
given by
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with o and Cj the gap and capacitance at rest, and = the
displacement. This force increases as the gap narrows, and
can thus be considered a negative spring. The net result is
that the mechanical spring constant is partially canceled. The
magnitude of the spring constant k. also increases with a
reduced gap. It can be shown that a stable system is only
obtained for V' < Vp; = +/kmz3/c,, with Vp; the pull-in
voltage [4], [5]. Beyond this point, the mechanical spring is
overpowered and the proof mass is drawn to one of the stators
(pull-in).

These springs can be used to cancel k,, to increase the
mechanical sensitivity [3]. This concept is also used in this
work, although compared to prior work [3] a higher excitation
voltage is used, and the readout capacitor gap is reduced.

III. PROPOSED SYSTEM

We propose a system composed of a dual-mass mechanical
structure (section III-A), a novel readout circuit (III-B) and
two control loops to maintain the proof masses at the desired
position (III-C-III-D).

A. Mechanical part

By reducing the gap between the readout capacitor plates,
the sensitivity can be increased [2]. However, excessively
small gaps will reduce yield through fabrication problems with
etching and stiction.

Another approach is to decrease the gap during operation.
In a conventional differential accelerometer this is not easy
to achieve. One method, displacement of the proof mass, will
introduce asymmetry and is thus to be avoided. On the other
hand, various ways to move the normally fixed stators have


https://core.ac.uk/display/55728616?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

been proposed [2], but they involve fairly complex mechanical
structures which occupy significant die area.

We propose the mechanical configuration depicted in fig-
ure 1b. Two independent, nominally equal proof masses are
employed with inverse sensitivity to acceleration along the x-
axis. Each mass is now half as large as the single proof mass
of an equivalent ordinary accelerometer. Calling the displace-
ment of the left (right) proof mass xz; (x_), a normalised
differential and common-mode displacement can be defined
as Tam = (x4 — x_)/(2x0) resp. Tem = (x4 + x-)/(220).
The capacitor gap can now be decreased without disturbing the
symmetry by increasing .., (see section III-D) while keeping
ZTam ~ 0 (II-C).

The sense capacitances Cs1 can then be written as
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Csi =

Again, each mass is susceptible to pull-in; the critical volt-
age Vpr is now lower as no force from the opposite electrode
is present and is calculated as Vp; = \/Skmrﬁ/wco [4]. Note
that the pull-in point equals zp; = 1/3x¢, independent of
other parameters.

For notational convenience we also introduce

Cotr+Cs— 1—&cp,
Cem = S+2 = CO 1—% I2_~2
(1= cm) Tam (3)
C = GG _ (o Zdm
dm 2 0 (1_2@%)2_2@37”

B. Readout circuit

A well-known circuit for capacitive readout is shown in fig-
ure 2 [1]. A step AV, applied at the proof mass results in an
output voltage proportional to C's; —Cs_. An input common-
mode feedback (ICMFB) amplifier stabilises the common-
mode voltage at the stator electrodes.
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Figure 3. Proposed readout circuit: (a) complete circuit; (b) equivalent circuit
under the assumption C'y ~ C_ (Cp and Cp omitted). Compare to [5,
figure 9].

We propose the readout configuration of figure 3a: fun-
damentally identical to 2, save for C.,/CF and Cs+ which
have been interchanged. Parasitic capacitors have also been
included: C'p to ground at each proof mass terminal of Cy,
and C,, in parallel with the readout capacitor. A step applied
on the excitation capacitors C; causes an opposite step at the
output of the ICMFB amplifier

__Cea
Cp+Cem

The change in Vioypp in turn results in the differential
readout

AVicure = AV 4

Cam
AVout == *CLAVIC’MFB + Von (5)

b
with Cp, the feedback capacitor and v, the output referred
noise of the readout amplifier. Merging equations 3-5 yields

% Ccm ijdm
Cfb Cp + Ccm 1- -i‘c’m
Von can be related to the input-referred noise v;, as
Cem + Cey —|—Cfb + Cp +Cp
Von =
Cp

AVvouit = Avex + Von (6)
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C. Differential stabilisation

It is well known that force feedback in an accelerometer
increases dynamic range and decreases non-linearity by re-
ducing the displacement of the proof mass. 3>A modulation is
commonly employed for this purpose [6], [7], giving a direct
digital readout.
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Figure 5. Differential stabilisation part of the full model. A electrical spring
ke < 0 appears in parallel to ky,.

In our case &4, is stabilised by a fourth-order XA force
feedback loop (figures 4-5). The loop uses an unconstrained
architecture, negating the requirement of a compensator for
stability [8], [9]. Two poles result from M (s); two additional
electric integrators from the electrical loop filter H(z) shape
the quantisation noise further.

As discussed below, we try to maximise the sensitivity,
resulting in increased loop gain. The XA loop was designed
with this in mind.

D. Common-mode stabilisation

Given the force feedback, we may assume 4, ~ 0. Under
this condition inspecting equation (3) reveals the common-
mode capacitance behaves like a single parallel-plate capacitor.
Results derived for the latter (discussed in e.g. [4], [5]) are now
applicable for the common-mode behaviour of our system.

It is well known that voltage control of moving parallel-
plate capacitors results in instability beyond the pull-in point.
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Figure 4. Full system model, with the different signal domains described above. a1, a2, b1 and by are constants. The common mode controller is depicted

in more detail in figure 6.

On the other hand, charge control is stable for the full range
of displacement if no parasitic capacitance is present [5]. Even
with parasitic capacitance charge control always results in a
larger range of stable control than voltage control.
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Figure 6. Common-mode stabilisation part of the full model.

The proposed readout circuit uses charge control for the
common mode: assuming C =~ C_, both can be considered
parallel, and the equivalent single capacitor is located in the
feedback path of the ICMFB amplifier (figure 3b).

We now derive a control loop to stabilise Z.,, (see figures
4 and 6). Still assuming 24, ~ 0, and neglecting C,,
equation (4) becomes

CCI
Co

Choose C'.; now equal to C',, at the desired operating point
Zref, 1.6, Cey = Co/(1 — Zpef), and introduce the error signal

AVicmrs = — (1 —2Zem)AVe,

Ve = |AViemrs| — |AVe]

1—2z, Tref — Loy
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Stable control can then be obtained by integrating V, and
using the output as AV,. If Z.,, is too low, V, is positive
and AV,, increases, causing |AViomrp| to increase. As
the attractive force between the parallel plate grows with
AVErps &em increases until V. = 0. In principle any
operating point can be obtained; in practice limits are imposed
by parasitic capacitances [5] and imperfect differential nulling.

E. Discussion

In a two-chip solution with the mechanical and electrical
chip connected by bond wires the typical parasitic capaci-
tance C), and especially C'g is very high—in the same order
of magnitude as the sensing capacitance [1]. Under these

conditions equations 67 show that Cj, has little influence
on the signal-to-electrical-noise ratio (SENR), while AV,
and 2., is preferably as high as possible. For operating
points &, < 1/3 an increasing &, results in higher AV,,.
Beyond this point, AV, decreases rapidly and stabilising
Zgqm becomes difficult. Thus, choosing the operating point
Zem = 1/3 optimises SENR. At this point the step AV,
equals 2Vpy, much higher than what is conventionally used in
readout circuits, with a commensurate improvement in noise.
At the same time the magnitude of the voltage of the parallel
plates does not change: only the sign does. Compared to [3]
this eliminates periodic changes of the negative springs.
When the operating point is chosen perfectly at pull-in, k,,
is cancelled by the electrical spring. Thus, the proof mass
behaves like a floating mass with a very high sensitivity.
Equation (1) now includes a perfect integrator, and low-
frequency quantisation and electrical noise is well suppressed.

IV. VERIFICATION

Operation of the system was verified by a behavioural
simulation based on the model of figure 4. For the simulation,
a two-mass accelerometer design was used consisting of two
identical 1.1 x 2mm? proof masses of 34.8 ug side-by-side.
The quality factor is 1.77 while k,,, = 26.5 N/m; this gives a
resonance frequency of 4.39 kHz.

Comb capacitors on each proof mass are used for differ-
ential feedback; the maximal force they can exert is 25.6 uN.
Parallel-plate readout capacitors are placed on both sides of the
proof mass in a array of 2x 132 fingers yielding Cy = 2.63 pF.
Inevitably, parasitic back capacitors will be present (1.32 pF in
our case), the capacitance of which decreases with increasing
x4 . This effect has been ignored so far, but is included in the
simulation. It will decrease the capacitive-readout gain slightly
and decrease the pull-in point to xp;/z¢ & 0.307.

The sampling frequency is 200 kHz which gives an over-
sampling ratio of about 46 compared to the natural bandwidth
of the proof mass.

In simulation, a very high noise level was chosen for the
readout amplifier (1 uV/ v/Hz referred to the amplifier input in
a noise bandwidth of 100 MHz) was chosen in order to obtain
a clear noise floor. Similar to the quantisation noise transfer
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Figure 7. Transfer functions, showing the increasing noise suppression in

the signal band for increasing & cy,. For &¢m > xpr/x0, noise suppression
worsens again.

function (QNTEF), the electrical noise transfer function (ENTF)
can be defined as the transfer function of the electrical noise to
the output bitstream. Figure 7 shows the QNTF and ENTF for
various operating points calculated from the differential signal
path of figure 4. It can be seen that the decreasing total spring
constant causes the noise transfer levels to fall in the signal
band. The slope of the QNTF and ENTF in the signal band
changes only when the total spring becomes exactly zero.
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Figure 8. Input-related spectrum of the output for a;, = 20 m/s? at 1 kHz
(four times averaged), for Z ¢, = 1/8 (light grey) and &y, = 0.3 (dark grey).
The predicted quantisation and electrical noise levels are also plotted.

The calculated transfer functions were verified in simu-
lation. Figure 8 shows the output spectra, referred back to
the input, for two operating points. The simulated noise floor
decreases from 78.2 to 3.60 um/s?/v/Hz as &, is changed
from 1/8 to 0.3. Figure 9 shows, as a function of the operating
point, the noise level averaged over 0—100 Hz and the maximal
input amplitude for which the system is stable. The predicted
and simulated noise levels show reasonable agreement for
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Figure 9. Maximal input amplitude (right scale, at a frequency of 1kHz)
and average noise density below 100 Hz as a function of Z¢p,.
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V. CONCLUSIONS

A dual-mass accelerometer system with parallel-plate ca-
pacitors readout and a novel readout circuit allows operation
on the pull-in point with a reduced capacitor gap and maximal
excitation amplitude. These three factors all improve quantisa-
tion and electrical noise. Behavioural simulations of the system
show a reasonable agreement with predicted noise levels.

The readout circuit is equally applicable to single-mass
accelerometers or accelerometers not operated near pull-in.
For these applications too, the excitation step is the highest
possible for a given tolerated negative spring effect, with
corresponding benefits with respect to noise.
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